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Foreword

ETAPS 2000 was the third instance of the European Joint Conferences on Theory
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 comprised five conferences (FOSSACS, FASE, ESOP, CC, TACAS),
five satellite workshops (CBS, CMCS, CoFI, GRATRA, INT), seven invited
lectures, a panel discussion, and ten 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 program 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 “uni-
fying” talks on topics of interest to the whole range of ETAPS attendees. 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 were for-
merly addressed in separate meetings. The program of ETAPS 2000 included a
public business meeting where participants had the opportunity to learn about
the present and future organization of ETAPS and to express their opinions
about what is bad, what is good, and what might be improved.

ETAPS 2000 was hosted by the Technical University of Berlin and was effi-
ciently organized by the following team:

Bernd Mahr (General Chair)

Hartmut Ehrig (Program Coordination)
Peter Pepper (Organization)

Stefan Jahnichen (Finances)

Radu Popescu-Zeletin (Industrial Relations)

with the assistance of BWO Marketing Service GmbH. The publicity was su-
perbly handled by Doris Fahndrich of the TU Berlin with assistance from the
ETAPS publicity chair, Andreas Podelski. Overall planning for ETAPS con-
ferences is the responsibility of the ETAPS steering committee, whose current
membership is:
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Egidio Astesiano (Genova), Jan Bergstra (Amsterdam), Pierpaolo Degano
(Pisa), Hartmut Ehrig (Berlin), José Fiadeiro (Lisbon), Marie-Claude
Gaudel (Paris), Susanne Graf (Grenoble), Furio Honsell (Udine), Heinrich
Hufimann (Dresden), Stefan Jahnichen (Berlin), Paul Klint (Amsterdam),
Tom Maibaum (London), Tiziana Margaria (Dortmund), Ugo Montanari
(Pisa), Hanne Riis Nielson (Aarhus), Fernando Orejas (Barcelona),
Andreas Podelski (Saarbriicken), David Sands (Géteborg), Don Sannella
(Edinburgh), Gert Smolka (Saarbriicken), Bernhard Steffen (Dortmund),
Wolfgang Thomas (Aachen), Jerzy Tiuryn (Warsaw), David Watt (Glas-
gow), Reinhard Wilhelm (Saarbriicken)

ETAPS 2000 received generous sponsorship from:

the Institute for Communication and Software Technology of TU Berlin

the European Association for Programming Languages and Systems

the European Association for Theoretical Computer Science

the European Association for Software Development Science

the “High-Level Scientific Conferences” component of the European
Commission’s Fifth Framework Programme

I would like to express my sincere gratitude to all of these people and organiza-
tions, the program 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.

January 2000 Donald Sannella
ETAPS Steering Committee Chairman



Preface

The International Conference in Compiler Construction (CC) is a forum for
presentation and discussion of recent developments in language processors and
language design. It emphasizes practical methods and tools. CC 2000 was the
ninth conference in the series.

The CC conference originated as a series of workshops organized since 1986
by Glunter Riedewald in East Germany. In 1992 the series was relaunched by Uwe
Kastens in Paderborn. It was highly appropriate that the first CC conference of
the new millennium should take place in Berlin, newly restored as the capital
city of reunified Germany.

The CC conference, originally biennial, federated to ETAPS in 1998 and be-
came annual. Despite that major change, the number of submissions and the
number of accepted papers have remained stable. The program committee re-
ceived 46 submissions for CC 2000, from which eighteen high-quality papers were
selected for presentation. These papers are included in these proceedings.

The invited speaker at CC 2000 was Reinhard Wilhelm, whose talk was enti-
tled Shape Analysis. A paper based on the invited talk opens these proceedings.

The work of the CC 2000 program committee was conducted entirely by
electronic means. This made it practicable for all program committee members
to participate fully in discussions of individual papers, to re-read papers, and
in some cases to provide extra reviews. I believe that the quality of the paper
selection process benefited greatly from this mode of working.

I am glad to acknowledge the hard work and friendly cooperation of all
my colleagues on the program committee. I also wish to thank the much larger
number of additional reviewers who helped us to read and evaluate the submitted
papers. As a first-time program chair I have particular reason to appreciate the
support and advice of the ETAPS chair, Don Sannella, and of the CC steering
committee. Finally, I wish to thank all the authors of submitted papers for their
continued interest, without which the CC conference could not thrive.

January 2000 David Watt

CC Steering Committee

Peter Fritzson (Sweden) Kai Koskimies (Finland)
Tibor Gyimothi (Hungary) David Watt (UK)
Stefan Jahnichen (Germany) Reinhard Wilhelm (Germany)

Uwe Kastens (Germany)
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Shape Analysis

Reinhard Wilhelm®, Mooly Sagiv?, and Thomas Reps®

! Fachbereich Informatik,
Universitat des Saarlandes
2 Department of Computer Science,
Tel-Aviv University
3 Computer Science Department,
University of Wisconsin at Madison

Abstract. A shape-analysis algorithm statically analyzes a program to
determine information about the heap-allocated data structures that
the program manipulates. The results can be used to understand or
verify programs. They also contain information valuable for debugging,
compile-time garbage collection, instruction scheduling, and paralleliza-
tion.

1 Introduction

Pointers and anonymous objects stored in the heap seem to be the dark corner
of imperative programming languages. There are only a few treatments of the
semantics of pointers. Most semantic descriptions of imperative programming
languages even assume the nonexistence of pointers, since otherwise the seman-
tics of an assignment statement becomes much more complex. The reason is that
an assignment through a pointer variable or pointer component may have far
reaching side-effects.

These far reaching side-effects also make program dependence analysis
harder, since they make it difficult to compute the aliasing relationships among
different pointer expressions in a program. Having less precise program depen-
dence information decreases the opportunities for automatic parallelization and
for instruction scheduling.

The usage of pointers is error prone. Dereferencing NULL pointers and ac-
cessing previously deallocated storage are two common programming mistakes.
The usage of pointers in programs is thus an obstacle for program understanding,
debugging, and optimization. These activities need answers to many questions
about the structure of the heap contents and the pointer variables pointing into
the heap.

Shape analysis is a generic term denoting static program-analysis techniques
attempting to determine properties of the heap contents relevant for the appli-
cations mentioned above.

1.1 Structure of the Paper
The structure of the paper is as follows: In Section 2, a number of questions about
the contents of the heap are listed. Subsection 2.1 presents a program that will

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 1-17, 2000.
© Springer-Verlag Berlin Heidelberg 2000



2 Reinhard Wilhelm et al.

be used as a running example, a program that destructively reverses a singly
linked list. Subsection 2.2 shows how shape analysis would answer the questions
about the heap contents produced by this program. Section 3 then introduces a
parametric shape analysis along the lines of [23], which provides for a generative
way to design and implement shape-analysis algorithms. The “shape semantics”
plus some additional properties that individual storage elements may or may not
possess are specified in logic, and the shape-analysis algorithm is automatically
generated from such a specification. Throughout the paper, abstraction functions
and transfer functions are given intuitively, by means of examples. Section 4
presents experience obtained via an implementation done in Java. Section 5
briefly discusses related work. Section 6 presents some conclusions.

2 Questions About the Heap Contents

Shape analysis has a somewhat constrained view of programs. It is not interested
in numerical or string values that programs compute, but exclusively in the linked
structures they build in the heap and in the pointers into the heap from the stack,
from global memory, or from cells in the heap. We will therefore use the term
execution state to mean the set of cells in the heap and their connectivity by
pointer components of heap cells and the values of pointer variables in the store.

Among the questions about execution states that we might wish to pose at
points in a program are:

NULL-pointers: May a pointer variable or a pointer component of a heap cell
contain NULL? This is valuable debugging information at the entry of a
statement attempting to dereference this pointer.

May-Alias: May two pointer expressions reference the same heap cell? The
absence of may-aliasing can be used for improving program dependence in-
formation [3,20].

Must-Alias: Will two pointer expressions always denote the same heap cell?
This may be used to predict a cache hit or to trigger a prefetch.

Sharing: May a heap cell be shared?' There are many uses for such information.
Explicit deallocation of a shared node may leave the storage manager in an
inconsistent state (e.g., if the heap cell is deallocated twice — by calls on
the deallocator at each predecessor). A nonshared cell may be explicitly
deallocated when the last pointer to it ceases to exist. This again is valuable
for debugging.

Reachability: Is a heap cell reachable from a specific variable or from any
pointer variable? Unreachable cells are certainly garbage.

Disjointness: Will two data structures pointed to by two distinct pointer vari-
ables ever have common elements? Disjoint data structures may be processed
in parallel by different processors and may be stored in different memories [3].

1 Later on in the paper the term “shared” means “heap-shared” i.e., pointed to by
two or more pointer components of heap cells. Sharing due to two pointer variables
or one pointer variable and one heap cell component pointing to the same heap cell
is also deducible from the results of shape analysis.
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Cyclicity: May a heap cell be part of a cycle? If not, garbage collection could

be done by reference counting.

Shape: What will be the “shape” of (some part of) the heap contents? Shapes
(or, more precisely, shape descriptors) characterize data structures. A shape
descriptor could indicate whether the heap contains a singly linked list, po-
tentially with/definitely without a cycle, a doubly linked list, a binary tree,
etc. Many of the properties listed above are ingredients of shape analyses,
e.g., sharing, cyclicity, reachability, disjointness.

Shape analysis can be understood as an extended type analysis; its results
can be used as an aid in program understanding, debugging [6], and verifi-

cation.

2.1 An Example: Destructive Reverse

The following program, reverse, is used as a
running example. It destructively reverses a
list pointed to by x into one pointed to by y.

/* reverse.c */
#include "list.h"
List reverse(List x) {
List y, t;
y = NULL;
while (x !'= NULL) {
t =y,
y =%
X = X->n;
y->n = NULL;
y->n = t;
}
return y;

3

It assumes the declaration of a List data
type

/* list.h */

typedef struct node {
struct node *n;
int data;

} *List

The control flow graph of reverse is re-
produced in Fig. 1. The program points are
labeled for ease of reference. The body of the
loop does the following: Pointer variable t
holds on to the current y-list (n-3), while y

n_2: x!=null

Fig.1. Flow graph of a list-
reversal program
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grabs the head of the current x-list (n-4). x is then moved to the tail of the
current x-list (n-5). y->n is first nulllified (n-6) and then made to connect the
new head to the old y-list (n_7) 2.

X

Fig. 2. An input list for reverse

The workings of reverse is exemplified on the input list shown in Fig. 2.
Table 1 shows the execution state after n_3 during the first four iterations of the
loop.

Let us assume that the input to this program will be a non-empty acyclic
singly linked list made up of unshared elements like the one shown in Fig. 2.
Some correct answers to the questions listed in Section 2 would be:

after n_3:
— x and y point to acyclic singly linked lists; the y-list may be empty,

— t and y are may- and must-aliases or both point to NULL.

— x never points to NULL,

— the lists to which x and y point are disjoint,

— no list element is heap-shared.
after n_4: x and y are must-aliases, and therefore also may-aliases.
after n_5: x and y are not may-aliases, and therefore not must-aliases. (Note

that this would not be the case if the initial x-list contained a cycle).

everywhere: there are no garbage cells.

2.2 Answers as Given by Shape Analysis

Shape analysis will be started under the aforementioned assumption that the
input to the program will be a non-empty acyclic singly linked list. This is
expressed by the so-called shape graphs shown in Fig. 3.

Shape analysis of reverse will produce information for each program point
about the lists that can arise there. For program point n_3, the results would be
given as the shape graphs shown in Fig. 4.

These graphs should be interpreted as follows:

— A rectangular box containing the name p represents pointer variable p. The
pointer variables of program reverse, namely x, y, and t, appear boxed in
the shape graphs in Figures 3 and 4.

2 Splitting this assignment into two steps is done to simplify the definition of the
semantics.
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Table 1. The first four iterations of the loop in reverse after n_3

— Ovals stand for abstract locations. A solid oval stands for an abstract location

that represents exactly one heap cell. In Fig. 3(b), the oval u represents the
one cell of an input list of length 1.
A dotted oval box stands for an abstract location that may represent one
or more heap cells; in Fig. 3(a) the dotted oval u represents the cells in the
tail of the input list. In the example input list shown in Fig. 2, these are the
cells cl,c2,¢3, and c4.

— A solid edge labeled ¢ between abstract locations m and m’ represents the
fact that the c-component of the heap cell represented by m will point to
the heap cell represented by m/'. Fig. 4(e) indicates that the n-component of
the heap cell represented by u will point to the heap cell represented by u0.
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@ rinx] X rin,x]

(a) (b)

Fig.3. A description of the input to reverse. (a) represents acyclic lists of
length at least 2, (b) lists of length 1.

This edge represents the n-component of ¢1 pointing to ¢0 in the third figure
in Table 1.

— A dotted edge labeled ¢ between abstract locations m and m’ tells us that
the c-component of one of the heap cells represented by m may point to one
of the heap cells represented by m’. In the case when m and m’ are the same
abstract location, this edge may or may not represent a cycle. In Fig. 4(d),
the dotted self-cycle on location m0 represents n-components of heap cells
represented by m0 possibly pointing to other heap cells represented by m0.
Additional information about non-heap-sharing (see below) implies that, in
this case, the dotted self-cycle does not represent a cycle in the heap.

Fig. 4(d) represents the execution state of the second figure in Table 1. The
dotted location m0 represents the heap cells ¢2, ¢3, ¢4; the dotted n-back-edge
represents the two pointers from ¢2 to ¢3 and from ¢3 to ¢4, respectively.

— Other solid edges to an abstract location m represent properties that are
definitely possesed by the heap cells represented by m. For example, a solid
edge from a pointer variable p to m represents the fact that p will point to
the heap cell represented by m, i.e., this heap cell will have the property
“pointed-to-by-p”. Another property in the example is “reachable-from-x-
through-n”, denoted in the graph by r[n,x]. It means that the heap cells
represented by the corresponding abstract location are (transitively) reach-
able from pointer variable x through n-components.

Solid ovals could be viewed as abstract locations having the property
“uniquely representing”, later on called “not-summarized”.

— A dotted edge from a property to an abstract location indicates that the
heap cells represented by that location may or may not have that property.

— The absence of an edge from a property to an abstract location m means
that the heap cells represented by m definitely do not have this property.
In Fig. 4(a), the absence of an edge from y to the location u0 means that
y will definitely not point to the cell represented by u0. The absence of a
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r{nx
[nx] X rinx] v t rinyl X rinx]

rint]

riny]

n] fin X] ] ]
1yl
r[n 1] rr[[:){]] e r[nx]

Fig. 4. Shape graphs describing all execution states that can arise after n_3

pointer variable p in a shape graph means that in the stores represented by
this graph p points to NULL.

In the analysis of reverse, a very important heap cell property is is which
means “is (heap-)shared”. It does not show up in any of the graphs in Fig. 4,
signifying that no heap cell is be shared in any of the execution states that
can arise after n_3.
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In summary, the shape graphs portray information of three kinds:

solid meaning “always holds” for properties (including “uniquely represent-
ing”),
absent meaning “never holds” for properties, and
dotted meaning “don’t know” for properties (including “uniquely represent-
ing?”),
In the following, “always holds” and “never holds” will be called definite
values of properties, while “don’t know” will be called the indefinite value.
Each shape graph produced at some program point describes execution states
that could occur when execution reaches that program point. The set of all
graphs produced at some program point describes (a superset of) all the execu-
tion states that can occur whenever execution reaches that program point.
With this interpretation in mind, all the claims about the properties of the
heap contents after n_3 can be checked by verifying that they hold on all of the
graphs shown in Fig. 4.

3 Shape Analysis

The example program reverse works for lists of arbitrary lengths. However,
as was described in the preceding section (at least for one program point), the
description of the lists occurring during execution is finite: there are 8 graphs
describing all x- and y-lists arising after n_3. This is a general requirement for
shape analysis. While the data structures that a program builds or manipulates
are in general of unbounded size, their shape descriptor has to have a bounded
size.

This representation of the heap contents has to be conservative in the sense
that whoever asks for properties of the heap contents—e.g., a compiler, a debug-
ger, or a program understanding system—receives a reliable answer. The claim
that “pointer variable p or pointer component p—>c never has the value NULL at
this program point” may only be made if indeed this is the case for all executions
of the program and all program paths leading to the program point. It may still
be the case that in no program execution p (resp. p->c) will be NULL at this
point, but that the analysis will be unable to derive this information. In the field
of program analysis, we say that program analysis is allowed to (only) “err on
the safe side.”

In short, shape analysis computes for a given program and each point in the
program:

a finite, conservative representation of the heap-allocated data structures
that could arise when a path to this program point is executed.

3.1 Summarization

The constraint that we must work with a bounded representation implies a loss
of information about the heap contents. Size information, such as the lengths of
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lists or the depths of trees, will in general be lost. However, structural informa-
tion may also get lost due to the chosen representation. Thus, there is a part of
the execution state (or some of its properties) that is exactly represented, and
some part of the execution state (or some of its properties) that is only approxi-
matively represented. The process leading to the latter is called summarization.
Summarization intuitively means the following:

— Some heap cells will “lose their identity”, i.e., will be represented together
with other heap cells by one abstract location.

— The connectivity among those jointly represented heap cells will be repre-
sented conservatively, i.e., each pointer in the heap will be represented, but
several such pointers (or the absence of such pointers) may be represented
jointly.

— Properties of these heap cells will also be represented conservatively. This
means the following:

e a property that holds for all (for none of the) summarized cells will be
found to hold (not to hold) for their summary location,

e a property that holds for some but not all of the summarized cells will
have the value “don’t know” for the summary location.

As will be seen in Subsection 3.5, one of the main problems is how to extract
an abstract location from a summary location when (in a concrete execution
of the program) a pointer is advanced to one of the heap cells represented by
this summary location. This process will be called “materializing a new abstract
location out of a summary location”.

3.2 Static Program Analysis

Shape analysis is a static program analysis technique. It can thus be couched in
terms of the theory of Abstract Interpretation, cf. [1,17]. The most important
ingredient of any static program analysis is an abstraction function. The ab-
straction function relates two worlds: in the case of shape analysis, the concrete
world of program execution states and the abstract world of shape graphs. It
maps an execution state to its bounded, conservative representation. The ab-
straction function does what is described as summarization above.

The concrete semantics of the programming language is given by a set of
functions fs; for each statement st of the language. They describe the effect
of the statements on an execution state. The abstract semantics describes the
effect of the statements on the representation of execution states. It is given in
the form of an abstract transfer function fﬁ for each statement st. Applying fjf
will be called abstractly executing st.

3.3 Parametric Shape Analysis

“Shape analysis” is a generic term standing for a whole class of algorithms of
different power and complexity trying to answer questions about structures in
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the heap. In our setting, a particular shape-analysis algorithm is determined by
a set of properties that heap cells may have (and whose values will be tracked
by the shape-analysis algorithm).

First, there are the core properties, e.g., the “pointed-to-by-p”-property for
each program pointer variable p and the property “connected-through-c¢”, which
pairs of heap cells (I1,l2) possess if the c-component of I; points to la. These
properties are part of any pointer semantics. The core properties in the partic-
ular shape analysis of the reverse program are “pointed-to-by-x”, denoted just
by x, “pointed-to-by-y”, denoted by y, and “pointed-to-by-t”, denoted by t, and
“connected-through-n” denoted by n.

Further properties are called instrumentation properties [23]. They are de-
termined by what the analysis is meant to observe. They are expressed in terms
of the core properties. Our example analysis should find out properties of pro-
grams manipulating acyclic singly linked lists. Sharing properties are important
to detect acyclicity. Reachability properties from specific pointer variables are
important to keep disjoint sublists summarized separately when a pointer moves
through a list.

Therefore, the instrumentation properties in our example analysis are “is-
heap-shared”, denoted by is, “reachable-from-x-through-n”, denoted by r [n,x],
“reachable-from-y-through-n”, denoted by r[n,y], and “reachable-from-t-
through-n”, denoted by rl[n,t]. A property existing in every shape analysis
is “not-summarized”.

3.4 Abstraction Functions

The abstraction function of a particular shape analysis is determined by a subset
of the set of all properties, the so-called abstraction properties.®> The principle
is that heap cells that have the same definite values for the abstraction proper-
ties are summarized to the same abstract location. Thus, if we view the set of
abstraction properties as our means of observing the contents of the heap, the
heap cells summarized by one summary location have no observable difference.

In Fig. 3(a), all the cells in the tail of an input list of length at least two are
summarized by the abstract location u, since they all have the property r[n,x]
and do not have the properties x, y, t, r[n,y], r[n,t], is. The abstract location
u0 represents exactly the first cell of the input list. It has the properties x and
r[n,x] and none of the other properties.

3.5 Analyzing a Statement

An abstract semantics of the pointer statements available in the language has to
be specified in some formalism. It describes how the core and the instrumentation
properties change when a statement is executed.

The most complex statement involving pointers is the one that moves a
pointer along a pointer component. In the reverse program there is one such
statement, n_5: x=x->n. Its semantics will be described by means of an example.

3 [23] uses only unary properties.
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The shape graph in Fig. 5(a) describes some of the lists that can arise before
program point n_b.

Fig.5. (a): A shape graph that arises before n_5; (b) and (c): the two shape
graphs resulting from (abstractly) executing x=x->n on shape graph (a).

At n_5 the statement x=x->n is (abstractly) executed. One candidate result
might be the shape graph in which x has moved along the indefinite edge labeled
n to point to the abstract location u. However, this would not be an acceptable
shape graph, since it is not in the image of the abstraction function. To see this,
note that a summarized abstract location representing one or more heap cells
cannot have the definite property “pointed-to-by-x”. The semantics of C (as well
as of other languages with pointers) implies that any pointer variable or pointer
component can only point to at most one cell at any one time. Hence, only two
cases are possible: (i) x points to NULL, or (ii) x points to exactly one cell.

A better approach to creating the shape graph that results from (abstractly)
executing x=x->n is to do a case analysis of the reasons why u’s
“not-summarized” property and the two n-edges are indefinite.

— The first case assumes that a definite n-edge exists starting at ©0, and that u
represents exactly one heap cell. What about the indefinite trivial cycle la-
beled n on u? The absence of an is-edge to u indicates that the cell rep-
resented by u is not shared. Thus, the back-edge from u to u in Fig. 5(a)
cannot represent a concrete back pointer, since there is already one solid
edge to u representing a concrete pointer. Hence, the indefinite back-edge
from u to uw has to be eliminated. The abstract execution of the statement
x=x->n results in the graph shown in Fig. 5(b).

— The second case also assumes that a definite n-edge exists starting at u0.
However, we now assume that u represents more than one heap cell. A new
definite abstract location, called m0, is then “materialized” out of u. It repre-
sents the first of the cells in the tail of the x/y-list. The definite edge starting
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at 0 is made to point to it. The argumentation about a potential back-edge
to it is the same as in the first case: the newly materialized location does
not have the property is and thus cannot be the target of a back-edge. The
execution of the statement x=x->n results in the graph shown in Fig. 5(c).
— A third case would have the indefinite n-edge representing the absence of a
pointer from the cell represented by u0 to any of the cells represented by u.
However, this is incompatible with the fact that the r[n,x] and r[n,y]
properties of u have the (definite) value 1. Hence, this case is impossible.

The less powerful a shape analysis is, the more information about the heap
contents will in general be summarized. Most shape-analysis algorithms are expo-
nential or even doubly exponential in some parameters derived from the program
and some parameters determined by the set of properties to be observed.

4 Implementation and Experience

The three-valued-logics approach described in this paper has been implemented
in the TVLA-engine (Three-Valued Logic Analysis) by Tal Lev-Ami at Tel-Aviv
University [16]. This prototype implementation in Java is good for experimenting
with analysis designs. Small examples like reverse can be analyzed in a few
seconds on a Pentium 166 MHz PC. Bigger examples, e.g., Mobile Ambients [18],
may take several hours.

A surprising experience was the following: Although one expects that a more
precise analysis is more costly in terms of time and space, this is not necessarily
true in three-valued logic based analyses: A more precise analysis may create
fewer unneeded structures and thus run faster. For instance, Lev-Ami analyzed
a program to sort the elements of a linked list. When a list-merge function was
analyzed without reachability properties, the analysis created tens of thousands
of graphs such that the machine ran out of space. Adding reachability properties
reduced the number of graphs to 327 and the analysis time to 8 seconds.

A number of issues need to be addressed for the TVLA-engine to become a
useful tool for large programs.

5 Related Work

Only a very brief account of related work can be given in this paper. A more
detailed treatment is given in [22].

5.1 Types and Allocation Sites

One of the earliest properties of heap cells used for abstraction has been the
point in the program at which the cells were allocated, i.e., their allocation
site [12,2,24,1,19]. Cells allocated at different program points would never be
represented jointly by one node. The motivation behind this approach was that
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“nodes allocated in different places probably are going to be treated differently,
while all nodes allocated at a given place will probably be updated similarly” [2].

This is sometimes true and sometimes not true. For example, allocation-site
information fails to keep abstract locations separate when all cells of a data
structure are allocated at the same program point.

The methods described above use additional information such as sharing or
heap reference counts to improve the precision of the results.

Types have also been used to partition the set of heap cells. In a typed
language, a typed pointer may only point to cells of the appropriate type. They
could be used if nothing else is available. However, they will lead only to very
coarse representations because often all cells of a data structure have the same
type.

Both allocation-site information and type information induce a static parti-
tion on the heap. This is in contrast with the approach described above, which
induces a dynamic partition on the heap.

5.2 Pointer Variables

[25,21,22] used only the “pointed-to-by-p” properties to define the abstraction
function. Additional information such as non-sharing information was used to
improve precision. The algorithm given in [21,22] was the first to achieve strong
nullification and strong update of pointer values for statements that modified
pointer values. This means, the algorithm could delete or overwrite existing
pointers in a conservative way. As a result it was able to materialize new nodes
out of summary nodes as described in Section 3.5.

For efficiency reasons, the method presented in [21,22] (as well as the methods
described in [12,15,14,2,241]) merged all the information available at a program
point into one shape graph. This made the semantics hard to understand and
implied a loss in precision. A more precise variant of this method (which is also
easier to understand) is described in [17]. It uses sets of shape graphs at each
program point.

5.3 k-Bounded Approaches

Another approach to represent unbounded structures in a bounded fashion is to
choose a constant k and to represent everything “within a diameter k” precisely
and to summarize heap cells outside of this diameter. Applied to our problem of
shape analysis, this would mean representing lists precisely up to a length of k,
trees up to a depth of k, and general graphs up to a diameter of k, and then
summarizing the rest of the data structure. The approach of [11] corresponds to
using the “reachable-from-p-via-access-path-a”’-property with |a| < k.
The Jones-Muchnick formulation has two drawbacks:

— The analysis yields poor results for programs that manipulate cons-cells
beyond the k-horizon. For example, for the list-reversal program reverse,
little useful information is obtained. The analysis algorithm must model
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what happens when the program is applied to lists of lengths greater than k.
However, the tail of such a list is treated conservatively, i.e., as an arbitrary,
and possibly cyclic, data structure.

— The analysis may be extremely costly because the number of possible shape-
graphs is doubly exponential in k.

In addition to Jones and Muchnick’s work, k-limiting has also been used in a
number of subsequent papers (e.g., [10]).

5.4 Methods Not Based on Shape Graphs

There are also several algorithms for finding may-alias information for pointer
variables that are not based on shape-graphs. The most sophisticated ones are
those of Landi and Ryder [13] and Deutsch [5]. For certain programs that ma-
nipulate lists, Deutsch’s algorithm offers a way of representing the exact (infinite
set of) may aliases in a compact way.

A different approach was taken by Hendren and Nicolau, who designed an
algorithm that handles only acyclic data structures [9,7].

6 Conclusions

We conclude with a few general observations.

6.1 A Parametric Framework for Shape Analysis

The method that has been surveyed in this paper provides the basis for a para-
metric framework for shape analysis. Such a framework has two parts: (i) a
language for specifying various properties that a heap cell may or may not pos-
sess, and how these properties are affected by the execution of the different kinds
of statements in the programming language, and (ii) a method for generating
a shape-analysis algorithm from such a description. The first is an issue having
to do with specification; the specified set of properties determines the charac-
teristics of the data-structure elements that the static analysis can distinguish.
The second is an issue of how to generate an appropriate algorithm from the
specification. The ideal is to have a fully automatic method—a yacc for shape
analysis, so to speak: The “designer” of a shape-analysis algorithm supplies only
the specification, and the shape-analysis algorithm is created automatically from
this specification. The TVLA system discussed in Section 4 implements such a
parametric framework.

Different instantiations of the framework create analyses that use different
classes of shape graphs, and hence are prepared to identify different classes of
store properties that hold at the different points in a program. Different classes
of shape graphs may be needed, depending on the kinds of linked data structures
used in a program and on the link-rearrangement operations performed by the
program’s statements. (In general, an instantiation of the framework will handle
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every program, but may produce conservative results due to the use of a class of
shape graphs that does not make appropriate distinctions.) The essence of the
particular shape-analysis methods discussed in Section 5 can be captured via
different instantiations of the framework.

The instantiation of the analysis framework described in Subsection 3.3 is
sufficiently powerful to successfully analyze the reverse program, which works
on singly linked lists. It would also produce precise information on many other
programs that deal with singly linked lists. However, it would fail on programs
that operate on doubly linked lists, since the is-property would hold on all but
the first and the last elements of such lists. An instantiation for doubly linked
lists would need the following two properties:

forward-backward-pairing: If the forward-pointer of a heap cell ¢l points to
a heap cell ¢2, then the backward-pointer of ¢2 must point to cl.

backward-forward-pairing: If the backward-pointer of a heap cell ¢l points
to a heap cell ¢2, then the forward-pointer of ¢2 must point to cl.

Different versions of doubly linked lists would need some additional properties
for the first and last elements, e.g., requiring that the “unused” pointer has the
value NULL.

6.2 Biased Versus Unbiased Static Program Analysis

Many of the classical dataflow-analysis algorithms use bit vectors to represent
the characteristic functions of set-valued dataflow values. This corresponds to
a logical interpretation (in the abstract semantics) that uses two values. It is
definite on one of the bit values and conservative on the other. That is, either
“false” means “false” and “true” means “may be true/may be false, or “true”
means “true” and “false” means “may be true/may be false”. Many other static-
analysis algorithms have a similar character.

Conventional wisdom holds that static analysis must inherently have such a
one-sided bias. However, the material developed in [23] shows that while indefi-
niteness is inherent (i.e., a static analysis is unable, in general, to give a definite
answer ), one-sidedness is not: By basing the abstract semantics on 3-valued logic,
definite truth and definite falseness can both be tracked, with the third value
capturing indefiniteness.

This outlook provides some insight into the true nature of the values that
arise in other static analyses:

— A one-sided analysis that is precise with respect to “false” and conservative
with respect to “true” is really a 3-valued analysis over false, true, and “don’t
know” that conflates true and don’t know (and uses “true” in place of don’t
know).

— Likewise, an analysis that is precise with respect to “true” and conservative
with respect to “false” is really a 3-valued analysis over false, true, and “don’t
know” that conflates false and don’t know (and uses “false” in place of don’t
know).
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In contrast, the shape-analysis work has shown how to create analyses that are
unbiased: They are precise with respect to both false and true, and use a separate
“don’t know” value to capture indefiniteness.
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Abstract. This paper presents Soot, a framework for optimizing
Java™ bytecode. The framework is implemented in Java and supports
three intermediate representations for representing Java bytecode: Baf,
a streamlined representation of Java’s stack-based bytecode; Jimple, a
typed three-address intermediate representation suitable for optimiza-
tion; and Grimp, an aggregated version of Jimple.

Our approach to class file optimization is to first convert the stack-based
bytecode into Jimple, a three-address form more amenable to traditional
program optimization, and then convert the optimized Jimple back to
bytecode.

In order to demonstrate that our approach is feasible, we present ex-
perimental results showing the e[edts of processing class files through
our framework. In particular, we study the techniques necessary to ef-
fectively translate Jimple back to bytecode, without losing performance.
Finally, we demonstrate that class file optimization can be quite e [ed
tive by showing the results of some basic optimizations using our frame-
work. Our experiments were done on ten benchmarks, including seven
SPECjvm98 benchmarks, and were executed on five di Lerknt Java virtual
machine implementations.

1 Introduction

Java provides many attractive features such as platform independence, execu-
tion safety, garbage collection and object orientation. These features facilitate
application development but are expensive to support; applications written in
Java are often much slower than their counterparts written in C or C++. To
use these features without having to pay a great performance penalty, sophis-
ticated optimizations and runtime systems are required. For example, Just-In-
Time compilers[1], adaptive compilers such as Hotspot™ and Way-Ahead-Of-
Time Java compilers[18,17] are three approaches used to improve performance.

Our approach is to statically optimize Java bytecode. There are several
reasons for optimizing at the bytecode level. Firstly, the optimized bytecode
can then be executed using any standard Java Virtual Machine (JVM) imple-
mentation (interpreter, JIT, adaptive), or it could be used as the input to a

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 18-34, 2000.
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bytecode — C or bytecode - native-code compiler. Thus, the overall performance
improvement is due to both our static bytecode optimization, and the optimiza-
tions and sophisticated runtime systems used in the virtual machines executing
the optimized bytecode. Secondly, many di[erknt compilers for a variety of lan-
guages (Ada, Scheme, Fortran, Ei[el] etc.) now produce Java bytecode as their
target code. Thus, our optimization techniques can be applied as a backend to
all of these compilers.

The goal of our work is to develop tools that simplify the task of optimizing
Java bytecode, and to demonstrate that significant optimization can be achieved
using these tools. Thus, we have developed the Soot[20] framework which pro-
vides a set of intermediate representations and a set of Java APIs for optimizing
Java bytecode directly. Since our framework is written in Java, and provides a
set of clean APIs, it should be portable and easy to build upon.

Early in our work we found that optimizing stack-based bytecode directly
was, in general, too di Ccullt. Thus, our framework consists of three intermediate
representations, two of which are stackless representations. Baf is a streamlined
representation of the stack-based bytecode, whereas Jimple and Grimp are more
standard, stackless intermediate representations. Jimple is a three-address rep-
resentation, where each instruction is simple, and each variable has a type. It is
ideal for implementing standard compiler analyses and transformations. Grimp
is similar to Jimple, but has aggregated expressions. Grimp is useful for decom-
pilation, and as a means to generate e [cieht bytecode from Jimple.

In order to optimize bytecode we first convert bytecode to Jimple (the three-
address representation), analyze and optimize the Jimple code, and then convert
the optimized Jimple back to bytecode. In this paper we focus on the techniques
used to translate from Jimple to e LCcieht bytecode, and we give two alternative
approaches to this translation.

Our framework is designed so that many dilerkent analyses could be im-
plemented, above and beyond those carried out by javac or a JIT. A typical
transformation might be removing redundant field accesses, or inlining. For these
sorts of optimizations, improvements at the Jimple level correspond directly to
improvements in final bytecode produced.

We have performed substantial experimental studies to validate our ap-
proach. Our first results show that we can indeed go through the cycle, bytecode
to Jimple and back to bytecode, without losing any performance. This means
that any optimizations made in Jimple will likely also result in optimizations in
the final bytecode. Our second set of results show the e [edt of optimizing class
files using method inlining and a set of simple intraprocedural optimizations.
These results show that we can achieve performance gains over a variety of Java
Virtual Machines.

In summary, our contributions in this paper are: (1) three intermediate rep-
resentations which provide a general-purpose framework for bytecode optimiza-
tions, and (2) a comprehensive set of results obtained by applying our framework
to a set of real Java applications.
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The rest of the paper is organized as follows. Section 2 gives an overview
of the framework and the intermediate representations. Section 3 describes two
alternative approaches to translating Jimple back to bytecode. Section 4 presents
and discusses our experimental results. Section 5 discusses related work and
Section 6 covers the conclusions and future work.

2 Framework Overview

The Soot framework has been designed to simplify the process of developing
new optimizations for Java bytecode. Figure 1 shows the overall structure of the
framework. As indicated at the top of the figure, many di Lerent compilers can be
used to generate the class files. The large box labeled SOOT demonstrates that
the framework takes the original class files as input, and produces optimized class
files as output. Finally, as shown at the bottom of the figure, these optimized class
files can then be used as input to Java interpreters, Just-In-Time (JIT) compilers,
adaptive execution engines like Hotspot™, and Ahead-of-Time compilers such
as the High Performance Compiler for Java (HPCJ)™ or TowerJ ™.,

The internal structure of Soot is indicated inside the large box in Figure 1.
Shaded components correspond to modules that we have designed/implemented
and each component is discussed in the following subsections.

2.1 Jimplify

The first phase is to jimplify the input class files, that is, to convert class files
to the Jimple three-address representation. We convert to a three-address repre-
sentation because optimizing stack code directly is awkward for several reasons.
First, the stack implicitly participates in every computation; there are e [edtively
two types of variables, the implicit stack variables and explicit local variables.
Second, the expressions are not explicit, and must be located on the stack[25].
For example, a simple instruction such as add can have its operands separated by
an arbitrary number of stack instructions, and even by basic block boundaries.
Another di Cculity is the untyped nature of the stack and of the local variables in
the bytecode, as this does not allow analyses to make use of the declared type of
variables. A fourth problem is the jsr bytecode. The jsr bytecode is di Ccullt to
handle because it is essentially a interprocedural feature which is inserted into
a traditionally intraprocedural context.

We produce Jimple from bytecode by first processing the bytecode from the
input class files and representing it in an internal format.* During this translation
jsr instructions are eliminated by inline expansion of code. After producing the
internal form of bytecode, the translation to Jimple code proceeds as follows:

1. Produce naive 3-address code: Map every stack variable to a local variable, by
determining the stack height at every instruction. Then map each instruction
which acts implicitly on the stack variables to a 3-address code statement

1 We currently use a tool called Co achieve this translation.
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which refers to the local variables explicitly. For example, if the current stack
height is 3, then the instruction iadd would be translated to the Jimple
statement $i2 = $i2 + $i3. This is a standard technique and is also used
in other systems [18,17].

. Type the local variables: The resulting Jimple code may be untypable be-
cause a local variable may be used with two di[erknt types in di[erknt con-
texts. Thus, we split the uses and definitions of local variables according to
webs[16]. This produces, in almost all cases, Jimple code whose local vari-
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ables can be given a primitive, class, or interface type.? To do this, we invoke
an algorithm described in [9]. The complete solution to this typing problem is
NP-complete, but in practice simple polynomial algorithms su [celAlthough
splitting the local variables in this step produces many local variables, the
resulting Jimple code tends to be easier to analyze because it inherits some
of the disambiguation benefits of SSA form[5].

3. Clean up the code: Jimple code must now be compacted because step 1 pro-
duced extremely verbose code[18,17]. We have found that simple aggregation
(collapsing single def/use pairs) followed by copy propagation/elimination of
stack variables to be su [cieht to eliminate almost all redundant stack vari-
ables.

Figure 2(a) shows an input Java program and Figure 2(b) shows the byte-
code generated by javac as we would represent it in our Baf representation.
Figure 2(c) shows the Jimple code that would result from jimplifying the byte-
code. Note that all local variables have been given types. Variables beginning
with $ correspond to variables that were inserted to stand for stack locations,
whereas variables that do not begin with $ correspond to local variables from
the bytecode.

2.2 Optimize Jimple

Most of the analyses and transformations developed by our group, as well as
other research groups, are implemented using the Jimple representation. We have
currently implemented many intraprocedural and interprocedural optimizations.
In this paper we focus on studying the e [edt of several simple intraprocedural
techniques in conjunction with method inlining.

2.3 Convert Jimple Back to Stack Code

Producing bytecode naively from Jimple code produces highly ine [Ccieht code.
Even the best JIT that we tested can not make up for this ine [ciehcy. And it is
very important that we do not introduce ine Lciehcies at this point that would
negate the optimizations performed on Jimple.

We have investigated two alternatives for producing stack code, labeled Op-
tion | and Option Il in Figure 1. These two options are discussed in more detail
in Section 3, and they are experimentally validated in Section 4.

2.4 Generate Jasmin Assembler

After converting Jimple to Baf stack code, the final phase is to generate Jas-
min [11] assembler files from the internal Baf representation. Since Baf is a
relatively direct encoding of the Java bytecode, this phase is quite simple.

2 Other cases must be handled by introducing type casts and/or introducing extra
copy statements.
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Object[] a;
int x;

public void f(int i, int c)
{ glx *= 10);
while(i * 2 < 10)
{ al[i++] = new Object();
}

}
(a) Original Java Source
.method public £(II)V public void f(int, int)
aload_0 {
aload_0 Example this;
dup int i, ¢, $i0, $i1, $i2, $i3;
getfield A/x I java.lang.0Object[] $ri;
bipush 10 java.lang.0Object $r2;
imul
dup_x1 this := @this;

putfield A/x I
invokevirtual A/g(I)V
goto Labell

LabelO:

aload_0

getfield A/a [Ljava/lang/Object;

iload_1

iinc 1 1

new java/lang/Object

dup

invokenonvirtual
java/lang/Object/<init>()V

aastore

Labell:

iload_1

iconst_2

imul

bipush 10
if_icmplt LabelO

return

(b) Bytecode

i := @parameterO;

c := Qparameterl;
X:$i0 = this.x;
X:$i1 = $i0 * 10;

this.x = $il;
this.g($il);
goto labell;

labelO:
Y:$r1 = this.a;
$i2 = i;
i=1i+1;
$r2 = new java.lang.Object;

specialinvoke $r2.<init>();
Yi$ri[$i2] = $r2;

labell:
Z:$i3 = i * 2;
Z:if $i3 < 10 goto labelO;

return;

}
(c) Jimple

Fig. 2. Translating bytecode to Jimple
3 Transformations

After optimizing Jimple code, it is necessary to translate back to e [cieht Java
bytecode. Figure 3(a) illustrates the bytecode produced by a naive translation
from Jimple.® Note that this naive code has many redundant store and load in-
structions reflecting the fact that Jimple computation results are stored to local
variables, while stack-based bytecode can use the stack to store many interme-
diate computations.

3 Note that our Baf representation closely mirrors Java bytecode. However, we do
streamline the representation somewhat and preserve the variable names as much as
possible.
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3.1 Option I: Produce Naive Baf and Optimize

The main idea behind Baf optimizations is to identify and eliminate redundant
store/load computations. Figure 3(b) shows the results of applying the Baf op-
timizations on the naive code given in Figure 3(a).

The optimizations currently in use are all performed on discrete basic blocks
within a method. Inter-block optimizations that cross block boundaries have also
been implemented, but to date these have not yielded any appreciable speedups
on the runtime and are not described here. In the following discussion it is
assumed that all instructions belong to the same basic block.

In practice, the majority of the redundant store and load instructions present
in naive Baf code belong to one of the following code patterns:

store/load (sl pair) : a store instruction followed by a load instruction refer-
ring to the same local variable with no other uses. Both the store and load
instructions can be eliminated, and the value will simply remain on the stack.

store/load/load (sll triple) : a store instruction followed by 2 load instruc-
tions, all referring to the same local variable with no other uses. The 3
instructions can be eliminated and a dup instruction introduced. The dup
instruction replaces the second load by duplicating the value left on the stack
after eliminating the store and the first load.

We can observe these patterns occurring in Figure 3(a) where labels A, B, C
and E each identify distinct sl pairs, and where labels D and G identify sl triples.

To optimize a Baf method our algorithm performs a fixed point iteration
over its basic blocks identifying and reducing these patterns whenever possible.
By reducing, we mean eliminating an sl pair or replacing an sll triple to a dup
instruction.

Reducing a pattern is trivial when all its instructions directly follow each
other in the instruction stream. For example, the sl pairs at labels A and E in
Figure 3(a) are trivial ones. However, often the store and load instructions are
far apart (like at labels B and C.) To identify pairs of statements to reduce,
we must determine the el[edt on the stack of the intervening bytecode. These
bytecodes are called the interleaving sequences.

We compute two pieces of information as a means to analyse interleaving
sequences and their e[edts/dependencies on the stack. The net e[edt on the
stack height after executing a sequence of bytecode is referred to as the net
stack height variation or nshv. The minimum stack height variation attained
while executing a sequence of bytecode is referred to as the minimum stack
height variation or mshv. A sequence of instructions having both nshv = 0 and
mshv = 0 is referred to as a level sequence.

If interleaving sequences are level sequences, then the target patterns can
be reduced directly. This is because one can just leave the value on the stack,
execute the interleaving instructions, and then use the value that was left on the
stack. This is the case for the sl pair labeled B, and later the sl pair labeled C,
once B has been reduced. Finally, the sll triple D can be reduced, once both B
and C have been reduced. In general, however, many such interleaving sequences
will not be level and no reductions will be possible without some reordering of
the block’s bytecode.
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public void f(int, int)
{ word this, i, c, $i2, $r2;

this := @this: Example;
i := @parameter0O: int;
c := Qparameterl: int;
load.r this;
fieldget <Example: int
A:store.i c;
A:load.i c;
push 10;
mul.i;
G:store.i c;
F:load.r this;
G:load.i c;
fieldput <Example: int
F:load.r this;
G:load.i c;
virtualinvoke
<Example: void g(int)>;
goto labell;

x>

X>;

labelO:
load.r this;
fieldget
<Example: java.lang.Object[] a>;
B:store.r c;
load.i i;
C:store.i $i2;
inc.i i 1;
new java.lang.Object;
D:store.r $r2;
D:load.r $r2;
specialinvoke
<java.lang.Object: void <init>()>;
B:load.r c;
C:load.i $i2;
D:load.r $r2;
arraywrite.r;

labell:
load.i i;
push 2;
mul.i;
E:store.i $r2;
E:load.i $r2;
push 10;
ifcmplt.i labelO;

return;

}

(a) naive Baf generated from Jimple
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public void f(int, int)

{ word this, i, c;

this := Q@this: Example;
i := Q@parameterO: int;
c := Qparameterl: int;

load.r this;
F:load.r this;
F:load.r this;
fieldget <Example:
push 10;
mul.i;
G:store.i c;
G:load.i c;
fieldput <Example:
G:load.i c;
virtualinvoke
<Example: void g(int)>;
goto labell;

int x>;

int x>;

labelO:
load.r this;
fieldget
<Example: java.lang.Object[] a>;
load.i i;
inc.i i 1;
new java.lang.Object;
D:dupl.r;
specialinvoke
<java.lang.Object: void <init>()>;
arraywrite.r;

labell:
load.i i;
push 2;
mul.i;
push 10;
ifcmplt.i labelO;

return;

(b) optimized Baf

Fig. 3. Optimizing Baf
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If an interleaving sequence has nshv > 1 for a sll triple or nshv > 0 for a sl
pair, then our algorithm will try to lower the nshv value by relocating a bytecode
having a positive nshv to an earlier location in the block. This is illustrated by
the movement of instructions labeled by F in Figures 3(a) and 3(b) in an attempt
to reduce the pattern identified by G. Another strategy used when nshv <0 is
to move level subsequence ending with the pattern’s store instruction past the
interleaving sequence. Of course, this can only be done if no data dependencies
are violated.

Applying these heuristics produces optimized Baf code which becomes Java
bytecode and is extremely similar to the original bytecode. We observe that
except for two minor dilerknces, the optimized Baf code in Figure 3(b) is the
same as the original bytecode found in Figure 2(b). The di[erences are: (1) the
second load labeled by F is not converted to a dup; and (2) the pattern identified
by G is not reduced to a dupx1 instruction. We have actually implemented
these patterns, but our experimental results did not justify enabling these extra
transformations. In fact, introducing bytecodes such as dup_x1 often yields non-
standard, albeit legal, bytecode sequences that increase execution time and cause
many JIT compilers to fail.

3.2 Option II: Build Grimp and Traverse

In this section, we describe the second route for translating Jimple into byte-
code. The compiler javac is able to produce e [Cieht bytecode because it has the
structured tree representation of the original program, and the stack based na-
ture of the bytecode is particularly well suited for code generation from trees[?2].
Essentially, this phase attempts to recover the original structured tree represen-
tation, by building Grimp, an aggregated form of Jimple, and then producing
stack code by standard tree traversal techniques.

Grimp is essentially Jimple but the expressions are trees of arbitrary depth.
Figure 4(a) shows the Grimp version of the Jimple program in Figure 2(c).

Aggregation of bytecode The basic algorithm for aggregation is as follows.
We consider pairs (def, use) in extended basic blocks, where def is an assignment
statement with sole use use, and use has the unique definition def. We inspect the
path between def and use, to determine if def can be safely moved into use. This
means checking for dependencies and not moving across exception boundaries.
We perform this algorithm iteratively, and the pairs are considered in reverse
pseudo-topological order to cascade the optimizations as e [ciehtly as possible.
Examples of these aggregation opportunities are shown in figure 2(c) at the
labels X, Y and Z. X and Z are trivial cases because their aggregation pairs are
adjacent, but the pair at Y are a few statements apart. Thus before producing
the aggregated code in 4(a) the interleaving statements must be checked for
writes to this.a.

Peephole optimizations In some cases, Grimp cannot concisely express Java
idioms. For example, the increment operation in a[i++] = new Object(); can-
not be expressed, because Grimp only allows a definition to occur as the left-hand
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public void f(int, int)
{ word this, i, c, $i2;

public void f(int, int)

Example this;
int i, c, $i1, $i2;

this := @this;

i := @parameterO;

c := Qparameterl;
X:$i1l = this.x * 10;

this.x = $il;

this.g($il);

goto labell;

$i2 = i;
i=1i+1;
Y:this.a[$i2] =
new java.lang.Object();

this := @this: Example;
i := @parameter0O: int;
c := Qparameterl: int;
load.r this;
fieldget <Example: int x>;
push 10;
mul.i;
store.i c;
load.r this;
load.i c;
fieldput <Example: int x>;
load.r this;
load.i c;
virtualinvoke
<Example: void g(int)>;
goto labell;

labelO:

load.r this;

fieldget

<Example: java.lang.Object[] a>;
load.i i;

inc.i i 1;

new java.lang.Object;
dupl.r
specialinvoke
<java.lang.Object: void <init>()>;
arraywrite.r;

labell:
Z:if i * 2 < 10 goto labelO;

return;
}
labell:
load.i i;
push 2;
mul.i
push 10;
ifcmplt.i labelO;

return;

}
(a) Grimp (b) Baf generated from Grimp

Fig. 4. Generating Baf from Grimp

side of an assignment statement, not as a side e [edt.* To remedy this problem,
we use some peephole optimizations in the code generator for Grimp.

For example, for the increment case, we search for Grimp patterns of the
form:

si: local = <lvalue>;
s2: <lvalue> = local/<lvalue> + 1;
s3: use(local)

and we ensure that the local defined in s; has exactly two uses, and that the
uses in sy, s3 have exactly one definition. Given this situation, we emit code
for only s3. However, during the generation of code for sz, when local is to

4 This design decision was made to simplify analyses on Grimp.
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be emitted, we also emit code to duplicate 1ocal on the stack, and increment
<1lvalue>. An example of this pattern occurs just after Label0 in Figure 4(a).

This approach produces reasonably e [cieht bytecode. In some situations the
peephole patterns fail and the complete original structure is not recovered. In
these cases, the Baf approach usually performs better. See the section 4 for more
details.

4 Experimental Results

Here we present the results of two experiments. The first experiment, discussed
in Section 4.3, validates that we can pass class files through the framework,
without optimizing the Jimple code, and produce class files that have the same
performance as the original ones. In particular, this shows that our methods
of converting from Jimple to stack-based bytecode are acceptable. The second
experiment, discussed in Section 4.4, shows the e [edt of applying method inlining
on Jimple code and demonstrates that optimizing Java bytecode is feasible and
desirable.

4.1 Methodology

All experiments were performed on dual 400Mhz Pentium 1™ machines. Two
operating systems were used, Debian GNU/Linux (kernel 2.2.8) and Windows
NT 4.0 (service pack 5). Under GNU/Linux we ran experiments using three
di [erent configurations of the Blackdown Linux JDK1.2, pre-release version 2.°
The configurations were: interpreter, Sun JIT, and a public beta version of Bor-
land’s JITS. Under Windows NT, two di [efent configurations of Sun’s JDK1.2.2
were used: the JIT, and HotSpot (version 1.0.1)

Execution times were measured by running the benchmarks ten times, dis-
carding the best and worst runs, and averaging the remaining eight. All exe-
cutions were verified for correctness by comparing the output to the expected
output.

4.2 Benchmarks and Baseline Times

The benchmarks used consist of seven of the eight standard benchmarks from the
SPECjvm98’ suite, plus three additional applications from our collection. See
figure 5. We discarded the mtrt benchmark from our set because it is essentially
the same benchmark as raytrace. The soot-c benchmark is based on an older
version of Soot, and is interesting because it is heavily object oriented, schroeder-
s is an audio editing program which manipulates sound files, and jpat-p is a
protein analysis tool.

Figure 5 also gives basic characteristics such as size, and running times on
the five platforms. All of these benchmarks are real world applications that are

5 http://www.blackdown.org
5 http://www.borland.com
7 http://www.spec.org/
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reasonably sized, and they all have non-trivial execution times. We used the
Linux interpreter as the base time, and all the fractional execution times are
with respect to this base.

Benchmarks for which a dash is given for the running time indicates that
the benchmark failed validity checks. In all these cases, the virtual machine
is to blame as the programs run correctly with the interpreter with the verifier
explicitly turned on. Arithmetic averages and standard deviations are also given,
and these automatically exclude those running times which are not valid.

For this set of benchmarks, we can draw the following observations. The Linux
JIT is about twice as fast as the interpreter but it varies widely depending on
the benchmark. For example, with compress it is more than six times faster, but
for a benchmark like schroeder-s it is only 56% faster. The NT virtual machines
also tend to be twice as fast as the Linux JIT. Furthermore, the performance
of the HotSpot performance engine seems to be, on average, not that di[erknt
from the standard Sun JIT. Perhaps this is because the benchmarks are not
long running server side applications (i.e. not the kinds of applications for which
HotSpot was designed).

4.3 Straight through Soot

Figure 6 compares the e [edt of processing applications with Soot with Baf and
Grimp, without performing any optimizations. Fractional execution times are
given, and these are with respect to the original execution time of the bench-
mark for a given platform. The ideal result is 1.00. This means that the same
performance is obtained as the original application. For javac the ratio is .98
which indicates that javac’s execution time has been reduced by 2%. raytrace
has a ratio of 1.02 which indicates that it was made slightly slower; its execution
time has been increased by 2%. The ideal arithmetic averages for these tables
is 1.00 because we are trying to simply reproduce the program as is. The ideal
standard deviation is 0 which would indicate that the transformation is having
a consistent e [edt, and the results do not deviate from 1.00.

On average, using Baf tends to reproduce the original execution time. Its
average is lower than Grimp’s, and the standard deviation is lower as well. For
the faster virtual machines (the ones on NT), this dilerknce disappears. The
main disadvantage of Grimp is that it can produce a noticeable slowdown for
benchmarks like compress which have tight loops on Java statements containing
side e [edts, which it does not always catch.

Both techniques have similar running times, but implementing Grimp and its
aggregation is conceptually simpler. In terms of code generation for Java virtual
machines, we believe that if one is interested in generating code for slow VMs,
then the Baf-like approach is best. For fast VMs, or if one desires a simpler
compiler implementation, then Grimp is more suitable.

We have also measured the size of the bytecode before and after processing
with Soot. The sizes are very similar, with the code after processing sometimes
slightly larger, and sometimes slightly smaller. For the seven SPECjvm bench-
marks the total bytecode size was 0.5% larger after processing with Soot. This
is not a significant increase in size.
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4.4 Optimization via Inlining

We have investigated the feasibility of optimizing Java bytecode with Soot by
implementing method inlining. Although inlining is a whole program optimiza-
tion, Soot is also suitable for optimizations applicable to partial programs. Our
approach to inlining is simple. We build an invoke graph using class hierarchy
analysis[8] and inline method calls whenever they resolve to one method. Our
inliner is a bottom-up inliner, and attempts to inline all call sites subject to the
following restrictions: 1) the method to be inlined must contain less than 20 Jim-
ple statements, 2) no method may contain more than 5000 Jimple statements,
and 3) no method may have its size increased more than by a factor of 3.

After inlining, the following traditional intraprocedural optimizations are
performed to maximize the benefit from inlining: copy propagation, constant
propagation and folding, conditional and unconditional branch folding, dead
assignment elimination and unreachable code elimination. These are described
in [2].

Figure 7 gives the result of performing this optimization. The numbers pre-
sented are fractional execution times with respect to the original execution time
of the benchmark for a given platform. For the Linux virtual machines, we ob-
tain a significant improvement in speed. In particular, for the Linux Sun JIT,
the average ratio is .92 which indicates that the average running time is reduced
by 8%. For raytrace, the results are quite significant, as we obtain a ratio of .62,
a reduction of 38%.

For the virtual machines under NT, the average is 1.00 or 1.01, but a number
of benchmarks experience a significant improvement. One benchmark, javac un-
der the Sun JIT, experiences significant degradation. However, under the same
JIT, raytrace yields a ratio of .89, and under HotSpot, javac, jack and mpegaudio
yield some improvements. Given that HotSpot itself performs dynamic inlining,
this indicates that our static inlining heuristics sometimes capture opportunities
that HotSpot does not. Our heuristics for inlining were also tuned for the Linux
VMs, and future experimentation could produce values which are better suited
for the NT virtual machines.

These results are highly encouraging as they strongly suggest that a signif-
icant amount of improvement can be achieved by performing aggressive opti-
mizations which are not performed by the virtual machines.

5 Related Work

Related work falls into five di Lerent categories:

Java bytecode optimizers: There are only two Java tools of which we are aware
that perform significant optimizations on bytecode and produce new class
files: Cream[3] and Jax[23]. Cream performs optimizations such as loop in-
variant removal and common sub-expression elimination using a simple side
eledt analysis. Only extremely small speed-ups (1% to 3%) are reported,
however. The main goal of Jax is application compression where, for ex-
ample, unused methods and fields are removed, and the class hierarchy is
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# Jimple Linux Linux NT

Stmts | Sun Int. | Sun Bor. | Sun  Sun

(secs) | JIT JIT | JIT Hot.

compress 7322 440.30 .15 .14 | .06 .07
db 7293 259.09 .56 58 | .26 .14
jack 16792 151.39 43 32 | .15 .16
javac 31054 137.78 .52 42 | .24 .33
jess 17488 109.75 .45 32| .21 12
jpat-p 1622 47.94 | 1.01 96 | .90 .80
mpegaudio 19585 368.10 .15 - | .07 .10
raytrace 10037 121.99 45 23 | .16 .12
schroeder-s 9713 48.51 .64 .62 19 12
soot-c 42107 85.69 .58 45 | .29 .53
average .49 .45 .25 .25
std. dev. .23 23| .23 .23

Fig. 5. Benchmarks and their characteristics.

Baf Grimp
Linux NT Linux NT
Sun  Sun Bor. | Sun Sun Sun  Sun Bor. | Sun Sun
Int. JIT JIT | JIT Hot. Int. JIT JIT | JIT Hot.

compress 1.01 1.00 .99 99 100 | 1.07 1.02 1.04 | 1.00 1.01

db 99 101 1.00|1.00 100 1.01 105 1.01|1.01 1.02
jack 1.00 1.00 1.00 - 100 | 1.01 .99 1.00 - 1.00
javac 1.00 .98 1.00 | 1.00 .97 99 1.03 1.00 | 1.00 .95
jess 1.02 101 1.04 99 101 || 1.01 102 1.04 97 1.00
jpat-p 1.00 99 1.00 | 1.00 1.00 99 101 1.01)|1.00 1.00
mpegaudio | 1.05 1.00 - - 1.00 || 1.03 1.00 - - 101
raytrace 1.00 102 1.00 .99 1.00 || 1.01 1.00 .99 .99  1.00
schroeder-s | .97 1.01 - 1103 101 98 .99 -11.03 1.00
soot-c 99 1.00 1.02 99 103 | 1.00 1.01 100|101 101
average 100 100 101|100 1.00 | 100 101 101|100 1.00
std. dev. .02 .01 .01 .01 .01 .02 .02 .02 .02 .02

Fig. 6. The e[edt of processing classfiles with Soot using Baf or Grimp, without
optimization.

compressed. They also are interested in speed optimizations, but at this time
their current published speed up results are extremely limited.

Bytecode manipulation tools: There are a number of Java tools which pro-
vide frameworks for manipulating bytecode: JTrek[13], Joie[4], Bit[14] and
JavaClass[12]. These tools are constrained to manipulating Java bytecode
in their original form, however. They do not provide convenient intermedi-
ate representations such as Baf, Jimple or Grimp for performing analyses or
transformations.
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Linux NT

Sun  Sun Bor. | Sun Sun

Int. JIT JIT | JIT Hot.
compress 1.01 .78 1.00 | 1.01 .99
db 99 1.01 1.00| 1.00 1.00
jack 1.00 .98 .99 - .97
javac .97 .96 97 | 1.11 .93
jess .93 93 1.01 99 1.00
jpat-p .99 99 1.00 | 1.00 1.00
mpegaudio | 1.04 .96 - - .97
raytrace .76 .62 74 .89 1.01
schroeder-s .97 1.00 .97 | 1.02 1.06
soot-c .94 .94 .96 | 1.03 1.05
average .96 .92 .96 | 1.01 1.00
std. dev. .07 12 .08 .06 .04

Fig. 7. The e[edt of inlining with class hierarchy analysis.

Java application packagers: There are a number of tools to package Java ap-
plications, such as Jax[23], DashO-Pro[6] and SourceGuard[21]. Application
packaging consists of code compression and/or code obfuscation. Although
we have not yet applied Soot to this application area, we have plans to
implement this functionality as well.

Java native compilers: The tools in this category take Java applications and
compile them to native executables. These are related because they all are
forced to build 3-address code intermediate representations, and some per-
form significant optimizations. The simplest of these is Toba[18] which pro-
duces unoptimized C code and relies on GCC to produce the native code.
Slightly more sophisticated, Harissa[17] also produces C code but performs
some method devirtualization and inlining first. The most sophisticated sys-
tems are Vortex[7] and Marmot[10]. Vortex is a native compiler for Ce-
cil, C++ and Java, and contains a complete set of optimizations. Marmot
is also a complete Java optimization compiler and is SSA based. There
are also numerous commercial Java native compilers, such as the IBM (R)
High Performance Compiler for Java, Tower Technology’s TowerJ[24], and
SuperCede[22], but they have very little published information.

Stack code optimization: Some research has been previously done in the field of
optimizing stack code. The work presented in [15] is related but optimizes the
stack code based on the assumption that stack operations are cheaper than
manipulating locals. This is clearly not the case for the Java Virtual Machines
we are interested in. On the other hand, some closely related work has been
done on optimizing naive Java bytecode code at University of Maryland[19].
Their technique is similar, but they present results for only toy benchmarks.
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6 Conclusions and Future Work

We have presented Soot, a framework for optimizing Java bytecode. Soot consists
of three intermediate representations (Baf, Jimple & Grimp), transformations
between these IRs, and a set of optimizations on these intermediate representa-
tions.

In this paper we have given an overview of the structure of Soot, concentrat-
ing on the mechanisms for translating Java stack-based bytecode to our typed
three-address representation Jimple, and the translation of Jimple back to byte-
code. Jimple was designed to make the implementation of compiler analyses and
transformations simple. Our experimental results show that we can perform the
conversions without losing performance, and so we can e [edtively optimize at
the Jimple level. We demonstrated the e [edtiveness of a set of intraprocedural
transformations and inlining on five dilerent Java Virtual Machine implemen-
tations.

We are encouraged by our results so far, and we have found that the Soot
APIls have been e[edtive for a variety of tasks including the optimizations pre-
sented in this paper.

We, and other research groups, are actively engaged in further work on Soot
on many fronts. Our group is currently focusing on new techniques for virtual
method resolution, pointer analyses, side-e [edt analyses, and various transfor-
mations that can take advantage of accurate side-e [edt analysis.
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Abstract. The performance of a Java Virtual Machine (JVM) inter-
preter running on a very long instruction word (VLIW) processor can be
improved by means of pipelining. While one bytecode is in its execute
stage, the next bytecode is in its decode stage, and the next bytecode
is in its fetch stage. The paper describes how we implemented thread-
ing and pipelining by rewriting the source code of the interpreter and
several modifications in the compiler. Experiments for evaluating the ef-
fectiveness of pipelining are described. Pipelining improves the execution
speed of a threaded interpreter by 19.4% in terms of instruction count
and 14.4% in terms of cycle count. Most of the simple bytecodes, like
additions and multiplications, execute in four cycles. This number corre-
sponds to the branch latency of our target VLIW processor. Thus most
of the code of the interpreter is executed in branch delay slots.

1 Introduction

One of the most important properties of the Java Platform is its ability to
support mobile code, i.e., code that runs on a large variety of machines, often
transfered over a network [1]. This is realized by an object file format called class
files which contains machine instructions called bytecodes for a virtual machine
called Java Virtual Machine (JVM). JVM is designed so that it can be efficiently
implemented on a large variety of platforms. JVM can be implemented directly in
hardware as a JVM processor [2], by means of a software interpreter, or by means
of a just-in-time compiler [3,4] which compiles bytecodes to native machine code
just before the code is executed and caches it for future execution.

A JVM processor can potentially provide excellent execution speed perfor-
mance, but they usually cannot execute other software that has to run on the
system such as video and audio decoders. Such software would have to be ported
to the JVM processor.

A software interpreter is usually slow, about 5-20 times slower than native
code, but it is portable and has low memory requirements for both code and
data.

A just-in-time compiler could approach the execution speed of optimized na-
tive code but has high memory requirements. A just-in-time compiler will be
larger than an interpreter, and require RAM to store generated native code. A
just-in-time compiler is also more complex to develop, and is not portable. Fur-
thermore, just-in-time compilation requires an investment in compilation time

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 35-49, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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which will only be profitable when the code is executed repeatedly. A compari-
son between JVM processors, interpreters, and just-in-time compilers for JVM
can be found in [5].

In this paper we describe a JVM interpreter for the Philips TriMedia very
long instruction word (VLIW) media processor, which is targeted for embedded
systems in consumer products [6,7]. For these products a dedicated JVM proces-
sor, unable to perform media processing, will not be cost-effective. Furthermore,
the memory requirements of a just-in-time compiler are expected to be too high,
especially for VLIWs, which require instruction scheduling and have a low native
code density. That is why we have opted JVM interpreter for TriMedia.

State-of-the-art compiler technology is not able to sufficiently exploit
instruction-level parallelism (ILP) in a JVM interpreter. All steps required to
execute a bytecode — fetch, decode, and execute — are dependent on each other,
which results in low ILP. Although there is little ILP within a bytecode, there is
much more ILP between successive bytecodes. Exploiting this implies pipelined
execution of the interpreter, a well-known technique employed in all performance-
oriented processors. Although software pipelining [8] has been well-known for
many years, the algorithms developed for it are not able to pipeline the com-
plex, irreducible [9] control flow structure of an interpreter. In this paper we
will show how we managed to pipeline a JVM interpreter with modest compiler
support.

This paper is organized as follows. Section 2 provides background information
on JVM and TriMedia. Section 3 describes pipelining and how we implemented
it. Section 4 describes the experiments we conducted. Section 5 discusses related
work. Finally, section 6 ends the paper with conclusions.

2 Background

In this section we give a brief description of JVM and TriMedia, necessary to
understand the remainder of the paper.

2.1 Overview of JVM

The Java Virtual Machine is a stack-based architecture, which means that all
common instructions such as additions and multiplications get their operands
from the evaluation stack and put their result on the evaluation stack. An array
of local variables is available for fast accessible storage of temporary scalar data.
Load and store instructions move data between the evaluation stack and the
local variables. The memory of the JVM consists of a heap for dynamic storage
of objects and arrays. Instructions are available for allocation of objects and
arrays, and for accessing and modifying them. Various kinds of control flow
instructions are available for conditional branching and method invocation.
Whereas real machines have relatively simple instructions, JVM has both
simple as well as several very complex instructions. Examples of the latter are



Pipelined Java Virtual Machine Interpreters 37

instructions for memory allocation, thread synchronization, table jumps, and
method invocation.

The instructions of JVM are called bytecodes. A bytecode consists of a one-
byte opcode followed by zero or more operands. Each operand consists of one or
more bytes. This structure, unlike the structure of a real processor, makes JVM
easy to implement by a software interpreter.

2.2 The TriMedia VLIW Media Processor

The TriMedia VLIW media processor! is a five-issue VLIW processor with an
operation set and peripherals optimized for the processing of audio, video, and
graphics. 28 functional units are available; among which are 2 load/store units,
3 jump units, 5 ALUs, and 4 floating point units. Each instruction holds up to
five operations that can be issued to a subset of the 28 functional units under
certain combination restrictions. All functional units are connected to a central
register file of 128 32-bit registers. The processor has no interlocks and stalls in
cache misses. TriMedia has a 16 kbyte data cache and a 32 kbyte instruction
cache.

All multi-cycle functional units, except the divide functional unit, are fully
pipelined. The load/store units have a latency of three cycles, and the jump
units have a latency of four cycles. A jump latency of four cycles means that
three delayed instructions are executed before a jump operation becomes effec-
tive. Fifteen operations can be scheduled in these three delayed instructions and
another four operations can be scheduled in parallel with the jump operation.
For more information on TriMedia the reader is referred to [6,7].

3 Pipelined Interpreters

A JVM interpreter is a complex piece of software, usually written in (ANSI) C.
In our case, we used both the freely available Kaffee [10] and Sun Microsystems’
Personal Java [11] for the application of our pipelining techniques. In fact, these
techniques are generally applicable to all types of interpreters, and not just to
JVM interpreters.

We assume that an interpreter is written in C and has the following structure:

bytecode bc; /* Current bytecode */
bytecode *pb; /* Bytecode pointer */
for (55) {
bc = *pb; /* Fetch */
switch (bc) { /* Decode */
case ADD:
R U /* Execute bytecode */

! Whenever we mention TriMedia in this paper, the reader should read TriMedia
TM1000 or TM1100. Future generations may have a different architecture.
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pb += 1; /* Increment bytecode pointer */
break;
/* Other cases */
}
}

An optimizing C compiler will implement the switch statement by a table
jump including a range check to test whether the value is in the range of the
table. Assuming that the last case of the switch is the default one, this gives a
control-flow graph as shown in figure la for such an interpreter.

3.1 Threaded Interpreters

An indirect threaded? interpreter [12,13], is an interpreter with which the code
to implement a bytecode jumps directly to the code to implement the next byte
to be executed, rather than to a shared join point. So each bytecode performs
a table jump to its successor. Such a threaded interpreter exhibits the control
flow shown in figure lc.

We have modified the TriMedia C/C++ compiler so that it can transform
the control flow graph of figure la into that of figure lc. This transformation
comprises of two steps.

Removal of the range check. If the switch expression is of type unsigned
char and the number of cases is large enough (> 128), the switch statement
is made complete by adding the missing cases and removing the default case.
This results in a 256-entry jump table and the elimination of the range check.
The resulting control flow graph is shown in figure 1b.

Code duplication. The switch block S in the control flow graph of figure 1b
and the join block J are duplicated for each of the 256 cases. This effectively
yields the threaded interpreter. The compiler is instructed by pragmas at
the end of each switch case where to perform this code duplication. As the
blocks involved contain only a jump (for .J) (which disappears) and two loads
and a table jump (for S), the resulting increase in code size is limited. Note
that the 256 jumps to J disappear.

Another way to create a threaded interpreter is to use first-class labels, as
found in GNU C. In this method, each block ends with a computed goto to
the next block. However, first-class labels are not part of ANSI C and are not
supported by the TriMedia compiler.

The control flow graph of a threaded interpreter as shown in figure 1c is
irreducible [9]. This means that there is no single loop header and control flow
edges cannot be partitioned into forward and backward edges such that the
forward edges form an acyclic graph and heads of backward edges dominate
their tails. The authors are not aware of software pipelining algorithms that can
handle irreducible control flow graphs. Therefore, we have developed our own
technique for pipelining threaded interpreters.

2 In the remainder of the paper we will speak about a threaded interpreter whenever
we mean an indirect threaded interpreter.
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3.2 Pipelined Interpreters

In the threaded interpreter shown in figure 1lc the execute; and the
increment /fetch/decode (IFD) parts are usually independent, because the in-
crement value of the bytecode pointer is a constant for most bytecodes, jumps
being the exception. The IFD part is expressed in pseudo C as:

pb += n; /* Increment */

bc = *pb; /* Fetch next bytecode */

t = table[bc]; /* Fetch target address from jump table */
goto t; /* Jump to next bytecode */

This consists of a sequence of two loads and a jump, which can be executed
parallel to the execute part of the bytecode itself on a VLIW processor like the
TriMedia. For many simple bytecodes, the latency is determined by the IFD
part. Therefore, a key issue in the speeding up of an interpreter on a VLIW is
the decrease of this latency. The solution is to pipeline the two loads, i.e. *pb
and table[bc], and the jump. The first of these loads is under the control of
the programmer, so we obtain its pipelining by restructuring the source of the
interpreter. The second load is compiler-generated from the switch statement.
We have modified the compiler to take care of its pipelining. Without pipelining,
the latency of the IFD part is 2*load+jump = 2*3+4 = 10 cycles on a TriMedia.

The pipelining can also be explained by means of the following diagrams.
Figure 2a shows the sequential execution of bytecodes. The figure illustrates
that the execution time of a bytecode is determined by the IFD part, which
is executed in parallel with the execute part. Figure 2b shows the pipelined
execution. The pipeline comprises three stages: increment/fetch, decode, and
execute/jump. While bytecode ¢ is in its execute/jump stage, bytecode i + 1 is
in its decode stage, and bytecode i + 2 is in its fetch stage.

Pipelining the Bytecode Fetch The bytecode fetch is pipelined by fetching
bytecodes in advance and keeping these prefetched bytecodes in local variables
which will be allocated to machine registers. Because the pipeline has to be two
stages deep (we need to pipeline two loads), the bytecode must be fetched far
enough in advance. Because bytecode instructions are of variable length, several
bytes may need to be fetched in advance. The majority of the bytecodes have
a length of at most three bytes. Since the bytes must be fetched two bytecode
executions in advance, we decided to fetch a total of 2% 3 = 6 bytes in advance.
We depict them by b1 through b6.

The pipelined interpreter code looks like this, for an instruction length of two
bytes.

pb += 2; /* Increment */

bc = b2; /* Fetch next bytecode */

bl = b3; b2 = b4; b3 = b5; b4 = b6; b5 = pb[5]; b6 = pb[6];
t = table[bc]; /* Fetch target address from jump table */

goto t; /* Jump to next bytecode */



Pipelined Java Virtual Machine Interpreters 41

Execute
Bytecodei Incr/Fetch  Decode  Jump

Execute
Bytecode i+1 Incr/Fetch  Decode  Jump

(a) Sequentia execution

Bytecodei Incr/Fetch | Decode | Eecute

Bytecode i+1 Incr/Fetch Decode E‘>]<S;:nu‘§e/
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(b) Pipelined execution

Fig. 2: Sequential vs. pipelined bytecode interpretation. In the sequential case
(figure 2a), the operations of the IFD part are dependent on each other
while the IFD part can be executed in parallel with the execute part.
Figure 2a illustrates this.

The result of this pipelining is that the decode load (of the jump target) is
no longer dependent on any bytecode fetch. The latency of the IFD part is thus
reduced to load+jump = 7 cycles on a TriMedia.

Pipelining Decode Load Recall that the decode load of the branch target
table[bc] is compiler-generated. The compiler can move this load from each
of the bytecode blocks into each of its predecessors. Since they are each others’
predecessors, each bytecode block gets 256 of these decode loads. Fortunately,
they are all equal apart from a difference in the instruction length n. So, for
each value of n, a version is copied to each predecessor block. In practice, this is
limited to 3 versions. This corresponds to the speculated decoding of bytecodes
due to the variable instruction length.
The result in pseudo C looks like this:

pb += 2; /* Increment */

bc = b2; /* Fetch next bytecode */

bl = b3; b2 = b4; b3 = b5; b4 = b6; b5 = pb[5]; b6 = pb[6];

t = t2;

tl = table[bl]; /* Fetch target address 1 from jump table */
t2 = table[b2]; /* Fetch target address 2 from jump table */
t3 = table[b3]; /* Fetch target address 3 from jump table */
goto t; /* Jump to next bytecode */

This code can be optimized by combining the shifting of the bytecodes with
the table loads, so that they can be shifted too. To this end, the compiler per-
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forms an extensive analysis to prove that t1 always equals table[b1], etc. It
then transforms the code as follows:

pb += 2; /* Increment */

bc = b2; /* Fetch next bytecode */

bl = b3; b2 = b4; b3 = b5; b4 = b6; b5 = pb[5]; b6 = pb[6];

t = t2;

tl = t3; /* Shift target address 1 x/

t2 = table[b2]; /* Fetch target address 2 from jump table */
t3 = table[b3]; /* Fetch target address 3 from jump table */
goto t; /* Jump to next bytecode */

The net result of this pipelining process is that, on a VLIW, a simple bytecode
can start with a jump to its successor, and perform its actual computation in
parallel with the jump. This reduces the minimum latency of a bytecode on a
TriMedia to 4 cycles, the value of the branch delay.

Pipelining also increases the required number of registers to store the vari-
ables, and increases the code size of the interpreter loop. For TriMedia, the
interpreter loop uses fewer than 20 registers and 30 kbyte of code. Recall that
TriMedia has 128 registers and a 32 kbyte instruction cache.

3.3 Stack Caching

After pipelining, the execution time of the control flow part (IFD) of a bytecode
is reduced from the sum of the latencies of two loads and a jump to the maximum
of those latencies. In the case of TriMedia, the reduction is from 10 to 4 cycles.
After this reduction however, the execute part usually has a longer latency,
especially due to the evaluation stack accesses in a Java interpreter, which are
always memory accesses.

This latency is easily reduced by caching the top s elements of the stack
in local variables, which are mapped onto registers by the compiler. The best
value for s is a trade-off between limiting the number of memory accesses to
the evaluation stack on the one hand, and minimizing the register pressure and
book-keeping operations relating to pipelining and stack-caching on the other,
because driving these techniques too far results in too much code to implement
it, which fills up the available issue slots. In practice, a value of s = 2 performs
best on a TriMedia.

The following C code illustrates stack caching for the iadd bytecode, which
takes two integers from the stack, adds them, and puts the result back on the
stack:

tos = tos + nos; /* Add top two elements on stack */
nos = sp[2]; /* Fetch new data into stack cache */
sp += 1; /* Update stack pointer */

/* IFD part */

The two local variables holding the top two stack elements are called tos
(top of stack) and nos (next on stack). Unlike in previously published stack



Pipelined Java Virtual Machine Interpreters 43

caching techniques [14], the primary goal of stack caching for us is to reduce the
dependence height in the execute part of the bytecode and not to reduce the
number of operations. Unlike [14], we do not maintain how many cache elements
are valid by means of interpreter state. In our case, tos contains valid data when
there is at least one element on the stack, and nos contains valid data when there
are at least two elements on the stack.

After execution of a bytecode that consumes a variable number of stack
elements, such as the invoke bytecodes, the cache is refilled by executing:

tos = spl[0]; /* load top-of-stack into cache */
nos = spl[1]; /* load next-on-stack into cache */

After using pipelining and stack caching, sufficient parallelism has been ex-
posed that can be exploited by the global instruction scheduler of the TriMedia
compiler [15].

3.4 Control Flow Bytecodes

In the case of control flow bytecodes, the IFD part is dependent on the execute
part. In the case of a non-taken jump the pipeline is updated normally, but in the
case of a taken jump the pipeline has to be flushed and has to be restarted at the
jump target. The result is that taken jumps require more execution time than
non-taken jumps. Pipelined processors without delay slots or branch prediction
exhibit the same behavior in this respect.

3.5 Example TriMedia Assembly Code

Figure 3 shows the TriMedia assembly code for the iadd bytecode. It was pro-
duced by our compiler and slightly modified to improve clarity. Figure 3 shows
four instructions, each containing five operations, in which empty issue slots
are filled with nop operations. Immediate operands appear between parentheses.
Register moves are implemented by an iadd operation with r0, containing a
hard-wired zero value, as first operand.

Note that the jump operation is scheduled in the first instruction of the block
and that the other operations are scheduled in parallel with the jump or in the
three delay slots of the jump operation. To understand the code in figure 3,
the reader should be aware that all operations in an instruction are issued in
parallel and that the results of three-cycle latency load operations are written
to registers three instructions after being issued. For example, the values that
are moved from r14 and r21 in instruction 3 are not the values that are loaded
in instruction 2, but the values that will be overwritten by the two loads, in the
cycle after instruction 4.

4 Evaluation

In this section we describe several measurements to evaluate the presented tech-
niques. As our evaluation platform we used Sun’s Personal Java [11] running on
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(* instruction 1 *)

iadd r22 r23 -> r22, /* tos = tos + nos */
ijmpt rl ri3, /* goto tl %/

iadd r0 r16 -> r9, /* bl = b2 x/
1d32d(4) ri12 -> r23, /* nos = sp[1] */
nop;

(* instruction 2 *)

iadd r0 r17 -> rié6, /* b2 = b3 */

iadd r0 ri0 -> ri17, /* b3 = bd x/

iadd r0 r20 -> ri1o0, /* b4 = b5 */

1d32x r18 r20 -> ri4, /* t3 = table[b4] */
uld8d(6) ri1l -> r21; /* b6 = pbl[6] */

(* instruction 3 *)

iadd r0 ri15 -> ri13, /* tl = t2 %/

jadd r0 r14 -> ri5, /* t2 = t3 */
isubi(4) ri12 -> ri2, /* decrement stack pointer */
iadd r0 r21 -> r20, /* b5 = b6 */

nop;

(* instruction 4 *)
iaddi(1) ri11 -> ri1, /* increment bytecode counter */
nop, nop, nop, nop;

Fig. 3: TriMedia assembly code for the iadd bytecode

top of the pSOS real-time operating system. Furthermore, we used a cycle-true
simulator of TriMedia that is configured for 128 MByte of main memory. We use
SPEC JVM98 for benchmarking. The seven benchmarks of SPEC JVMO98 are
listed in table 1.

4.1 Execution Speed

First we are interested in the execution times of individual bytecodes. We deter-
mined this by inspecting the TriMedia assembly code. Table 2 shows the number
of VLIW instructions required to execute a bytecode. In the absence of cache
misses, the number of VLIW instructions corresponds to the number of ma-
chine cycles required to execute the bytecode. Since pipelining is intended to
reduce the interpretation overhead of simple bytecodes, we only list the simple
bytecodes in table 2. Long integer and double precision floating point are not
supported by the TriMedia architecture and are implemented by library calls.
They are therefore regarded as complex bytecodes and have consequently not
been included in table 2.

Table 2 clearly shows that most simple bytecodes are executed by four VLIW
instructions or close to it. Taken jumps require more cycles because the inter-
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Benchmark Description Input description Bytecodes
_201_compress LZH data compression ~ SPEC JVMO8 -s1 option 27,993,191
~202_jess Expert shell system SPEC JVM98 -s1 option 8,151,873
_209_db Data management SPEC JVM98 -s1 option 1,773,230
_213_javac The JDK Java compiler SPEC JVM98 -s1 option 6,151,375
-222_mpegaudio MPEG-3 audio decode =~ SPEC JVMO98 -s1 option 115,891,206
_227 mtrt Raytracer SPEC JVMO98 -sl option 33,842,764
_228_jack Parser generator SPEC JVM98 -s1 option 176,706,788

Table 1: Benchmarks used for evaluation

Bytecode type Instruc- Example bytecodes
tions

Simple arithmetic 4 iadd, fadd, isub, fsub, imul, fmul, ineg, fneg, ishl
Taken/non-taken jump 15/7 ifeq, ifne, iflt, ifge, if_icmpeq, if_icmpne
Load constant 4 aconst_null, iconst_m1, iconst_0, iconst_1, fconst_0

5 dconst_0, dconst_1, ldc_quick

6 ldc_w_quick

8 ldc2_w_quick
Push constant 4 bipush

6 sipush
Load 5 iload, lload, fload, dload, aload

4 iload_0, iload_1, iload_2, fload 0, fload_1, fload 2
Store 5 istore, Istore, fstore, dstore, astore

4 istore_0, istore_1, istore_2, dstore_0, dstore_1
Array load 9 iaload, laload, faload, daload, aaload, baload
Array store 16 iastore, lastore, fastore, dastore, bastore
Stack manipulation 4 pop, pop2, dup, dupx1, dupx2, dup2, swap
Local increment 6 iinc
Control flow 12 goto, jsr, goto_w, jsr-w
Field access 7 getfield_quick, putfield_quick

8 getfield2_quick, putfield2_quick

21 getstatic_quick, putstatic_quick, getstatic2_quick

Table 2: Overview of execution times of simple bytecodes

preter pipeline has to be flushed and reloaded with bytecodes at the jump target,
as described in section 3.4.

Various heap access bytecodes are relatively slow because of the internal data
structures used by Sun Personal Java. All accesses to heap objects (class objects
as well as array objects) are performed via handles. Although this facilitates heap
compaction, an extra indirection, i.e. a load operation, is required to access data.

Static field accesses are relatively slow because each reference requires an
expensive test to determine whether static initializers have to be called. Several
sequential loads are required to perform this test in Personal Java.
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Array stores are also relatively slow. This is caused by the run-time checks
that have to be performed (null pointer check and bound check) and by the fact
that the array reference operand is the third stack operand which is not cached
in the stack cache. This operand is the most time-critical of the three operands
of array store bytecodes (array reference, index, and data to be stored). A stack
cache of three elements will improve the speed of array stores, but several other
bytecodes are likely to take more time.

4.2 Individual Contributions of Different Techniques

In order to measure the individual contributions of the techniques described in
section 3, we compiled the JVM in three different ways: (1) no threading and
pipelining, (2) threading but no pipelining, and (3) threading and pipelining. In
all three cases stack caching was enabled. Table 3 shows the instruction count
reduction: on average, threading reduces the instruction count by 16.6%, pipelin-
ing gives a further reduction of 19.4% over the threaded version. The combined
reduction is 32.5%. Furthermore, table 4 shows the cycle count reduction: on
average, threading reduces the cycle count by 14.4%, pipelining gives a further
reduction of 14.6% over the threaded version. The combined reduction is 26.4%.

The reduction in cycle count is obviously less than the reduction in instruc-
tion count because threading and pipelining does only reduce the number of
compute cycles and not the number of stall cycles where the processor is waiting
on the memory. In fact, threading and pipelining may increase the number of
memory cycles because they increase the code size of the interpreter, which leads
to more instruction cache misses, and pipelining results in speculative decoding,
which causes more data cache references and misses.

The results listed in tables 3 and 4 show a clear correlation between the ef-
fectiveness of threading and pipelining. These techniques are most effective for
applications in which the majority of the execution time is spent by interpreta-
tion of the simple bytecodes. Profile analysis shows that this is indeed the case:
_202_jess, -209_db, _213_javac, and _227_mtrt spend a lot of their time in complex
bytecodes, the run-time system, garbage collector, and long integer arithmetic
emulation code.

5 Related Work

Ertl suggests in his thesis to move part of the dispatch code of the interpreter
to earlier bytecodes for machine with sufficient instruction level parallelism [16].
This is a first step into the direction of pipelined interpreters which results in a
pipeline of two stages.

Proebsting proposes superoperators to reduce the interpretation
overhead [17]. Several of operators are combined together into one superoperator.
The interpretation overhead is shared between several operations.

The same idea is used by Piumarta and Riccardi with the difference that their
interpreter is dynamically extended with superoperators [18]. They implemented
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Benchmark Threading off/ Threading on/ Threading on/
Pipelining off Pipelining off Pipelining on
—201_compress 548,294,965 419,622,175 (23.4%) 291,935,454 (30.3%)
—202_jess 315,140,012 278,841,909 (11.5%) 242,821,721 (12.9%)
-209_db 64,614,881 56,152,260 (13.0%) 48,126,498 (14.2%)
—213_javac 235,200,152 206,235,014 (12.3%) 178,900,872 (13.2%)
_222_mpegaudio  2,785,393,145 2,157,813,532 (22.5%) 1,623,357,369 (24.7%)
_227_mtrt 1,319,173,260 1,163,465,508 (11.8%) 1,023,474,854 (12.0%)
-228_jack 3,676,668,870 2,882,897,278 (21.5%) 2,056,280,297 (28.6%)
Average (16.6%) (19.4%)

Table 3: The effects of threading and pipelining on instruction count. The
instruction count reduction with respect to the previous column is
shown between parentheses. The combined reduction of threading and
pipelining is 32.5%.

Benchmark Threading off/ Threading on/ Threading on/
Pipelining off Pipelining off Pipelining on
—201_compress 582,876,139 455,567,117 (21.8%) 334,036,387 (26.7%)
—202_jess 424,461,155 390,515,530 (8.0%) 364,608,239 (6.6%)
-209_db 92,906,063 84,712,746 (8.1%) 78,876,026 (6.9%)
_213_javac 303,094,306 270,041,792 (10.9%) 248,756,893 (7.9%)
_222_mpegaudio  2,860,981,158 2,247,040,013 (21.4%) 1,718,591,626 (23.5%)
_227_mtrt 1,471,970,773  1,319,425,388 (10.4%)  1,195,740,789 (9.3%)
_228_jack 4,135,817,332  3,333,366,670 (19.4%) 2,624,348,279 (21.2%)
Average (14.4%) (14.6%)

Table 4: The effects of threading and pipelining on cycle count. The cycle count
reduction with respect to the previous column is shown between paren-
theses. The combined reduction of threading and pipelining is 26.4%.

this by a ‘cut-and-past’ style of code generation where the code to implement a
superoperator is generated by concatenating the code of the elementary opera-
tors.

We have also used pipelined interpreter technology for other purposes than
JVM. We implemented a code compaction system which compiles code to a very
dense bytecode-based application-specific virtual machine [19]. Like the JVM
interpreter, we used a three-stage pipeline for this.

In another project, we studied a pipelined interpreter for the MIPS instruc-
tion set; using only four pipeline stages it was capable of executing many of the
MIPS instructions in six clock cycles on TriMedia without any pre-decoding.
The first pipeline stage fetches the MIPS instruction, the second stage maps all
opcode fields of a MIPS instruction onto one bytecode, the third stage performs
the decode by means of a table lookup, and the fourth stage is the jump/execute
stage.
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We expect that pipelining of threaded interpreters will be useful for super-
scalars and explicitly parallel instruction computers (EPIC), such as the TA64
architecture [20], as well. In case of TA-64, the rotating register file can be used
for shifting bytecodes and the prepare-to-branch instructions can be used to
improve the predictability of the jump to the next block.

6 Conclusions

The paper has describes how the execution speed of a JVM interpreter on a
VLIW processor can be improved substantially by pipelining. While one byte-
code is in its execute stage, the next bytecode is in its decode stage, and the next
bytecode of that is in its fetch stage. Pipelining is implemented by both source
code rewriting and compiler modifications. Rewriting of the interpreter source
code requires compiler expertise. This is not a severe problem because compiler
and interpreter technology are very related to each other.

On the TriMedia VLIW processor, with load and jump latencies of three
and four cycles, respectively, pipelining makes it possible to execute many of the
simple bytecodes, such as additions and multiplications, in four clock cycles.
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Abstract. Current garbage collection (GC) techniques do not (and in
general cannot) collect all the garbage that a program produces. This
may lead to a performance slowdown and to programs running out of
memory space.

In this paper, we present a practical algorithm for statically detecting
memory leaks occurring in arrays of objects in a garbage collected en-
vironment. No previous algorithm exists. The algorithm is conservative,
i.e., it never detects a leak on a piece of memory that is subsequently
used by the program, although it may fail to identify some leaks. The
presence of the detected leaks is exposed to the garbage collector, thus
allowing GC to collect more storage.

We have instrumented the Java virtual machine to measure the effect
of memory leaks in arrays. Our initial experiments indicate that this
problem occurs in many Java applications. Our measurements of heap
size show improvement on some example programs.

1 Introduction

Java’s run-time GC does not (and in general cannot) collect all the garbage that
a program produces. GC typically collects objects that are no longer reachable
from a set of root references. However, there are some objects that the program
never accesses again, even though they are reachable. This may lead to a perfor-
mance slowdown and to programs running out of memory space. This may also
have a negative effect on Java usability.

1.1 A Running Example

A standard Java implementation of a stack data structure is shown in Fig-
ure 1(a). After a successful pop, the current value of stack[top] is not sub-
sequently used. Current garbage collection techniques fail to identify memory
leaks of this sort; thus, storage allocated for elements popped from the stack
may not be freed in a timely manner. This example class serves as the running
example throughout this paper.

* Supported in part by the U.S.-Israel BSF under grant 96-00337

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 50-66, 2000.
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1.2 Existing Solutions

A typical solution to avoid these memory leaks is to explicitly assign null to
array elements that are no longer needed. For example, a stack implementation,
which avoids these leaks is shown in Figure 1(b), where null is explicitly assigned
to stack[top].

public Class Stack {
private Object stack[];
private int top;
public Stack(int len) {
stack = new Object[len];
top = 0;

public Class Stack {
private Object stack[];
private int top;
public Stack(int len) {
stack = new Object[len]; !

top = 0; public synchronized Object pop() {

if (0 < top) {

}

public synchronized Object pop() {

if (0 < top) { Szgfft o
top=-; tmp = stack[top];
s: return stack[top]; stack[top]=null;
} g
throw new ESExc(); } Teturn thp;
} .
public synchronized } throw new ESExc();

void push(Object o) {

1i h ized
if (top < stack.length) { public synchronize

void push(Object o) {

’: tack[t =0; i
° ioa:+.[ °plo if (top < stack.length) {
resur;~ stack[topl=o;
} ’ top++;
turn;
throw new FSExc(); } return
} throw new FSExc();

public synchronized void print() { )
for (int i=0; i<top; i++) {

11 h: i i i
s’’: System.out.println(stack[i]); public synchronized void print() {

} for (int i=0; i<top; i++) {
System.out.println(stack[i]);

}
}
} }

}
(a) (b)

Fig. 1. (a) The runing example, Stack class. (b) With explicitly assigning null.
(ESExc and FSExc are subclasses of RuntimeException)

Such solutions are currently being employed in the JDK library, e.g., in the
jdk.util.Vector class and by some “GC-aware” programmers. These solutions
have the following drawbacks:
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— Explicit memory management complicates program logic and may lead to
bugs; by trying to avoid memory leaks, a programmer may inadvertently
free an object prematurely.

— GC considerations are not part of the program logic; thus, they are certainly
not a good programming practice. In fact, the whole idea of GC aware pro-
grams defeats some of the purposes of automatic GC.

— The solution of explicitly assigning null may slow the program, since such
null assignments are performed as part of the program flow. For example,
consider the method removeAllElements of class java.util.Vector shown
in Figure 2(b). The only reason for the loop is to allow GC to free the array
elements. In contrast, our compile-time solution eliminates the need for such
a loop. The method can be rewritten as shown in Figure 2(a); thus, at
least elementCount instructions are saved. In Section 5 we give a potential
interface to GC, which will allow unit-time operation in this case.

void removeAllElements() {
void removeAllElements() { for (int i=0; i < elementCount; i++)
elementCount=0; } elementData[i]= null;
elementCount=0; }

(a) (b)

Fig. 2. (a) A “clean” implementation. (b) “GC-aware” implementation

Consider the Vector class in the java.util package, which implements a
dynamic array of objects. Though it has already been instrumented (in Sun’s
implementation) with assignment to null in appropriate places in order to avoid
leaks, it suffers from some of the limitations outlined above. Furthermore, our
experimental results show that instead of using a “standard” implementation of
such abstract data types (ADTs), programmers use a “tailored” implementation
in many cases, due to considerations such as speed, or strong typing. Examples
include rewriting a non-synchronized version of Vector or a well-typed version
of Vector, maintaining only objects of a specific class. There are some Java
language extensions for parameterized types, e.g., [3], being considered, and work
showing how to reduce the cost of synchronization, e.g., [2], which may eliminate
the need for some of these tailored implementations. Nevertheless, the above
limitations lead us to conclude that programmers should be freed from dealing
with these memory management considerations and that the leaks should be
detected by automatic means, e.g., by compiler analyses.

1.3 Main Results and Related Work

Section 2 presents our motivating experiments for showing that array memory
leaks pose a real problem, and that the problem is worth solving, performance-
wise. We performed a simple string search on Java source files and found some
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occurrences of the array memory leak problem. For several programs we also
measured the potential benefit of solving the problem and found that there are
cases where there is a significant saving of memory.

This research was inspired by work on liveness analysis for Java for local
variables holding references [1]. This liveness analysis leads to a reduced root
set, enabling more memory to be reclaimed. However, such techniques are not
applicable in general to arrays of objects. Treating an array as a single refer-
ence variable yields an overly conservative result; an array represents a set of
references, where every array element is a potential reference, while a reference
variable represents only one potential reference. For example, the field stack in
the Stack class is live after s, but the location denoted by stack[top] is dead
after s.

Identifying liveness requires flow sensitive analysis that may take non-linear
time and could fail to scale for large programs. Moreover, due to the capabil-
ity of Java to load classes in run-time, not all the code is necessarily available
even when a program starts running. Therefore, our algorithm can operate on
Java bytecode and analyze one class at a time by conservatively approximating
potential method invocations. Despite these conservative assumptions, our al-
gorithm is capable of finding memory leaks in many interesting cases, including
the implementation of various array-based ADTSs, e.g., dynamic arrays, stacks
and cyclic queues. Indeed, we believe that this will allow our algorithm to scale
for large programs, while locating most of the leaks in well written programs
that make use of private or protected fields for encapsulation. In Section 3 we
briefly discuss the approzimated supergraph to allow a simple class level analysis
of Java.

In Section 4, we give an algorithm for identifying live regions of arrays. Tech-
nically, identifying live array regions is more complex than the problem of iden-
tifying live scalars, since in many cases it is necessary to identify relationships
between index variables. In the print method of the running example, knowing
that i is less than top before s” is important in order to determine that ele-
ments of stack beyond top cannot possibly be used in the println invocation.
Relationships between variables have also been used to analyze array accesses
for parallelizing compilers and in the context of other array reference analyses
(e.g., [L1,17]). These techniques can also be extended to detect the minimal and
maximal values used as array indices; this allows the removal of checks for array
bound violations [3,9]. One of the most precise methods was proposed by Cousot
and Halbwachs [6]; it automatically identifies linear relationships between vari-
ables by scanning the control flow graph in a forward direction. In [13] it is shown
that this general technique can be also used to analyze live array regions. Our
chief observation is that live array regions can be also represented using linear
relationships between variables.

We show how the result of a forward direction dataflow analysis, which iden-
tifies relationships between variables, is integrated into a backward analysis of
the control flow, which determines the live regions of the array.
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Both phases use the constraint graph suggested in [4, Chapter 25.5, pp.539—
543] as a simple representation of program variable relationships. The constraint
graph allows us to efficiently represent a special case linear relationship of the
form z < y+ ¢, where x and y are program variables and ¢ is an integer constant.
In [13] we explain how to handle more general sets of constraints and more
interesting classes of programs.

In Section 5, we explain how a GC algorithm can exploit the results of our
analysis algorithm. Our algorithm can also be applied to a Java program with
potential leaks in order to determine the necessary null assignments. null as-
signment statements are added at program points where the array elements
become dead. In the running example, our algorithm detects that before pro-
gram point s, array element stack[top] is live, while after s, array element
stack[top] is dead. Thus stack[top] can be assigned to null, as shown in
Figure 1(b).

A prototype of the algorithm was implemented in Java, and used to find
dead array regions for the running example in 0.21 CPU seconds. The prototype
has no front-end, so the input to the prototype is the approximated supergraph
of a class. The extended version of the algorithm as described in [13] was also
implemented, and used to find live array regions for java.util.Vector class.
Interestingly, the analysis located a bug in the method lastIndex0f (Object
elem, int index) (to be fixed by Sun Microsystems). We noticed the bug due
to the overly imprecise live array regions.

Some programming languages, such as CLU [10], provide built-in dynamic
arrays that can be used to implement stacks and vectors. However, our algorithm
can handle cases beyond dynamic arrays such as cyclic queues where the regions
of live array elements are not necessarily continuous. Furthermore, our algorithm
does not require extensions to the Java language.

2 DMotivating Experiments

Frequency of the Problem The experiment to determine the frequency of
occurrence was conducted before implementing the algorithm. Instead, we used
lexical scanning of Java source files. We searched for classes having a field,
which is an array of objects, and integer field(s), preferably containing the string
“count” in their names. Also, we looked for methods containing the string “re-
move”. The motivation for such searches, was to find re-implementations of the
java.util.Vector class, keeping in mind that the methods like
removeAllElements and removeElementAt use explicit assignments to null to
prevent memory leaks.

About 5600 Java source files were scanned, including the Java Development
Kit version 1.1.6 source files. In 1600 files, an array of objects is defined. In 20
files the problem was detected in 25 statements, i.e., several files contained more
than one instance. Out of the 25 statements, 13 did not have the desired null
assignment, i.e., they contained a potential memory leak.
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Potential Benefits We conducted an experiment similar to that conducted
in [1] using a modified JVM, in order to evaluate the potential benefits of remov-
ing leaks. We used Sun’s JDK 1.2, Classic VM, as the basis. After every 100KB of
allocation, we invoke the GC, perform all possible finalizations, and perform GC
again. We calculate the heap size as a function of bytes allocated, sampled every
100KB. To simulate a potential memory leak, two versions of java.util.Vector
class are used, the original one, and a version with leaks, i.e., without the explicit
assignments to null in the removeElementAt and removeAllElements meth-
ods. Then we compared the allocation integral, calculated as the area under the
heap size curve.

We measured the allocation integral in two programs from Spec JVM98 [15],
javac, the Java compiler, and db, a benchmark simulating a database, on the
original and modified Spec inputs. These are the only programs in the Spec
suite using vectors. The measurements were done on a 400 MHz Intel Pentium-
IT CPU with 128MB of memory, running Windows NT 4.0.

In javac we obtain 1.35% average allocation integral improvement. The orig-
inal input to db yields no improvement. However, using the modified input to db,
which contains many delete commands, the improvement is 26.65%, concluding
(as in [1]) that the expected main benefit is preventing bad surprises .

26 : EnterStack |

‘25 : DispatchConstructor‘

24 : EnterStack

1: ExitStack

‘ 19 : stack=new Object[len] ‘

8 : EnterPrint

14 : EnterPop ‘

RSN
6 : println(stack[i]) ‘ / 20 : EmterPugNl : return stack[top] ‘

‘ 10 : top < stack.length ‘ N\;\throw new ESEch

v ¥
‘ 18 : stack[top]=o ‘ 9 : ExitPop

3 : ExitPrint |

|9 : throw new FS

15: ExitPu5h|

Fig. 3. The approximated supergraph of the running example.
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3 Class Level Analysis of Java Programs

In this section we briefly discuss the approzimated supergraph of a class. The
main idea is to approximate the execution paths on all the class instances, while
allowing the derivation of interesting information on objects encapsulated at the
class level. Thus, paths that do not modify or use encapsulated data are not
included in the approximated supergraph.

The program supergraph(see [14,12]) integrates the program call graph and
the individual control flow graphs of each of the procedures in the program. To
allow interprocedural class level analysis, we use the approzimated supergraph.
The approximated supergraph of the class C' is an approximation of supergraphs
occurring at any instance of C'. Since the idea of approximated supergraph is
not a core part of this work and due to space limitations, we choose not to elab-
orate on the subject. Details regarding the approximated supergraph including
extensions to include the full spectrum of Java constructs are found in [13]. The
approximated supergraph of the running example is shown in Figure 3.

Encapsulation at the class level is ensured by using private fields, local vari-
ables and method parameters, and by not allowing objects referenced by these
variables to “escape” outside the class level scope. In the running example, top
is a private field, i is local variable, 1len is a method parameter, stack is a pri-
vate field, and in addition is not passed as a parameter or returned as a result,
thus its referenced array can not escape outside the class level scope. Therefore,
they are all encapsulated in Stack, and the analysis of Stack class using the
approximated supergraph is conservative.

4 The Algorithm

In this section, we give an efficient algorithm for computing liveness information
for arrays. In Section 4.1, we define the problem by extending the classical defi-
nition of liveness of scalar variables. In Section 4.2 we define constraint graphs
that provide an efficient representation for special form of inequalities between
index variables. In addition, we show that constraint graphs can represent live-
ness information. In Section 4.3 an iterative algorithm for identifying live regions
for arrays at every supergraph node is given. This algorithm uses the constraint
graph and the previously computed forward information, to obtain quite precise
liveness information. This section is concluded in Section 4.4, in which we briefly
describe the iterative forward algorithm, which computes inequalities between
index variables at every supergraph node.

For expository purposes, we assume that the program supergraph contains
one designated encapsulated array A of type T[].

4.1 The Liveness Problem for Arrays

Recall that a scalar variable var is live before a program point p, if there exists
an execution sequence in the program including p and a use of var such that
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(i) p occurs before the use of var and (ii) var is not assigned between p and
the use.

We now generalize this definition for arbitrary program expressions that eval-
uate to a location or reference (or equally have a defined L-value).

Definition 1. An expression e is live before a program point p, if there
exists an execution sequence, my.mo such that (i) the path m ends at program
point p, (ii) e denotes a location (or reference) | at the end of w1, and (i) 1 is
used at the end of wo without prior assignment along .

In the running example (see Figure 1), the location denoted by stack[top]
in s is live before s, but not before any other point in the class. For example,
it is not live before the end of the method pop since on any sequence from that
point to a usage of a location denoted by stack[top] in s, this location must
be assigned a new value at s’. Indeed, the main idea in this definition is to allow
the expression e to denote more than one location for different execution paths.
In the running example, stack[i] is live before s” for all 0 < i < top. This is
the kind of information important for GC (see Section 5).

Notice that Definition 1 coincides with the classic liveness definition for a
scalar variable and in this case [ is the (activation record) location of the scalar.

4.2 The Constraint Graph

We now define the constraint graph, which efficiently represents inequalities
between program variables. Operations on the inequalities are implemented by
path calculations on the constraint graph.

Definition 2. The constraint graph is a finite labeled directed graph with a
set of vertices V' of the encapsulated integer variable or field, including a spe-
cial vertex 0, and in addition another special vertex, denoted $, for representing
liveness constraints to be discussed later. The constraint graph is captured by a
weight function w:V xV — ZZU{—o0,00}. Pictorially, we draw an edge from vq
to vy if w(vy,v2) < 0.

Such a directed graph w represents the inequalities:

/\ r <y+w(ry) (1)
z,yeV

This interpretation of w is used in the forward phase of the algorithm. The
constraint graph, which represents the inequalities after supergraph node 5 (i =
i + 1) of the running example, is shown in Figure 4. The —1 edge from 0 to 4
represents the inequality 0 < i + (—1), or 0 < ¢. Usually, isolated vertices are
omitted from the figures. An edge, which its weight is implied by the sum of the
weights along a directed path in the graph connecting the source and the target
vertices of that edge, is also not included in the figures.

The reader is referred to [4, Chapter 25.5, pp.539-543] for explanations on
the properties of constraint graphs.
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Constraint Graph Inequalities Information

0
-1 /N o 0 A X .
OO (@D <oz

Fig.4. The constraint graph after supergraph node 5. L stands for
stack.length

Our chief insight is that live regions can also be represented using constraint
graphs, with one additional designated vertex, denoted by $. This node repre-
sents constraints on the live array indices of the array. For example, the con-
straint graph in the first row of Figure 5 corresponds to the liveness informa-
tion 0 < $ < top. This constraint graph represents the fact that array ele-
ments stack[0], stack[l],...,stack[top — 1] are live. Another example is the
constraint graph corresponding to a conditional live region which is presented in
the second row of Figure 5. It signifies that array elements stack[0], stack[l],...,
stack[top — 1] are live, and in addition the live region is conditional because of
the —1 edge connecting vertex ¢ to vertex top. In other words, if ¢ > top then
none of the array elements is alive. This can happen when the stack is empty
and top = 0.

Constraint Graph Liveness Information

@ {stack[$]|0 < $ < top}
0 —1
0 e top ) |{stack[$]|0 < $ < top,0 < i < top}

Fig. 5. Constraint graphs representing liveness information

In general a constraint graph w represents the following liveness information:

(48] N\ @ <y+w(zy) (2)

z,yeVv

where live regions come into play when either x or y are $. This interpretation
of w is used in the backward phase of the algorithm. The constraint graph in
Figure 5 represents the liveness information:

{stack[$][0 < $4+0AS<top+ (-1)AO<i+0Ai<top+(—1)} (3)
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The operations on constraint graphs are defined in Figure 6. The most basic
operation is T'C(w), which yields a constraint graph whose edges are labeled
with the shortest path (the least weight) between any two vertices. TC'(w)(z, y)
corresponds to strongest implied constraint between x and y. We implemented
TC(G) using Floyd’s all-pairs-shortest-path algorithm.

The constraint graph represents a contradiction if there exists a negative
directed cycle in the graph. A contradiction represents either an infeasible ex-
ecution path, or the fact that there are no future uses of the array. We denote
these two cases by L, dead(A) respectively. The case of w = dead(4) can only
occur when w signifies liveness constraints. eliminateNegativeCycles detects con-
tradicted constraint graphs, and TC'| (w) extends TC(w) by taking care of these
special cases.

We define an order on constraint graphs to respect information order, i.e.,
wy C w2 if wy = L, or wy = dead(A) and wy # L or for every x,y € V,
w1 (xa y) < w2(x7 y)

For conviniency, our algorithm only operates on closed constraint graphs w,
ie., TC) (w) = w. In this case, the order on closed constraint graphs is a par-
tial order with join, U, (for merging information along different control flow
paths), meet, M (for partially interpreting program conditions) and widening, V
(for accelerating the termination of the iterative algorithm) operators shown in
Figure 6. The operations in Figure 6 are exemplified in Section 4.3.

4.3 Backward Computation of Live Regions

In this section, we give an iterative algorithm for computing live regions in
arrays. The algorithm operates on the approximated supergraph. The algorithm
is conservative, i.e., the identified live regions must include “actual” live regions.
When the iterative algorithm terminates, for every supergraph node n, and for
every program point p that corresponds to n, if Ai] is live before p then i satisfies
all the constraints in the constraint graph that the algorithm yields at n.

The algorithm starts by assuming that the array is dead at Ezit{ Class) super-
graph node (ExitStack in the running example). Then it backward propagates
liveness information along supergraph paths. The fact that the algorithm scans
the supergraphs nodes in a backward direction may not come as a surprise, since
the algorithm is an extension of the scalar variables liveness algorithm. Indeed,
liveness information captures information about future usages.

Formally, the backward phase is an iterative procedure that computes the
constraint graph wy[n| at every supergraph node n, as the least solution to the
following system of equations:

[ dead(A) n = Exit(Class)
wy[n] = {wb ]V (ws[n] MU, e suce(n) woln, m]) otherwise (4)
wp[n,m) = [st({n, )}, (wy[m], wy[n,m))
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def | s the shortest path from x to y in w is s
TC(w)(w,y) = {oo otherwise

dof 1 there exists a negative cycle in w - {$}
eliminateNegativeCycles(w) = dead(A) there exists a negative cycle in w
w otherwise
def | w w C dead(A)

TCL(w) = { eliminateNegative Cycles(TC(w)) otherwise

w2 w1 C w2
w1 W ws d:ef w1 wz C wy

TC | (max(wi,ws)) otherwise

w1 w1 C w2
w1 Maws d:ef Wa w2 T wy

TC | (min(w1,ws)) otherwise

new Ld |:

Word Ve def w, Woid = dead(A)

w otherwise

W' (z,y) def { Woid (T, Y) Woid (T,Y) = Whew (T, Y)

9 otherwise

00 S=10
def | ¢ S={a' <y +ctz=y=y
ws(@y) =4 o S={e' <y +chataVyry

ws, Mws, (x,y) S =51US2

Fig. 6. The utility functions used in the forward and backward analysis algo-
rithms. wg constructs a constraint graph corresponding to the strongest implied
constraints in S

where st((n,m)) is either the statement at supergraph node n or the condi-
tion holding along the arc (n,m), [[s?f((n,m))]]gL is defined in Figure 7, and
wy[n], wg[n, m] are given in Equation (5).

In the following subsections, we briefly explain the operators and the transfer
functions used in the analysis:

Join Join is used when the supergraph flow splits (see Equation (4)). U shown in
Figure 6 yields the intersection of the (strongest implied) constraints occurring
on all splitting supergraph paths, i.e., the maximal weight.

In Figure 8, the constraint graph after supergraph node 4, i < top is ob-
tained by joining the constraint graphs before node 6, println(stack[i]) and
node 3, EzitPrint. The edge connecting vertex ¢ to vertex $ is not included, since
it appears only in the constraint graph from println(stack[i]) and not in the
constraint graph from FxitPrint.

Integrating Forward Information The motivation to integrate forward in-
formation into the backward information comes from the observation that the
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statement | [statment]’(w) | [statment]? (w, wr)

dead(A) w = dead(A)
TC | (w') otherwise

] wr mln(w(.]7 y),’l,U(’L,y) _C) €z :.]
i=j+c . . ; .
Wiij+ej<it(—a)} | _ J min(w(z,5), w(z,i) +c) y =j
w'lz,y) = 00 r=iVy=i
= y=1
w(e) otherwise
A= [A.length =
new T[i + c] i+ c]]ﬁf(w) dead(4)
use Al|i 4 C} w w L (wf [l w{$§i+c7i§$+(_c)})
use Alexp| |w wp

TC | (w") otherwise
def A[i +¢] |lw c—1 z=8y=iw(@y) =c
w'(z,y) =

{ dead(A) w = dead(A)

—c—1ax=4y=8%wy =—c
w(zx,y) otherwise

(true arc)  wMwyi<jtey

<
t=3te (false arc) w M wyj<it(—1-c)}

| Transfer Function Extension
Lt (Crmls, () ="\ [gt((n, m))JE (w) otherwise

[oW

1 w= 1V wr = i
[st({n, m))}]ﬁ(w, wy) otherwise

[st({n,m)]E (w, wy) =f{

Fig. 7. The forward and backward transfer functions for simple statements. wy is
the forward information constraint graph occurring in the same supergraph node
of w. w (set of constraints} is defined in Figure 6. exp is an arbitrary expression
other than i+c. A condition node is interpreted along its true and false arcs.
Transfer functions are extended to handle the case when w is L. Statement,
which involves only constant expressions, can be handled simply by using a
designated zero variable. Other statements are handled conservatively

liveness of an expression, A[i], before supergraph node n, depends on two sources
of information (see Definition 1): (i) The value of i on supergraph paths from
node Enter(Class) leading to node n, which determines the location | denoted
by Ali], and (ii) The usage of location [ on supergraph paths emanating from
node n.

Therefore, integrating the (previously computed) forward information re-
garding the value of ¢ and the backward information regarding the liveness of
Afi] can have a dramatic impact on the precision of the analysis.

Figure 9 shows the integration of the forward and backward information
before node 6. Using the forward phase information, 0 < i < top < len = L,
leads to a precise liveness information, {stack[$]|0 < $ < top,0 < i < top}.
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Constraint Graph Liveness Information

&’Oj@ {stack(S]l0 < i < $ < top < len = L}
0
0
@/@\&i@ {stack[3]|0 < $ < top < len=L}
0
0
W&i@ {stack($)|0 < $ < top < len= L}
0

Fig. 8. The constraint graph before println(stack[i]), FzitPrint, and their
join

The integration of forward and backward information is captured in Equa-
tion (4) by the M operation.

Forward Constraint Graph Liveness Information

OO~ 20| G ®

0

Their Integration

0 0
— "> (1en) (1)
1
~
0 0

Fig. 9. The integrated constraint graph

Use of an Array Element For a statement using A[i+c], the algorithm
enlarges the live region to include the current (forward) value of i 4+ ¢. This
means that the constraints on $ are relaxed such that $ = i + ¢ is satisfiable.
First, we integrate the forward information and the fact that A[i + ¢] is live.
Then, the resulting constraint graph is joined with the constraint graph after
the statement to obtain the constraint graph before the statement.

Figure 9 corresponds to integration of the forward and backward information
before node 6, occurring in the first visit of that node. Then we join it with the
current liveness information after node 6, which is dead(A).

Assignment to an Array Element For a statement assigning to A[i+c], the
algorithm can shrink the live region to exclude the current (forward) value of
i+ c. This means that the constraints on $ can be made stronger to exclude the
liveness of A[i + c].
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In the constraint graph this corresponds to decrementing the ¢ edge from ver-
tex $ to vertex ¢ by 1 and decrementing the —c edge from vertex 7 to vertex $ by 1.
In Figure 10 the constraint graph before supergraph node 18, stack [top]=o, by
shrinking the live region $ < top to $ < top + (—1).

Constraint Graph Liveness Information

0
@ 0 @ 0 0 ?/@ {stack[$]|0 < $ < top <len= L}

stack[top] = o

0
@ 0 @ -1 0 ?@ {stack[$]|0 < $ < top < len= L}

Fig. 10. The constraint graph before an assignment statement to an array ele-
ment

Assignment Statements For the statement i = j + c, the liveness informa-
tion is obtained by substituting occurrences of ¢ with j + ¢. If ¢ occurs in the
left side of a constraint, then the constraint is normalized. For example, for the
constraint 7 < j' + ¢/, after substituting 7 + ¢ for 4, the normal form becomes
J<i (=0

In Figure 11 the constraint graph before supergraph node 12, top = top +
(-1), is obtained by incrementing 0 edge from vertex $ to vertex top by —1, and
decrementing —1 edge from vertex top to vertex len by —1.

Constraint Graph Liveness Information

0
@ 2 @ 2 - ;\:@ {stack[3]|0 < $ < top < len= L}

top = top - 1

0
@ 0@ 1 0 /ﬂo @{Smck[$]\0§$<top§zen:L}

Fig. 11. The constraint graph before an assignment statement

Widening V (see [5]) shown in Figure 6 accelerates the termination of the
algorithm by taking the strongest implied constraints from the former visit of a
supergraph node that remain true in the current visit of supergraph node.
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Conditions The liveness information allows us to partially interpret program
conditions in many interesting cases. This is a bit tricky, since supergraph nodes
are visited in a backward direction.

The conditions of the form i < j + ¢ are handled by creating a constraint
graph having one ¢ edge from vertex i to vertex j, and then integrating it with
the liveness information along the true edge (see Figure 7).

4.4 Forward Computation of Inequalities between Variables

The forward phase is an iterative algorithm for computing inequalities between
integer variables and fields. The algorithm is conservative, i.e., every detected
inequality at a supergraph node must hold on every execution through a program
point represented by that node.

Formally, the forward phase is an iterative procedure that computes the
constraint graph w¢[n| at every supergraph node n, as the least solution to the
following system of equations:

[ wp n = Enter{Class)
wilnl = wyn)v U pred(n) Wy [m, 1] otherwise (5)

wylm, n] = [st((m, n))]% (w; [m)])

where [st((m, n))]]gc is shown in Figure 7.
Since the forward phase is not new (e.g., a more precise version is given
in [0]), in this paper, we only explain the backward phase.

5 GC Interface to Exploit Algorithmic Results

The output of the algorithm is a set of constraints associated with each program
point that describe what sections of an array are alive at that point. A constraint
may depend on the instance and local variables of the class and may include
simple functions on those variables, e.g., top - 1 for the Stack class. We choose
to exploit instance variables constraints that hold at all program points at which
a thread can be stopped for garbage collection. The points at which a thread
can be stopped are precisely the ge-points of a type-accurate collector [1,7]. We
judiciously choose where to put ge-points so that the “best” constraint holds. For
example, the constraint for the Stack class is that the elements of the stack array
from O through top - 1 are alive, provided that there is no ge-point between
the beginning of pop and statement s.

The chosen constraints are information that is logically associated with a
specific class. Thus, it makes sense to store the constraints in the class data
structure (or class object) together with the other information specific to the
class, e.g., method table and description of fields. Notice that if a class has more
than one array as an instance variable, then a set of constraints can be associated
with each array field. A class-wide flag is also set in the class structure to indicate
that it has at least one such array field.
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When a tracing GC [10] (either mark-sweep or copying) encounters an object
during its trace, it checks the class-wide flag in the object’s class structure. If
the flag is set, the collector traces the arrays reachable from the object, limiting
its trace of the arrays according to their associated constraints.

6 Conclusion

We have presented a practical algorithm for determining the live regions of an
array. The information produced by the algorithm can be used by GC in order
to limit its trace of arrays, thereby leading to the collection of more garbage.
Our experiments show a potential improvement of memory consumption.

The algorithm can determine a precise liveness information for some array
based implementation of ADTs, namely stack and double stack (a stack growing
in both directions). In addition, the extended version of the algorithm (main-
taining at most two sets of constraint graphs per supergraph node) , described
in [13] handles precisely dynamic vector. Further work is needed to analyze more
Java programs and to detect more kinds of leaks occurring in arrays.
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Abstract. JESP is a tool for statically examining the usage of user
thrown exceptions in Java source code. Reported here are the first find-
ings over a dataset of 31 publicly available Java codes, including the
JavaSpecs. Of greatest interest to compiler writers are the findings that
most Java exceptions are thrown across method boundaries, trys and
catches occur in equal numbers, finallys are rare, and programs fall
into one of two categories, those dominated by throw statements and
those dominated by catch statements.

1 Introduction

Java already has been embraced as a Web programming language and is be-
ginning to gain acceptance as a language for general applications. In response
to the acceptance and use of this and other OO languages, compile-time analy-
sis and code transformations that produce optimized code for features found in
such languages(e.g., polymorphism, exceptions, etc.) are being studied. This pa-
per summarizes how exceptions are used in current Java codes. The information
gathered shows that exceptions are ubiquitous and that their use often falls into
specific patterns.

Exception handling is common in Java programs for the Web, but it is also
true that exceptions will play a significant role in general purpose applications.
The use of exceptions in general applications is due to several emerging trends.
Key among these are: the development of automated systems with complex
control paths, and the shift toward exception-based programming paradigms
seen in most introductory language and data-structures texts.

Automated systems are being built around legacy codes that were designed
to be controlled by humans and are now being controlled by programs. Not
surprisingly, human-friendly codes are proving to be program-unfriendly, neces-
sitating the adaptation of these codes for use under program, as opposed to
human, control. These legacy codes have been built over several years by several
people, have been validated against extensive test suites, and are now trusted
tools. Revalidation of such codes is very expensive in time and money thus con-
straining adaptations of these codes to minimize the need for revalidation. One

* The research reported here was supported, in part, by NSF grant CCR-9808607.

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 67-81, 2000.
© Springer-Verlag Berlin Heidelberg 2000



68 Barbara G. Ryder et al.

of the most promising strategies to facilitate the adaptation of legacy codes un-
der the constraint of limited revalidation is the introduction of wrappers[12,11,8]
that handle unexpected situations. Wrappers provide a mechanism that detects
when a code has failed and passes control to a module designed to manage the
failure. Java exceptions, in conjunction with their catch and throw operators,
provide an ideal mechanism for implementing wrappers.

In addition to the development wrapper-based automated systems, a general
shift toward exception-based programming paradigms is being observed. There
are several reasons for this shift including program correctness, program clarity,
and elimination of side effects. These reasons have been noted by many in the
community. Texts and references now contain persuasive arguments, such as the
following.

Exceptions provide a clean way to check for errors without cluttering
code. Exceptions also provide a mechanism to signal errors directly
rather than use flags or side effects such as fields that must be checked.
Exceptions make the error conditions that a method can signal an ex-
plicit part of the method’s contract. p.151[1]

These two trends, along with the growth in popularity of object-oriented
languages such as Java, make it clear that exceptions will play an increasing role
in program design, and thus present a new challenge to optimizing compilers.

The Java exception model is very strict as to what program state must be
made available to the user when an exception occurs.

Exceptions in Java are precise: when the transfer of control takes place,
all effects of the statements executed and expressions evaluated before
the point from which the exception is thrown must appear to have taken
place. No expressions, statements, or parts thereof that occur after the
point from which the exception is thrown may appear to have been
evaluated. If optimized code has speculatively executed some of the ex-
pressions or statements which follow the point at which the exception
occurs, such code must be prepared to hide this speculative execution
from the user-visible state of the Java program. p.205[9]

In order to produce efficient optimized code that meet these specifications,
safety conditions must be guaranteed for any optimizing transform used by the
compiler. Since exceptions produce new and distinctive control-flow patterns,
new static analysis techniques must be developed that accurately estimate con-
trol flow[5,4,6,10,14]. Speculation of instructions must be consistent with what
is required by this exception model[2,13,7]. Practical compile-time analyses and
code transformations should take advantage of common patterns of exception
usage, especially in calculating possible profitability of transformations or the
appropriateness of approximation in analysis.

We partition exceptions into two classes: those that are not usually thrown
by a user and those that are usually thrown by a user. The former are usually
thrown by the runtime system and are objects in the RuntimeFException class;
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for example, NullPointerException and ArrayBoundsException are among these.
The latter usually appear in a throw statement of a user’s Java program and
are often, but not always, a user-defined subclass of Ezception. Both kinds of
exceptions complicate program control flow. The empirical study reported here
is an examination of Java program source codes using the Prolangs JESP tool
to determine their patterns of user thrown exceptions. These initial results (and
further planned static and dynamic studies) will serve as a basis for focusing
compiler writers’ attention on those uses of exceptions which actually occur in
real codes. Additionally, it will allow compiler writers to de-emphasize those
that may be difficult to transform, but do not occur very often (e.g., nested
finallys).

Outline. Section 2 presents the dataset used in this study. The JESP tool
and empirical measurements obtained in the study are explained and interpreted
in Section 3. Ramifications of the findings for optimizing compilers are listed in
Section 4. Related work is mentioned in Section 5. Section 6 states the conclu-
sions and briefly describes future work.

2 Description of Data

As an initial study, a representative set of popular Java applications and applets
were gathered. Included are a large number of programs from JARS, the Java
Review Service,! rated in their top twenty percent by utility. These programs
include:

— IceMail - a Java email client

— JFlex - a lexical analyzer generator

— RabbIT - a web proxy

— WebHunter - a file downloader

— LPR- a class library that allows printing to a standard LPD (Unix) printer
over the network.

— Creature - an artificial life simulator

— Statistician - lists method statistics for a class

— Vigenere - encrypts text based on the vigenere algorithm

— JavaBinHex - a BinHex decompresser

— JHLZip - compresses an uncompressed zip file

— JHLUnzip - decompresses a compressed zip file

— Othello - a Reversi applet

A large number of Java programs that are currently being developed also were
included. Among these programs are McGill University’s Soot beta 4[15], a Java
bytecode analysis and transformation framework and its accompanying tools.
Additional programs, such as the Hot Path Browser? and JavaCC? came

! http://www.jars.com
2 http://www.bell-labs.com /project/HPB/
3 http://www.suntest.com/JavaCC/
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from Lucent Technologies/Bell Laboratories and Sun Microsystems, respectively.
The Hot Path Browser allows the user to view the most frequently executed
paths of a program given the correct path information. JavaCC is a parser
generator. The final two programs are from SBKTech; Jas a Java bytecode
assembler and Jell a parser generator.

3 Findings

3.1 Experimental Framework

To gather the static measurements of the sample set of applications, a set of
tools collectively known as JESP (Java Exception Static Profiler) were built
using the JTrek library from Compaq/Digital* The JTrek library is a Java
API that allows developers to instrument, profile, and decompile Java classes. It
allows for rapid development of both static and dynamic profiling tools. Specif-
ically, the Trek class library models Java code as a hierarchy of objects. The
Trek APT allows a developer to scan through a program’s bytecode instructions,
with classes representing the program’s class files, and the fields, methods, local
variables, statements, and instructions within them.

3.2 Data Gathered

The 31 Java programs evaluated in this study are shown in Figure 1. They
were obtained from JavaSpecs® as well as from public sources on the Internet
and ranged in size from 48 to 96,000 lines of code. JESP analyzed each program
and produced summaries of exception usage and structure based on JDK 1.1.5.
The usage and structure of exceptions and exception constructs are reported in
the sections that follow.

General Descriptive Data Figure 1 describes the programs that were evalu-
ated. The codes are ordered from smallest to largest based on number of lines
of code. Additional fields giving size in bytes, number of classes®, number of
classes with an implements clause, total number of methods, and percentage
of methods with exception constructs (i.e., throw, try, catch, finally) are
also shown.

Examination of Figure 1 shows that multiple inheritance, as indicated by
an implements clause, is used infrequently in smaller programs of the dataset
(i.e., under 5,000 lines of code). Figure 2(a) shows that lines of code per class
has little or no correlation with program size and Figure 2(b) corroborates the
prevailing view that Java methods are short. For the programs examined the
number of lines of code per method had little or no correlation with program
size and averaged 33 (median 26) over all programs. Note: Statistician (id 7,
with 6996 lines of code) is an outlier because it has only one class.

* http://www.digital.com/java/download /jtrek /index.html

® http://www.specbench.org
S Figure 1 list number of files. In Java, files and non-internal classes are 1-1 mappable.
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Lines of Files Total % of Meth.

Program Code Bytes| Analyzed| Implements| Methods| w/ Exceptions
1(_227_mtrt 48 859 1 1 4 0%
2|JHLUnzip 187 3,262 1 0 3 67%
3|[spec 283 5,420 2 0 11 18%
4|JavaBinHex 300 4,851 1 0 4 50%
5|Vigenere 305 9,333 3 2 22 18%
6|_999 checkit 332 5,899 3 1 8 25%
7| Statistician 387 6,996 1 0 2 50%
8|JHLZip 425 5,473 2 0 11 27%
9|Javacc-JJTree-JJDoc 602 21,573 6 0 22 14%
10|LPR 777 14,731 3 0 52 25%
11|_201_compress 927 17,821 12 1 44 2%
12{_209 _db 1028 10,156 3 1 34 21%
13| WebHunter 1610 36,114 6 9 81 11%
14|_200_check 1818 40,381 17 7 107 19%
15]io 2631 58,057 8 0 98 13%
16|reporter 2743 71,703 18 3 114 21%
17|Othello 2804 41,427 18 0 164 9%
18|_205_raytrace 3751 57,000 25 1 176 4%
19|harness 4882 83,899 23 2 185 12%
20[Jas 4920 210,807 121 89 422 14%
21{RabbIT 5276 128,552 43 15 267 17%
22| Joie 6773 147,757 63 3 630 8%
23|[Soot-SableUtil 7155 86,006 67 23 484 12%
24| _202_jess 10579 396,536 151 106 690 11%
25| Jell 10747 140,252 51 20 337 1%
26| Creature 11142 98,932 46 15 152 4%
27|HotPath Browser 11512 259,697 108 43 891 5%
28| Jflex 11796 192,839 53 16 420 7%
29| Soot-Jasmin 17152 253,292 99 22 664 8%
30|ICEMail 25974 457,246 135 72 966 13%
31|Soot beta 4 96144 1,033,630 651 276 3096 4%

Fig. 1. Programs in dataset

Try, catch, throw, and finally statements This section reports on con-
structs that play a role in exception processing. JESP totals the number of
try, catch, throw and finally statements along with the number of throws
declarations used in a program. Methods declared to throw multiple exceptions
are handled the same as methods declared to throw only one exception - each
are counted only once.

Across the entire dataset, Figure 3 shows that on average 16% (median 13%)
of the methods contain some kind of exception construct and that this percent-
age is insensitive to program size. This confirms the belief that exceptions will
be ubiquitous in Java programs and highlights the fact that optimization trans-
formations which are effective vis-a-vis exceptions will be necessary for efficient
code generation.

Figures 4(a) and 4(b) display how many catch, throw and try statements
occur in the dataset. Results for finally statements are not presented in the
figure since they are rarely used; 26 of the 31 programs do not contain any
finally clause. Similarly, throws were rare in the smaller programs; none of
the programs smaller than 1615 lines of code contained a throw. Note that the
number of catch and try statements in each program seem equal.
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Figure 5 displays the ratio of try to catch statements. 50% of the programs
have exactly 1 catch per try and only 1 program exceeds 1.5 catches per try.
This implies that try clauses almost always contain 1 catch statement and
very rarely contain 2 or more catch statements. The fact that trys usually
contain only 1 catch provides strong evidence that specialization and inlining
transformations may be effectively employed to improve performance.

A surprising feature of our dataset is that almost every program is dominated
by either catches or throws and seldom have similar numbers of each. Figure 6
shows the breakdown by percent of catch and throw statements. Only one
procedure, io (id 16, with 2632 lines of code), has the number of throws and
catches nearly equal. In all other cases the ratio of catches to throws is greater
than 3-to-1 or less than 1-to-3. This is indicative of a difference in the kinds of
applications being measured. Applications with more throws than catches are
hypothesized to be libraries, which must be robust over all possible uses of their
methods. Similarly, applications with more catches than throws are probably
clients of libraries that are handling the exceptions returned by library routines
rather than passing them up the Java runtime stack. This, along with lack of
finally statements, indicates that exceptions are fully processed where, and
when, they are first caught.

We were very interested in seeing how exceptions are used in finally clauses
and to see if potential complications to control flow were observed in practice.
Unfortunately finally statements were so rare in our dataset that reporting on
exceptions in finally statements is impossible.

Distance between a throw and its corresponding catch JESP was used
to measured specific patterns of exception constructs within try statements and
to report the number of throws not enclosed in a try statement. We considered
four distinct usage patterns for try statements. Trys that contain:
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Fig. 3. Percentage of methods with try, catch, and throw constructs

— one or more throws and a corresponding catch,
— no throws and a catch,

— one or more throws and no catches, and

— no throws and no catches

Each try construct could optionally contain a finally; however for the
dataset evaluated this had little impact. We found, as expected, that throws
do not occur in try statements but rather occur outside of try statements.
Figures 7(a) and 7(b) summarize our data. These observations support our belief
that exception handling seems to be done by passing the exception up the current
call stack. A try without a throw probably contains a method call that may
throw an exception.” A throw not in a try is probably in a method called directly
or indirectly from a try block. Thus, the next question to be investigated both
statically and dynamically is "How far up the call stack is an exception object
passed, on average?” This knowledge will aid in tailoring optimizations of this
exception usage, especially for non-aborting control-flow exceptions.

Characterizing Exceptions JESP was also used to categorize the class of
the object that is being thrown as either a Java-defined exception, User-defined
exception, or Unknown. A Java-defined exception is an instance of an exception
class that is defined in the JDK 1.1.5. User-defined exceptions are classified as

" It is possible for a try block to be used to catch exceptions such as ArrayBoundsFEx-
ception or other subclasses of RuntimeEzception which can be generated without a
method call; however, we believe this use of try blocks is very rare.
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exception objects that are instances of classes not defined in the JDK. These
can include exception classes defined in any library code that the program uses.
Figure 8 reports these results and clearly shows that user defined exceptions are
much more prevalent than Java-defined exceptions. In two cases, library code
was not available and we found programs that did not define an exception class
yet did throw one or more user-defined exceptions. These are not included in
Figure 8.

The prevalence of user-defined exceptions is strong supporting evidence that
exceptions are not only ubiquitous but also gaining acceptance as a mainstream
control flow mechanisms in Java. The implications are clear for optimizing com-
pilers. They will have to produce efficient code from source that contains user-
defined exceptions and catch/throw patterns that manage control flow.
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The final category of data that JESP gathered is information regarding the
number of exception classes that the program contains as well as the shape
of the exception tree hierarchy that the program defines. An exception class
was considered to be any class that extends Throwable or any of its subclasses,
excluding classes that extend Error. To analyze the shape of the exception tree,
JESP gathers the maximum breadth and depth of the tree. Results of this
analysis indicate that user-defined exceptions change the exception tree very
little. Without any user-defined exceptions, the JDK’s base exception tree has
a maximum breadth of eleven and a maximum depth of four. With user-defined
exceptions the breadth and depth changed very little if at all. More work is
needed to separate the user- and Java-defined trees so representative figures can
be reported. Preliminary indications are that user-defined exception hierarchies
are very shallow (i.e., in our dataset no program had a user-defined hierarchy
deeper than 2).

4 Ramifications

The gathered statistics about the use of exceptions in Java are preliminary.
More experiments, in particular dynamic program instrumentation, are needed
to give a more detailed picture of exceptions and their use in Java. However,
some interesting conclusions and conjectures can already be made.

— finally clauses are only used rarely in our benchmark suite. This suggests
that the development of techniques to optimize finally clauses and handle



76

Barbara G. Ryder et al.

M Catch OThrow
1.2

Program Size in lines

Fig. 6. Catch vs. Throw

the potential complexity they introduce into exception handling may not be
profitable.

— The typical try blocks contains only one catch clause. This suggests that

users have a particular exception event in mind when writing a typical try
block and indicates a local treatment of exceptions may be possible. In such
cases a compiler, supported by the appropriate analysis, may be able to de-
termine which catch clause will process an exception thrown from a specific
program point.

— The combination of throw statements being rare in try blocks, try blocks

containing only one catch each, and the user-defined exception hierarchy
being shallow indicates that the static and dynamic distance between throw
and catch events in the call graph or on the run time stack may be short.

— There are a significant number of explicit throw statements outside of try

blocks. This suggests that exception handling cannot be dealt with inside
a single method. However, more work is needed to determine if exceptions
are handled within methods of the same class or passed across classes. If
exceptions are thrown and caught in the same class more aggressive analyses
and optimizations are possible.

In Section 1 exceptions were classified as either usually thrown by a user or

usually not thrown by a user; this study gathers information about the former.
There is another useful classification of exceptions as either abortive or control
exceptions. Abortive exceptions do not allow program recovery, but lead to the
termination of the program, possibly after some clean-up or diagnostic analysis
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has been performed in the corresponding catch clause. In contrast, a control
exception signals some abnormal, but anticipated program condition from which
the program is expected to recover. In this case, the corresponding catch clause
contains recovery code and initiates the continuation of program execution in an
updated program state.

Since abortive exceptions lead to program termination, the benefit of opti-
mized code for these exceptions is minimal. Since they are abortive, their ex-
pected frequency should be rather low in debugged and tested codes and any op-
timization will only speedup the final cleanup stages before termination. There-
fore, efforts to optimize the execution of an abortive exception itself are not
beneficial. This is not true for control exceptions since they represent a likely
control flow path in the program. An aggressive optimizing compiler should op-
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timize the execution of control exceptions and should try to limit the effects of
all exceptions on the safety and benefits of other transformations.
Possible Optimizations

Knowing statically the binding between a thrown exception and the catch
clause that will process the exception has two advantages that can be exploited
by an optimizing compiler:

— No runtime check is necessary to determine if the next current method will
handle the exception.

— The code contained in the corresponding catch clause can be moved to the
site where the exception is thrown, allowing better code locality. In addition,
the runtime stack can be updated with a single multi-frame pop operation.
This optimization assumes that no statement such as a finally occurs in
any intermediate method invocation between the throw and catch methods.
This safety property can be easily verified by a compile-time analysis.

5 Related Work

There has been much recent interest in the problems presented to compilation
and analysis of programs by Java exceptions. Of course, any Java compiler must
handle exceptions; for space reasons all Java compilers under development cannot
be presented here. Therefore, this discussion focuses on research which reports
exception usage.
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Sinha and Harrold[10] present new control-flow representations to model ex-
ception flow for data-flow and control-dependence analyses. They performed a
quick static study of a seven Java programs and found that that on average 23%
of their methods contained a try or a throw. Their dataset included: jacorb,
javacup, jdk, jlex, swing, tdb, and toba. They use this data to substantiate
the hypothesis that analysis algorithms will have to take account of exceptions
in Java because of their prevalence.

Chatterjee, Ryder and Landi[5] presented a new flow-sensitive analysis, called
relevant context inference (RCI) for a subset of Java that can model exception
control flow. This analysis stresses optimized memory usage by only requiring the
code for a method to be in memory three times during the analysis. Exception
control flow is modeled as another context preserved by the algorithm (with alias
and type contexts). Chatterjee’s thesis[4] shows how to use RCI to calculate def-
use associations in the presence of exceptions.

Krall and Probst[13] performed a small static study of five Java programs
(i.e., JavaLex, javac, espresso, Toba, java_cup) used as data for their CA-
CAO compiler. They measured number of try blocks versus number of method
calls in these programs and found that the latter was two orders of magnitude
larger than the former. They also reported on the number of null pointer checks
in these programs which was more comparable to the number of method invo-
cations.

Choi et.al.[0] present a new intermediate representation, a factored control
flow graph, used in the IBM Jalapeno dynamic Java compiler that accommodates
exits caused by possible implicit exceptions such as NullPointerEzception. They
report static counts of the number of basic blocks with exception handler edges
for implicit exceptions, both for the traditional basic block and their new design.

The Marmot optimizing Java compiler from Microsoft[7] also optimizes im-
plicit exceptions. Their transformations make it possible to catch NullPointerEx-
ceptions using hardware.

Robaillard and Murphy[14] report on Jex, a static tool for identifying user-
defined exception control flow in Java programs. Given a Java source file and
the user-called packages (denoted by the user), Jex derives a representation of
exception flow through the program. Exceptions generated by the Java API were
also counted. For each Java method, Jex produces a summary of those exceptions
possibly thrown by its execution. The empirical study reported focused on the
use of subsumption in catch clauses. About 44% of the exceptions within try
blocks were not caught with the most precise exception type available. The goal
was to give this information to a programmer to increase their understanding of
possible exception flow in their program.

Brookshier[3] measured and reported on the cost of exception processing
for control exceptions when the handler is not close to the method throwing
the exception on the runtime stack. He describes the cost of a throw as due to
creation of an exception object, an invocation of the handler, a search of the stack
for the current method, a search for a try block range, and then the search for a
matching catch. He notes that cost of a throw is related to the depth of nested
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frames, so that speed can be improved if the catch clause is in the same method
or relatively close on the runtime stack. Measured on a 300MHz Pentium II with
Symantec’s 1.1 JIT, there was a slowdown of 80 milliseconds per exception in a
program written so that the handler is several stack frames from the throw.

6 Conclusions and Future Work

The studies reported here with the Prolangs JESP tool are an attempt to dis-
cern the generality with which explicit exception constructs (i.e., try, catch,
finally, throw) occur in Java codes. The most important results were that a
substantial percentage of methods (on average 16%) in a Java program contain
exception constructs, so exception usage is ubiquitous, but exception constructs
are fairly sparse (the number of trys match number of catches). Finallys are
rare and thrown exceptions are usually not caught within the same method. User-
defined exception hierarchies are shallow. Another interesting finding was the
observed dramatic categorization of programs which display many more throws
than catches and vice versa.

As with all initial studies, this one raises more questions than it answers.
Future work includes measurement of the:

— dynamic behavior of user-thrown exception,

use of control and abortive exceptions,

number of user- and Java-defined exceptions caught, and

— number of times a catch clause catches an exception thrown from within
the try block.

Acknowledgments. We sincerely thank Seth Cohen from Compaq Corpo-
ration whose help with JTrek was invaluable.
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Abstract. A fast and scalable interprocedural escape analysis algorithm
is presented. The analysis computes a description of a subset of created
objects whose lifetime is bounded by the lifetime of a runtime stack
frame. The analysis results can be used for many purposes, including
stack allocation of objects, thread synchronization elimination, dead-
store removal, code motion, and iterator reduction. A method to use the
analysis results for transforming a program to allocate some objects on
the runtime stack is also presented. For non-trivial programs, typically
10%-20% of all allocated objects are placed on the runtime stack after
the transformation.

1 Introduction

Several program optimizations require that objects be accessible from only one
thread and/or have a bounded lifetime. For example, in order for an object to be
allocated in a stack frame of a thread’s runtime stack, the lifetime of the object
has to be bounded by the lifetime of the stack frame. Escape analyses compute
bounds of where references to newly created objects may occur.

This paper presents a fast interprocedural escape analysis algorithm for
whole-program analysis of object-oriented programs written in Java™-like pro-
gramming languages. The complexity of the algorithm is linear in the size of
the program plus the size of the static call graph. The algorithm is simple and
the analysis results are good enough to be useful in practice. The algorithm also
demonstrates that a limited form of polymorphic analysis is possible in linear
time.

There are many potential uses for the analysis results. For example, if a Java
object is known to be accessible only to the thread creating the object, then
most synchronization operations on the object can be eliminated and dead stores
to fields of the object are easier to identify. Java’s memory consistency model
dictates that all memory reads and writes are fully performed at synchronization
points, but if an object is known only to a single thread then it is not detectable
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if reads and writes to the fields of the object are moved around synchronization
points.

The usefulness of the analysis results are demonstrated in this paper by
a stack allocation transformation. A subset of the objects whose lifetime is
bounded by the lifetime of a runtime stack frame are allocated in the stack
frame instead of on the heap. If a method creates and returns an object then
the object may instead be pre-allocated in the caller’s stack frame (a common
scenario for iterator objects in Java). Some objects allocated in a stack frame can
be replaced by local variables for the object fields (another common scenario for
iterator objects). Called methods of the reduced object can either be inlined to
use the field variables, or the field variables passed as arguments to specialized
methods.

In Section 2 the escape analysis algorithm is presented. The value of the anal-
ysis results is demonstrated by using the analysis results for a stack allocation
transformation described in Section 3 and for an object reduction transformation
described in Section 4. The efficacy of the escape analysis results is discussed in
Section 5, Section 6 discusses related work, and Section 7 concludes.

2 Escape Analysis

The objective of the analysis is to keep track of objects created during the
execution of a method. The objects may be created directly in the method or
in methods called by the method. An object is considered to have escaped from
the scope of a method if a reference to the object is returned from the method,
or if a reference to the object is assigned to a field of an object.

The above stated rules can be almost directly encoded as constraints on
elements of a simple type system. Solving the constraint system can be done in
time and space linear in the number of constraints.

The constraints can be derived directly from the subject program. The pro-
gram is assumed to be in Static Single Assignment (SSA) form [CFR91]. In SSA
form, each local variable is assigned exactly once. When two or more different
definitions of a variable can reach a control-flow merge point, all the definitions
are renamed and the value of the variable at the merge point is “calculated”
by a special ¢-function which takes all the new variables as arguments. The
constraint derivation will be presented for the representative set of statements
listed in Fig. 1. The use of SSA makes the dataflow explicit without needing
to consider the control-flow statements, so only the return and throw control
statements are interesting. The return statement is annotated with the method
in which it occurs. The new statement creates an object of the specified class
but does not initialize the object apart from filling the memory block with zeros
as required by the JVM [LY99].

A fresh method returns an object created during the execution of the method.
A fresh variable is a variable whose defining statement either creates an object
directly (via new) or indirectly (via a call of a fresh method). For each fresh
variable, the analysis must determine if the value assigned may escape in any
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Domains: Effect Statements: Control Statements:
m € M = methods s=v if v
f € F = fields v==s return,, v
s € S = static fields vo.f =1 goto
¢, co, C1,... € C' = classes vo = v1.f throw v
v, vo, V1, ... € V = local variables wvg = v

vo = ¢(v1,...,Un)
vo = v1.m(v2, ..., Uvp)
v = new ¢

Fig. 1. representative intermediate language statements

way. For each variable the analysis determines whether the values assigned to
the variable may be returned; this serves the dual purpose of keeping track of
values that escape a method by being returned from it, and allows polymorphic
tracking of values through methods that may return an object passed as an
argument to the method.

The analysis computes two boolean properties for each local variable, v, of
reference type. The property escaped(v) is true if the variable holds references
that may escape due to assignment statements or a throw statement. The prop-
erty returned(v) is true if the variable holds references that escape by being
returned from the method in which v is defined.

Properties are introduced to identify variables that contain freshly allocated
objects and methods returning freshly allocated objects. The set of Java reference
types (classes) is augmented with a L and a T element to form a flat lattice, 7,
with partial order <. The proper elements of 7 are discrete; the least upper bound
of two distinct proper elements is T. The 7 property vfresh(v) is a Java reference
type if v is a fresh variable (as defined above) assigned a freshly allocated object
of exactly that type, and is either T or L otherwise. Intuitively, the L value
means “unknown” and the top value means “definitely not fresh”. vfresh is T
for all formal parameter variables. The 7 property mfresh(m) is a Java reference
type if the method m is a fresh method (as defined above) returning a freshly
allocated object of exactly that type, and is either T or L otherwise.

Each statement of a program may impose constraints on these properties.
The constraints imposed by the interesting representative statements are shown
in Fig. 2. No attempts are made to track references through assignments to
fields, so any reference assigned to a field is assumed to possibly escape from
the method in which the assignment occurs. In the rule for method invocation,
if a reference passed as an argument to a method may be returned from the
method then the escaped and returned properties are propagated as if there was
an assignment from the actual parameter to the left-hand-side variable. The
function methods-invoked returns a set of methods that may be invoked at the
call site as indicated by the given call graph. The function formal-var returns the
formal parameter variable indicated by the given method and parameter index.
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return,, v: Vo = V1
true = returned(v) escaped(vo) = escaped(v1)
vfresh(v) < mfresh(m) returned(vo) = returned(vy)
escaped(v) = (T < mfresh(m)) T < vfresh(vo)

throw v: vo = ¢(v1...vp):
true = escaped(v) T < ufresh(vo)

v — new ¢ Vie[l...n]:
¢ < ufresh(v) escaped(vo) = escaped(v;)

returned(vo) = returned(v;)
s=uw:

true = escaped(v) vo = vi.m(v2 ... vn)

Vi€[2...n]:
Vg € methods-invoked(vi.m):
let f = formal-var(g,i),

v=s:
T < ufresh(v)

vo.f = v1: ¢ = returned(f) in
true = escaped(v1) ¢ = (escaped(vo) = escaped(v;))
vo = v1.f: ¢ = (returned(vo) = returned(v;))
T < ufresh(vo) escaped(f) = escaped(v;)

mfresh(g) < vfresh(vo)

Fig. 2. constraints for escaped,returned, vfresh, and mfresh implied by the syn-
tactic forms of statements.

The number of constraints generated from the program is linear in the size
of the program plus the size of the call graph measured as the total number of
corresponding actual/formal parameter pairs at all call sites.

Most of the constraints are boolean implications. The minimal solution to
these constraints may be found by initializing all properties to be false and
updating the properties as constraints are added. The properties values change
monotonically. A true property will always stay true. A property that is false
at one point may become true as more constraints are added. When adding a
constraint where the trigger is a property whose value is false, a pending list
for that property value may be used to ensure the constraint is processed again,
should the property value become true. Similarly, pending lists can be used to re-
process < constraints when the left-hand element changes value; the constraints
are based on a lattice of height 3, so each constraint is processed at most 3 times.
It follows that a minimal solution to the set of constraints can be found in time
and space linear in the number of constraints.

For method calls, the implication constraints conditioned on returned(f) calls
makes the analysis non-sticky, meaning that one invocation of a method does
not affect the analysis results for another invocation of the same method (except
for recursive method invocations). This kind of “polymorphism” is rarely seen
for algorithms with linear time complexity.

The number of constraints can be limited to the size of program if the call
graph is computed by an analysis like Rapid Type Analysis [BS96], or in general
if the co-domain of methods-invoked is a power-set that can be partially ordered
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by the subset operator. This can be achieved by summarizing the properties for
all methods in each set in the co-domain of methods-invoked. The summary for
each set is computed by adding constraints from the summary of the largest
other set it contains that is in the co-domain of methods-invoked and from the
individual methods not in the contained set. The rule for adding constraints for
method invocations should of course be modified to use the summary properties
for the set of methods possibly invoked.

Constraints for parts of a program can be computed independently and sub-
sequently linked together to obtain a solution valid for the entire program. It
follows that a partial solution for library code can be precomputed and thus
doesn’t need to be recomputed for every program. If partial solutions for all
parts of a program are linked together, the analysis results will be the same as
if the analysis was performed on the entire program as a whole.

A conservative result can also be obtained in the absence of parts of a pro-
gram. If unknown methods may be called, a conservative approximation to their
effects is to assume that all formal parameters escape and that each formal
parameter may be returned as a result of the method.

3 Stack Allocation

The efficacy of the escape analysis results is demonstrated by using the analysis
results for stack allocation of objects.

To keep it simple, the stack allocation transformation allocates objects in the
stack frame of a method. No separate stack of objects is used. To avoid the use
of a frame pointer, the stack frame size must be computed at compile time. No
attempt is made to stack allocate arrays since the length of the arrays may not
always be known at compile time!. Objects created in a loop can only be stack
allocated if objects from different loop iterations have non-overlapping lifetimes,
so the used memory area can be reused in subsequent iterations.

Some methods create objects and return a reference to the newly created
object. The object cannot be stack allocated in the stack frame of the method
creating the object. Instead, memory for the object may be reserved in the stack
frame of a calling method, and a pointer to the reserved memory area may be
passed to a specialized version of the object-creating method. Initialization of
the object is done in the specialized method.

A new effect statement is added to create an object on the stack:

v = newStack c.

It is left to the compiler backend to reserve memory in the stack frame and
to translate the newStack operator into a computation of the address of the
reserved memory.

1 It is possible to stack allocate arrays whose length is known at compile time, but
the details will not be presented in this paper.
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An extra property, loop(v), is introduced to identify when stack allocation is
impossible due to overlapping lifetimes. loop(v) is a boolean property that is true
if the local variable v is modified in a loop and objects referenced in different
iterations of the loop have overlapping lifetimes. The property is only interesting
for variables containing references that do not otherwise escape.

Given a method in SSA form, objects created by a given new statement in
a given method execution can only have mutually overlapping lifetimes if an
object may escape or if a reference to an object is stored in a local variable used
as an argument to a ¢ expression at a loop header.

Figure 3 shows the constraints on the loop property imposed by the interest-
ing representative statements. For the purposes of exposition, it is conservatively
assumed that all ¢ expressions occur at loop headers.

Vo = V1: vo = v1.m(v2...Vn)
loop(vo) = loop(vy) Vi€ [2...n]:
Vg € methods-invoked(vi.m):

0 :er(v[ll%) let f = formal-var(g,1),
¢ = returned(f) in

t =1 i
rue oop(vi) ¢ = (loop(vo) = loop(vy))

Fig. 3. constraints for loop implied by the syntactic form of statements.

For each statement of the form
U = new ¢

any object created is only used within the method and the object has non-
overlapping lifetimes with other objects created by the statement if escaped(v),
returned(v), and loop(v) all are false. In that case, the new operator may be
replaced by the newStack operator to allocate the object on the runtime stack.

Methods that return a freshly created object may be specialized to instead
take a freshly created object as an extra argument. The freshly created object
may be created on the stack at those call sites where the object originally re-
turned does not escape. At the remaining call sites, the unspecialized method
may be called or the specialized method may be called with a freshly created
object on the heap.

Initialization of objects must be carefully considered. The JVM semantics
dictate that any freshly allocated block of memory be filled with zeros. A block of
memory allocated in a runtime stack frame can be filled with zeros at allocation
time. If a pointer to such a memory block is passed as an extra argument to a
specialized method, then the memory block is only known to be filled with zeros
for one use. To ensure that the memory block is only used once, a depth-first
traversal of each method m is performed, ensuring that for each return variable
v the following holds:
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— The definition of v does not occur in a loop in m, and
— All paths in m from the definition of v terminate with a statement: return v.

If either condition is not satisfied, the following constraint is added to indicate
that a specialized method should not be created:

T < mfresh(m).

For each method m, for which mfresh(m) is a proper element, a specialized
version, m’, of the method is created with an extra formal parameter, site. For
each variable v, in m, for which vfresh(v) and returned(v) both are true (loop(v)
and escaped(v) are both false), the body of m is specialized as follows:

— If the definition of v is a statement of the form v = new ¢, eliminate the

statement.

— If the definition of v is a statement of the form v = h(vy,...,v,), specialize
the statement to be h/(vy,...,v,, site), where i’ is the specialized version
of h.

— Substitute all uses of v with uses of site.

The language fragment shown in Fig. 1 does not include methods without return
values, but the specialized methods do not need to return a value and may be
specialized accordingly.

Each statement in the program of the form

vo = v1.m(va,...,v,),

for which ufresh(vg) is a proper element ¢ and the properties returned(vy),
escaped(vg), or loop(vg) all are false, is modified to invoke a specialized method

vi.m/ (va, ..., Up, Vo).

The objects returned from the called method in the original program may be
allocated in the stack frame of the calling method, so a statement

Vg = newStack ¢

is inserted before the method invocation.

4 Object Reduction

Some objects may be replaced by local variables representing the fields of the
objects. A requirement for doing so is that the conditions for stack allocation as
described in the previous section are met. In addition, all the uses of the objects
must be inlined to use the local variables rather than the fields.? This object

2 In some cases the field values may be passed as arguments to methods instead of the
object reference, but that experiment was not attempted for this paper.
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reduction is often possible for objects of type java.util.Enumeration, and has
the advantage of removing a large fraction of the overhead due to using iterator
objects.

Inlining may of course cause code growth. Object reduction is a trade-off
between code growth and object elimination. Object reduction is usually advan-
tageous for iterator objects.

5 Empirical Results

The stack allocation and object reduction transformations have been imple-
mented in the Marmot compiler [FIXR"99]. The efficacy of the transformations
is evaluated on the set of benchmarks described in Table 1. For these bench-
marks, the stack allocation transformation typically places 10-20% (and 73% in
one case) of all allocated objects on the stack as shown in Table 2.

Performance improvements due to the transformations will depend greatly on
quality of the underlying compiler and the details of the machine (especially the
memory subsystem) the program is being executed on. Performance improve-
ments in general come from less work for the memory allocator and garbage
collector, increased data locality, and the optimizations enabled by doing object
elimination. Improvements in running time were typically 5-10% for non-trivial
programs compiled with Marmot [FIKXR"99], an optimizing Java to native code
(x86) compiler.® The analyses and transformations for stack allocation and ob-
ject reduction increase compile time by approximately 1%.

The generated code and the garbage collection systems are high quality. The
Marmot backend does not currently try to reuse memory in the stack frame
for stack allocated objects with non-overlapping lifetimes. Doing so would likely
yield further performance improvements.

Table 1. Benchmarks

Name |LOC|Description

marmot | 88K|Marmot compiling itself

jessmab | 11K|Java Expert Shell System solving “Bananas and Monkeys” problem
jessword| 11K|Java Expert Shell System solving the “Word game” problem

jlex 14K|JLex generating a lexer for sample.lex

javacup |8.8K|JavaCup generating a Java parser

parser |5.6K|The JavaCup generated parser parsing Grm.java

slice 1K|Viewer for 2D slices of 3D radiology data

3 Performance numbers for a larger and partially overlapping set of benchmarks are
presented in [F'KKR99].
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Table 2. Objects allocated on the stack

Name |% Code| Stack| Allocated |% Stack allocated| % Reduced
increase|increase| objs bytes|objects | bytes |objects | bytes
marmot 8.5/ 24.4KB| 98M | 2289MB| 20.6 13.9 11.1 7.1
jessmab 1.2| 936 B| 510K 19MB| 19.1 10.5 0.3 0.2
jessword 1.2| 1080 B| 305K 11MB 9.7 5.3 0.1 0.1
jlex 2.5| 328 B| 41K| 1.6MB| 15.7 7.2 1.8| 0.5
javacup 6.9 328 B| 785K | 21MB| 126 8.8 1.8 1.3
parser 0.3| 116 B|1201K | 32MB 1.7 1.2 0.0 0.0
slice 3.3| 220 B| 463K 16MB| 72.9 62.4 72.2| 62.1

The data demonstrates that a significant fraction of all objects can be iden-
tified as allocatable on the runtime stack using a very simple analysis algorithm.
The increase in stack size is relatively small.

6 Related Work

Escape analysis and stack allocation or compile-time garbage collection based
on same have been performed on functional languages like SML or Lisp [Bla98,
Deu97, Hug92, 1SY88, Moh95, PG92], and recently for Java [CGST99, Bla99,
BI199, WR99]. The precision of the escape analyses considered for functional
languages is much greater than the precision of the algorithm presented in this
paper. For instance, some of them can find that a function’s result does not
contain elements from the spine of its second argument (a list). This extra pre-
cision appears to be necessary for effective stack allocation in these list-oriented
languages. The only algorithm with a near-linear complexity is that of Alain
Deutsch [Deu97] (the complexity is nlog?n where n is the program’s size). A
study of the performance of this algorithm on some SML benchmarks was per-
formed by Bruno Blanchet [B1a98]. On the only large program considered, this
algorithm placed 25% of allocated bytes on the stack and gave a performance
improvement of 3-4%. An extension of this work to Java [B1a99] gives an average
speedup of 21%, but is also eliminating some synchronization operations.

Phase 1 of the algorithm of Bogda and Holzle [BH99] is similar to the es-
cape analysis of this paper, except that it is flow-insensitive. Also Bogda and
Holzle apply their analysis to synchronization elimination rather than stack
allocation. Choi et al [CGST99] and Whaley and Rinard [WR99] present es-
cape analyses for Java based on building points-to style graphs. These analyses
achieve greater precision, and allocate more objects on the stack, at the ex-
pense of a much more complex analysis. Direct use of alias and points-to analy-
sis [CWZ90, Deu90, Hic93, JM81, SFI6, VHUI2] and other miscellaneous tech-
niques [Bar77, BS93, JM90, JL.89, Sch75] have also been considered for compile-
time garbage collection. These analyses are generally expensive and their effec-
tiveness is unclear.
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Dolby and Chien’s object inlining techniques [DC98] can also be applied to
stack allocation, but the details are only alluded to.

The presented escape analysis assumes that any reference assigned to a
field escapes. It seems likely that incorporating a points-to analysis algorithm
(like [Ste96]) could help the escape analysis to allow stack allocation of objects
referenced in fields of other stack allocated objects.

A general discussion of the kinds of constraint problems that can be solved
in linear time appears in [RMO8].

7 Conclusion

The simple escape analysis algorithm presented has demonstrated its useful-
ness by using the results as the basis for a simple stack allocation system that
allocates Java objects on the call stack instead of on the heap. This system is ef-
fective, allocating 10-20% of all objects on the stack. When used in Marmot, the
transformations described yield speedups of 5-10% on a collection of non-trivial
benchmark programs.
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Abstract. We present a new algorithm for constant propagation (CP),
which works on the wvalue graph of a program. This algorithm combines
the (1) efficiency of the sparse CP-algorithms of Reif and Lewis [24,25],
Ferrante and Ottenstein [9], and Wegman and Zadeck [30,31] with the
(2) conceptual simplicity of their classic conventional counterparts of
Kildall [19], and Kam and Ullman [16], while (3) outperforming them
in power. It detects a proper superset of the simple constants detected
by the classical CP-algorithms, while avoiding the exponential worst-
case behaviour of the CP-algorithm for finite constants of Steffen and
Knoop [28] allowing its optimality for acyclic control flow. The class de-
tected is a well-balanced compromise between power and performance.
In fact, we show that CP is co-NP-hard for acyclic control flow making
the existence of efficient optimal algorithms for acyclic control flow most
unlikely. Nonetheless, the new algorithm is open for extensions, e.g. to-
wards conditional constants in the fashion of [30,31] in order to capture
to a certain extent the determinism of conditional branching.

1 Motivation

Constant propagation (CP) is one of the most widely used optimisations in prac-
tice (cf. [1,18,23,32]). Intuitively, it aims at replacing terms which always yield
a unique constant value at run-time by this value as illustrated in Figure 1.
Pioneering for CP has been the algorithm of Kildall [19], which detects the
class of so-called simple constants. Intuitively, a term is a simple constant, if it is
a constant, or if all its operands are simple constants. Though simple constants
fail optimality even for acyclic programs, i.e., there are terms being constant
without being a simple constant, the class of simple constants is still dominat-
ing in practice and computed by state-of-the-art optimising compilers. This may
have two reasons. First, the general problem of detecting constancy of terms is
undecidable (cf. [24,25]); second, decidable supersets of simple constants, which
have been proposed in the literature are usually based on simple heuristics of
quite limited power as the one of Kam and Ullman [1(], or are accompanied
by computationally expensive algorithms like the one of Steffen and Knoop [28]
deciding the class of finite constants. In the worst case, this algorithm is expo-
nential in the program size, but unique in being optimal for acyclic programs.

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 94-110, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Origina program After simple constant propagation

Fig. 1. Tllustrating (simple) constant propagation.

The research on CP can actually roughly be split into two major groups. First,
approaches aiming at making CP available for more general program settings like
the interprocedural (cf. [3,8,12,22,27]) or (explicitly) parallel one (cf. [20,21]),
which (usually) focus on proper subsets of simple constants like copy constants or
linear constants. Second, approaches (cf. [9,24,25,30,31])! aiming at improving
the efficiency of the classical algorithms for simple constants of Kildall [19], and
Kam and Ullman [16].

Fundamental for the success of the algorithms of the second group, which
are known as sparse CP-algorithms, is the use of specific representations of
control and data-flow information like the global value graph [24,25],% the program
dependence graph [9], or the SSA form of a program [30,31].

The approach we propose here starts from the line of these algorithms. It
performs CP on the value graph of a program [2].? The value graph represents
uniformly and concisely the control and the data flow of a program, and has
originally been designed and used so far as a means for efficiently detecting
equivalent program terms [2,20].

In this article, we demonstrate that it is well-suited for CP, too. In fact,
the new algorithm combines the (1) efficiency of the sparse algorithms of Reif
and Lewis [24,25], Ferrante and Ottenstein [9], and Wegman and Zadeck [30,31]
with the (2) conceptual simplicity of their classic conventional counterparts of
Kildall [19], and Kam and Ullman [16], while (3) outperforming them in power.
It detects a proper superset of the simple constants detected by its classical

! Wegman and Zadeck start from a basic algorithm capturing simple constants, while
actually aiming at an algorithm capturing a more general class called conditional
constants, which capture some aspects of conditional program branching.

2 The global value graph introduced by Reif and Lewis should not be confused with the
value graph introduced by Alpern, Wegman, and Zadeck [2] underlying our approach.
These are different data structures (see also Section 5.4).
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counterparts as illustrated in Figure 2, while avoiding the exponential worst-
case behaviour of the CP-algorithm for finite constants of Steffen and Knoop [28]
allowing the optimality of their algorithm for acyclic flow.

x:=3 Xx:=3
2

Failed to
be detected!

y=2

Failed to
be detected!

y:

After simple constant propagation After simple constant propagation The effect of the new algorithm
(Note: No effect at all!) enriched by the "look-ahead-of-one" heuristics
of Kam and Ullman

Fig. 2. Motivating example.

Moreover, the new algorithm, which works for arbitrary control flow, is scal-
able. While its basic version detects the class of simple constants, the class de-
tected by the full algorithm goes well-beyond. It is a well-balanced compromise
between power and performance. In fact, we show that CP is co-NP-hard for
acyclic control flow. This makes the existence of efficient optimal algorithms for
acyclic control flow most unlikely. Nonetheless, the new algorithm is open for
extensions, e.g. towards conditional constants in the fashion of [30,31] in order
to capture to some extent the determinism of conditional branching.

2 Preliminaries

As usual we represent programs by directed flow graphs G = (N, E,s,e) with
node set IV, edge set F, a unique start node s, and a unique end node e, which
are assumed to have no predecessors and successors, respectively. Edges represent
the branching structure and the statements of a program, while nodes represent
program points. Unlabelled edges are assumed to represent “skip.”

By pred(n)=g¢ {m|(m,n) € E'} and succ(n)=4 {m| (n,m) € E} we de-
note the set of immediate predecessors and successors of a node n. Additionally,
by source(e) and dst(e), e € E, we denote the source node and the destination
node of edge e. A finite path in G is a sequence (eq, ... ,eq) of edges such that
dst(e;) =source(ejiq1) for j € {1,...,¢—1}. It is called a path from m to n, if
source(er) =m and dst(e,) =n. By P[m, n] we denote the set of all finite paths
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from m to n. Without loss of generality we assume that every node of a flow
graph G lies on a path from s to e.

3 Simple Constants: The Conventional Approach

In this section we recall the essence of the classical algorithms of Kildall [19], and
of Kam and Ullman [16] for simple constants. Simultaneously, this establishes
the basics for our new value-graph based CP-algorithm.

Semantics of Terms. Let terms ¢t € T be inductively built from variables
v € V, constants ¢ € C, and operators op € Op of arity > 1. The semantics
of terms is then induced by an interpretation I = (D' U{L, T}, Iy ), where D’
denotes a non-empty data domain, L and T two new data not in D', and Ij a
function mapping every constant ¢ € C to a datum Iy(c) € D', and every r—
ary operator op € Op to a total function Iy(op) : D" — D, D=4 D'U{L, T}
being strict in L and T with L prioritised over T (i.e., Io(op)(di,...,d,)=1,
whenever there is a j, 1 < j < r, with d; =1, and Iy(op)(di,... ,dr)=T,
whenever thereisno j, 1 < j <r, withd;j=1,butayj, 1 <j<r withd;=T).
Y=g{o|lo : V — D} denotes the set of states, and o, the distinct start
state assigning | to all variables v € V. This choice reflects that we do not
assume anything about the context of a program being optimised. The semantics
of a term ¢ € T is then given by the inductively defined evaluation function
E:T— (Y—D):

o(x) ift=2€eV
Vie TVoe X. E(t)(o)=ar  Lo(c) ift=ceC
Io(op)(E(t1)(0),... ,E(tr)(0)) if t=o0p(t1,... ,t)

For convenience we assume D’ C T, i.e., we identify the set of data D’ with the
set of constants C. By means of the state transformation function 6, : X — X,
t = x:=t, which is defined by

Et)(o) fy ==

Voe X VyeV.0,(0)(y)=a {o’(y) otherwise

we obtain the set of states Xn=4; { 0,(c1)|p € P[s,n]}, which are possible at
a program point n € N.* By means of X, we can now define the set C, of all
terms yielding at run-time a unique constant value at a program point n € N:

Co=aqr {(t,d) € T x D' | Vo € . E(t)(0) =d}

Unfortunately, the sets C,, n € N, are generally not decidable (cf. [24]).
Simple constants recalled next are an efficiently decidable subset of Cy,, which
are computed by state-of-the-art optimisers.

3 Note, during the development of our algorithm we will consider terms with at most
one operator, and assume that all operators are binary.

4 In the definition of ¥y, 6, denotes the straightforward extension of the state trans-
formation functions to paths.
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Simple Constants. Intuitively, a term is a simple constant (SC) (cf. [19]), if it
is a constant or if all its operands are simple constants. For example, all right-
hand side terms in the example of Figure 1(a) are simple constants, while those
(except for the right-hand side terms 2 and 3) in the example of Figure 2(a) are
not. The classical algorithms of Kildall, and Kam and Ullman rely on data-flow
analysis for computing SCs. Its essence is recalled in the following section.

Data-Flow Analysis. In essence, data-flow analysis (DFA) aims at comput-
ing information about the program states, which may occur at specific program
points at run-time. Theoretically well-founded are DFAs based on abstract inter-
pretation (cf. [6]). An abstract semantics is usually specified by a local semantic
functional [ ]| : E — (C — C) giving abstract meaning to every program state-
ment, i.e., to every edge e € E of a flow graph G, in terms of a transformation
function on a complete lattice (C,M,C, L, T). Its elements express the DFA-
information of interest.

Local semantic functionals can easily be extended to capture finite paths,
which provides the key to the meet over all paths (MOP') approach in the sense of
Kam and Ullman [16]. It yields the intuitively desired solution of a DFA-problem
by directly mimicking possible program executions: it “meets” all informations
belonging to a program path leading from s to a program point n € N.

The MOP-Solution: ¥ ¢y € C. MOP(n)(co)=[1{[p](co)|p € P[s,n]}

Unfortunately, this is in general not effective. The MOP-approach is thus com-
plemented by the mazimal fized point (MFP ) approach in the sense of Kam
and Ullman [16]. Intuitively, it approximates the greatest solution of a system
of equations imposing consistency constraints on an annotation of the program
with DFA-information with respect to some start information ¢y € C:

e ifn=-s
mfp(n) = { ['1{[ (m,n) [(mfp(m)) | (m,n) € E'} otherwise

The greatest solution of this equation system, which we denote by mfp.,, can
effectively be computed, if the semantic functions [ e ], e € E, are monotonic, and
the lattice C satisfies the descending chain condition. It defines the solution of
the MFP-approach, which is usually considered the minimal acceptable criterion
of the quality of a data-flow analysis (cf. [11,10]):

The MFP-Solution: Vcg € C Vn € N. MFP(n)(co)=g4f mfp, (n)

The following theorem, which relates both solutions, is central. It gives sufficient
conditions for the safety (correctness) and precision (optimality) of the MFP-
solution with respect to the MOP-solution (cf. [16,19]):

Theorem 1 (Safety and Coincidence Theorem).

1. Safety: MFP(n) C MOP(n), if all [ e], e € E, are monotonic.
2. Coincidence: MFP(n) = MOP(n), if all [e], e € E, are distributive.
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Computing Simple Constants. Considering D a flat lattice, the set of states
X together with the pointwise ordering is a complete lattice, too. Having this
in mind, the computation of SCs relies on the local semantic functional [ ], :
E — (¥ — X)) defined by [e], . =qs 0. for each e € E, and the start state o .
Since the number of variables in a program is finite, we have (cf. [10]):

Lemma 1. X is of finite height, and all functions [e]. ., e € E, are monotonic.

sc?
In general, the functions [ e ], ., e € E, are not distributive (cf. [16]). However, as
pointed out before, monotonicity together with the finite height of the data-flow
lattice is sufficient for the effective computability of the MFP-solution of the
SC-problem, which we denote by MFPZi.‘r) It induces the formal definition of
simple constants: Cat=qp C3°™P=4r {(t,d) € T x D' |E(t)(MFP;S (n))=d}.
Defining dually the set of constants C3>™P=g4 {(t,d) € T x D’ | E(t)(MOP},
(n)) =d} induced by the MOP;’ -solution, we obtain by means of Theorem 1(1)

(cf. [16]):
Theorem 2 (SC-Correctness). Vn € N. C,, 2 C5¢™oP D CsemIp =Cse.

The algorithms of Kildall, and Kam and Ullman are both instances of the MFP-
approach recalled above. While Kam and Ullman present their algorithm using
environments in the sense of states introduced above, Kildall uses structured
partitions for this purpose which results in a higher complexity of his algorithm.

4 Constant Propagation on the Value Graph

In this section we present the basic version of the new algorithm for CP working
on the value graph. We thus recall first its definition.

4.1 The Value Graph of Alpern, Wegman and Zadeck

The value graph of Alpern, Wegman and Zadeck is a data structure, which
uniformly and concisely combines the control and the data flow of a program [2].
It is constructed on top of the static single assignment (SSA) form of a program
(cf. [7]), which we illustrate here on an informal and intuitive level considering
the program of Figure 3(a) as example.

In essence, in the SSA form of a program the variables of the original pro-
gram are replaced by new versions such that every variable has a unique ini-
tialization point. At join points of the control flow pseudo-assignments xj :=
&n (i1, ... ,mix) are introduced meaning that z;, gets the value of z;; if the join
node is entered via the jth ingoing edge.® The SSA form of our running example
is shown in Figure 3(b).

Based upon the SSA form of a program the value graph is constructed. It
represents the value transfer of SSA variables along the control flow of the pro-
gram. Following the description in [23] the value graph is defined as a labelled
directed graph where

5 Note that a lattice of finite height trivially satisfies the descending chain condition.
6 ¢-operators are indexed by their corresponding join node.



100 Jens Knoop and Oliver Riithing

a) b) c)

X:=x-1

Fig. 3. The construction of the value graph: (a) the original program with x
being a simple constant of value 1 on the exit of the loop, (b) the program
transformed into SSA form and (c) the corresponding value graph.

— the nodes correspond to occurrences of nontrivial assignments, i.e., assign-
ments whose right-hand sides contain at least one operator, and to occur-
rences of constants in the program.” Every node is labelled with the cor-
responding constant or operator symbol, and additionally with the set of
variables whose value is generated by the corresponding constant or assign-
ment. An operator node is always annotated with the left-hand side variable
of its corresponding assignment. Note, the generating assignment of = of a
trivial assignment x:= y is defined as the generating assignment of y. For
a trivial assignment x:= ¢ variable z is attached to the annotation of the
corresponding node associated with c¢. For convenience, the constant or op-
erator label is written inside the circle visualizing the node, and the variable
annotation outside.

— Directed edges point to the operands of the right-hand side expression as-
sociated with the node. Moreover, edges are labelled with natural numbers
according to the position of operands.®

Figure 3(c) shows the value graph corresponding to Figure 3(b). It is worth
noting that it is cyclic which is due to self-dependencies of variables in the loop.
In the following we assume without loss of generality that all operators,
i.e., ordinary ones as well as ¢-operators, are binary.? In fact, this assumption is
not crucial for our reasoning, but simplifies the formal development. It can easily
be extended to capture k-ary operators as well. Moreover, for a node n in the
value graph we denote its operator or constant label by lab[n].!? If it is an inner
node, its left and right child nodes are denoted by 1(n) and r(n), respectively.

" For the sake of simplicity it is assumed that variables are initialized.

8 We omit this labelling in our examples making the implicit assumption that edges
are ordered from left to right.

9 For ¢-operators this assumption can always be achieved by “linearizing” join nodes
having more than two incoming edges.

10 For clarity, we denote flow graph nodes by boldface letters and value graph nodes
by italic ones.
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4.2 Computing Simple Constants on the Value Graph

Simple constants can be computed very efficiently on the value graph, as propag-
tion of information is directly reflected in this structure. Essentially, this resem-
bles to Wegman and Zadeck’s sparse CP-algorithm on SSA-form [31]. However,
the value graph allows a much simpler conceptual presentation as the problem
reduces to a data-flow evaluation on the value graph. In details, the analysis on
the value graph computes the greatest fixed point of a data-flow annotation dfi[-]
by the following iterative procedure:

Start Annotation: For each node n in the value graph initialize:

[ Iy(e) if n is a leaf node with c=4; lab[n]
dfi[n] = { T  otherwise

Iteration Step:

1. For a node n labelled with an ordinary operator w:
dfijn] = In(w)(dfil(n)], dfifr(n)]) (Evaluating terms)
2. For a node n labelled with a ¢-operator ¢y:
dfiln] =dfi[l(n)] M dfi[r(n)] (Merging DFA-info’s at join nodes)

Figure 4 illustrates the iteration for the value graph of Figure 3(c). Note, in
contrast to the classical algorithm of Kam and Ullman [16], which works on flow
graphs storing a complete environment as data-flow information at every flow
graph node, our algorithm works on the value graph storing a single data at
every value graph node.

After theinitialization step After the 1st iteration step After the 2nd iteration step After the 3rd iteration step. Stable!

Fig. 4. The data-flow analysis on the value graph of Figure 3(c): (a) the start
annotation and (b) the greatest fixed point annotation.

The time complexity of the algorithm is linear in the size of the value graph
which, in the worst case, is of order O(|N| |V]). In practice, however, it usually
behaves much better, and is expected to be linear [23]. Moreover, we have:
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Theorem 3 (Basic Algorithm).
The basic version of the new VG-based algorithm for CP detects the class of
simple constants.

In the following section we show how to enhance this algorithm in order to detect
proper supersets of the class of simple constants almost without losing efficiency.

5 Beyond Simple Constants

The value graph provides an elegant handle to design more powerful, yet still
efficient algorithms that are capable of detecting much broader classes of con-
stants than the class of simple ones. This concern has already been addressed in
the past. However, state-of-the-art approaches are either limited to a few ad-hoc
effects, like the “look-ahead-of-one” heuristics of Kam and Ullman [16],'! or are
expensive in terms of computational complexity as e.g. the ambitious approach
of Steffen and Knoop [28] computing the set of finite constants. As the most sig-
nificant and distinguishing characteristics their algorithm is unique to detect in
acyclic programs all constants. This, however, comes at the price of an exponen-
tial worst-case time complexity. In the light of the following contribution of this
article, however, this is not too surprising. We demonstrate that the problem
is intractable in general. Thereafter, we propose an algorithm which captures
a reasonable and large subclass of finite constants which can efficiently be de-
tected, and generalises on previous approaches going beyond simple constants,
in particular the one of Kam and Ullman.

5.1 Constant Propagation for Acyclic Control Flow is Co-NP-Hard

We give a polynomial time reduction from 3-SAT, the satisfiability problem for
clauses with three disjuncts (cf. [10]). To this end let V ={v1,... ,vx} be a set
of Boolean variables. A clause of size s over V is a disjunction of s variables or
negated variables in V. A truth assignment is a function t : V' — IB, where IB
denotes the set of Boolean truth values. Then the 3-SAT problem is as follows:
3-SAT

Instance: A set of clauses C'={c1,... ,c¢,} over V all being of size 3.

Question: Is there a truth assignment ¢ such that all clauses in C' are satisfied?

3-SAT is known as an NP-complete problem (cf. [10]). In the following we give a
polynomial time reduction of its co-problem, i.e., the question whether at least
one clause is not satisfied by any truth assignment, to the constant propagation
problem on acyclic flow graphs. We illustrate the reduction by means of a 3-SAT
instance over the variables {v1,... ,v;} given by :

(vsVTEVug) A ... A (V2 VT3V ws)
—_———— —_———

c1 Cn
1 In essence, this heuristics delays computing the meet of DFA-informations at join
nodes of the control flow across them which results in a look-ahead of one statement
(or basic block). The limitations of this heuristics are illustrated in Figure 2(b).
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This Boolean expression is coded into the flow graph depicted in Figure 5, where
integer program variables z; and T; are introduced for every Boolean variable v;.
Now, it is easy to see that r2 is a constant of value 1 at the exit of the program
fragment if and only if 3-SAT is not satisfiable.!? In fact, this follows from the
following facts: r1 is different from 0 on any program path if and only if the
underlying instance of 3-SAT is not satisfiable.!® Since in this case r1 is in the
range {1,...,k}, the resulting variable 2 is assigned to 1.

L= XX ot XX

lrz = (r1+k-1) DIV k

(1) Initializiation (I1) Coding of Clauses (111) "Non-Satisfiability Reduction”

Fig. 5. The co-NP-hardness reduction: r2 evaluates to 1 if and only if the un-
derlying 3-SAT instance is not satisfiable.

Hence, the existence of efficient algorithms, which are complete for acyclic
control flow, is most unlikely. In the following section we thus present an algo-
rithm efficiently determining a major fragment of the set of finite constants.

5.2 An Efficiently Decidable Subset of Finite Constants

Basically, our extension to the algorithm for simple constants refines the domain
the local semantic functions are operating on. Instead of using data elements
of D’ for the analysis we introduce ¢-constants over D’. These are expressions
composed of constants and ¢-operators. Formally, D? is defined inductively as
the smallest set satisfying:

1. D' C D¢
2. If ¢y, is a ¢-operator occurring in the SSA program and di,ds € D? such
that neither d; nor do contains ¢n, then ¢n(dy,ds) € D?.

2 Note that + and . denote addition and multiplication in the program.
13 Note that a truth assignment that satisfies all clauses would yield a path where for
every i € {1,... ,k} not both z; and T; are set to 1.
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Adding a bottom and a top element to D? makes D?U{ L, T} a complete partial
order'* that relates ¢-constants with other elements in the following way:

On(r,m2) Cr<=gr (M Cr VreCr)V(r=én(rs,ra) Ar1 13 A 12 C 74)

If r1 and 7y are ¢-constants and w € Op then w(ry,re) will be called an
evaluation candidate. This is because such expressions are constructed during
the analysis where they are immediately evaluated to data in D U {1, T}.

The Analysis. The analysis on the value graph works essentially by annotating
nodes of the value graph by elements of the new domain D? U {1, T}. The
essential difference to the setting for the detection of simple constants is that
¢-nodes are now possibly evaluated by constructing ¢-constants whenever both
operands are different ¢-constants. ¢-constants are then used to gain precision
by evaluating ordinary operators in a way which is sensitive to ¢-operands. The
evaluation function £ maps evaluation candidates to data in D? U {1, T}.

1. EX(d)=difde D

J_ if E¥(r1) or £ (r2) contains ¢y
T1 if £ ry) C Et
2. € (¢n(r1m2)) = Er ; if £+Er2; CEr Eri;

¢ (ET(r1),ET(r2)) otherwise
3. ET(w(r1,m)) =

Io(w)(’l“lﬂ“g) if r1,T2 € D
8+(¢n(u}(7“1,7“21), (Tl,TQQ))) ifr € D,ng(bn(TQl,’l“Qg)
H(on(w(rin, re),w(ri2,72))) if r1=én(r11,712),72 €D
T(pn(w(rir,ra1),w(riz, m22))) if 71 = dn(ri1,712), 72 = Pn(r21, m22)
otherwise

Important is the “otherwise” case in the second item. Here ¢-constants are con-
structed, which, as operands of ordinary operators, are evaluated in a distributive
fashion (cp. lines two to four of the third item). Note, finally, that in item three
the evaluation of £ yields L, if 7 and ry are ¢-constants with different top
level ¢-operators. This is in order to avoid the combinatoric explosion reflecting
the co-NP-hardness of CP.

The analysis on the value graph is particularly easy to describe. It computes
the greatest fixed point of an annotation satisfying:'®

4 Note that D? U {1, T} is not a lattice as unique greatest lower bounds do not
exist due to the distinction of ¢-operators. For instance, ¢n(2,3) and ¢m(2,3) are
both incomparable lower bounds of 2 and 3. However, in our application the meet-
operation is always uniquely determined by the evaluation context.

15 The ¢-constants of the annotation can efficiently be represented using a shared
representation.
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Start Annotation: For each node n in the value graph initialize:

_ [ &M (lab[n]) if n is a leaf node
dfifn] = { T otherwise

Iteration Step: For a node n labelled with an ordinary or ¢-operator w:
dfifn] = £+ (dfil()], dfi[r(n)])

Note that the evaluation of terms (Case (1) and (3)) as well as the merge of
data-flow information at join nodes (Case (2)) is both encoded in the function
ET. Figure 6 provides an example that is suitable to elucidate the mechanism of
the analysis.

©

Q/gyl:: 2

" X2:= @n(Xo, %)
Y2:= @Y, %)

2= Dz, 2)

o =

Fig. 6. (a) An example illustrating the function of our extended algorithm, (b)
the program in SSA form, and (c¢) the corresponding value graph.

It should be noted that although u is a constant of value 5, it is neither
a simple constant nor is detected by Kam and Ullman’s “look-ahead-of-one”
heuristics. However, our extended algorithm is capable of detecting this constant.
Figure 7 shows the iteration sequence which becomes already stable after two
iterations.
The most important point is the evaluation of the 4-labelled node in the second
iteration step which in details is due to the following sequence of transformations:

EF(+(#n(2,3),n(3,2))) =
EN(dn(+(2,3),+(3,2))) =
ET(+(2,3) =5

[Since EF(+(2,3)) =ET(+(3,2))]

Main Results. In the following we briefly collect the most important results on
the extended algorithm. First of all, it is easy to show that the extended analysis
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Zob
Z
\®
D
%
@ @6 @
The start annotation After thefirst iteration After the second iteration. Stable!

Fig. 7. Illustrating the extended analysis for Figure 6(c).

always stays above a corresponding analysis in the simple constant setting. That
means that the elements of the current annotation are always greater or equal
than the elements of the annotation that would be computed by a corresponding
iteration strategy in the simple constant analysis.'® Hence, we particularly have:

Theorem 4 (Extended Algorithm on Arbitrary Control Flow).
On programs with arbitrary control flow the extended algorithm detects at least
any simple constant.

As demonstrated in Section 5.1 detecting all constants is intractable even on
acyclic programs. However, the extended algorithm is able to detect a major
fragment of these constants which is characterised through the operators involved
in building candidates for constant propagation. The key observation for this is
that a variable which is not of a constant value at a program point n cannot
contribute to the construction of a constant term if the operators of the term are
injective in each argument and some operand variable is defined at a program
point behind n. Injectivity holds for a wide range of operators like +,— or
division for real numbers but certainly not for operators like integer division
used in the example of Figure 5. Multiplication is an injective operator for any
argument if the respective other one can be proven different from 0. We have:

Theorem 5 (Extended Algorithm on Acyclic Control Flow).

On programs with acyclic control flow the extended algorithm detects every con-
stant which is composed of operators only which are injective in their relevant
arguments.

In the worst case the run-time complexity of the extended algorithm is of third
order in the size of the value graph. This is due to the fact that an annotation
can grow up to the size of the value graph. Hence, this sets an upper bound for
the number of iterations at each node where each evaluation of an annotation
has costs that are linear in the size of the resulting structure. In practice, we
rather expect that the annotations are reasonably small, as most of them will
quickly evaluate to L.

16 Note that D is contained in D? U {1, T} as a sub-cpo.
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5.3 Further Extensions: Towards Conditional Constants

The approach we presented so far is open for extensions. Particularly interest-
ing are extensions towards taking conditional branching into account. Wegman
and Zadeck [30,31] and Click and Cooper [1] presented two completely different
approaches for this. While Click and Cooper’s approach proceeds by mutually
feeding the results of simple constant propagation with those of a dead path anal-
ysis, Wegman and Zadeck’s approach, which can be considered a specialisation
of Wegbreit’s general algorithm for performing global flow analysis taking con-
ditional branches into account (cf. [29]), enhances Kildall’s approach by means
of “executable flags” on (flow graph) edges. In both approaches the effect is that
information is not propagated along paths which are known to be infeasible. Ad-
ditionally, it allows them to make use of branch conditions in specific branches,
e.g., a condition like x = 1 allows them to propagate this information along the
then-branch of an if-then-else statement.

Both variants can be put on top of the CP-approach we proposed here.
For example, the “executable flags” of Wegman and Zadeck can essentially be
mimicked by “executable flags” on ingoing edges of ¢-nodes. Along the lines of
Wegman and Zadeck’s approach this allows the CP-algorithm on the value graph
to neglect paths which are known to be not executable.

5.4 Related Work

Though it has certainly been considered before (cf. [5,17]), CP has particularly
been pioneered by the investigations of Kildall [19], and Kam and Ullman [15,16].
The class of simple constants they introduced became the state-of-the-art of
CP-algorithms, though it is suboptimal even on acyclic programs. Besides a few
approaches aiming at detecting more general classes of constants like those of
Kam and Ullman [16], Wegman and Zadeck [30,31], and Steffen and Knoop [28],
and adaptations of CP to advanced program settings like the interprocedural
(cf. [3,8,12,22,27,31]) or (explicitly) parallel one (cf. [20,21]), there is a large
group of approaches aiming at computing simple constants more efficiently.

This latter group includes the algorithms of Reif and Lewis [24,25], Ferrante
and Ottenstein [9], and Wegman and Zadeck [30,31]. They are known as sparse
CP-algorithms. This also applies to the algorithm of Kennedy proposed in [18].
It is even more efficient, however, less powerful as it is in contrast to the sparse
“optimistic” algorithms a “pessimistic” one. In contrast to the optimistic algo-
rithms, which essentially work by disproving constancy of a term, pessimistic
ones have to explicitly prove constancy, which in the presence of loops acts like
a worst-case assumption.

Common to the optimistic sparse algorithms is that they work on specific
representations of the control and data flow of a program. Most similar to the
value graph of Alpern, Wegman, and Zadeck [2] our algorithm operates on,
are the global value graph used by Reif and Lewis [24,25], and the SSA form
(cf. [7]) used by Wegman and Zadeck [30,31]. In fact, the value graph of [2] can
be considered a representation, which uniformly combines the spirit underlying
SSA and the global value graphs of Reif and Lewis.
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6 Conclusions

The value graph has been designed and used so far as a means for efficiently
detecting value equivalences of program terms [2,26]. In this article, we demon-
strated that it is not restricted to this application, but well-suited for other
optimisations, too. We developed a new algorithm making constant propagation
available on the value graph. Even more important, this algorithm enjoys partic-
ularly nice properties. It combines the (1) efficiency of the sparse CP-algorithms
(cf. [24,25,9,30,31]) with the (2) conceptual simplicity of their classic conven-
tional counterparts (cf. [19,16]), while simultaneously (3) outperforming them
in power. In fact, the class of constants it detects is a proper superset of the
simple constants detected by the classical algorithms, which still constitute the
state-of-the-art in nowadays compilers. Moreover, the new algorithm is open for
extensions. In Section 5.3 we sketched already an extension towards conditional
constants along the lines of [30,31] and [4]. Other extensions we are currently
investigating include extensions to variable range analysis (cf. [13,14]) and to
interprocedural constant propagation in the fashion of [3,31].
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Abstract. The static single-assignment (SSA) form of a program pro-
vides data flow information in a form which makes some compiler opti-
mizations easy to perform. In this paper we present a new, simple method
for converting to SSA form, which produces correct solutions for nonre-
ducible control-flow graphs, and produces minimal solutions for reducible
ones. Our timing results show that, despite its simplicity, our algorithm
is competitive with more established techniques.

1 Introduction

The static single-assignment (SSA) form is a program representation in which
variables are split into “instances.” Every new assignment to a variable — or
more generally, every new definition of a variable — results in a new instance.
The variable instances are numbered so that each use of a variable may be easily
linked back to a single definition point.

Figure 1 gives a example of SSA form for some straight-line code. As its
name suggests, SSA only reflects static properties; in the example, V’s value is
a dynamic property, but the static property that all instances labelled V; refer
to the same value will still hold.

read V :>readV1
V—V+1 Vo «— Vi + 1

Fig. 1. SSA form of some straight-line code.

A problem arises at join points, where two or more control-flow paths merge.
Multiple definitions of a variable may reach the join point; this would result in a
violation of the single-assignment property. The problem is illustrated in Fig. 2a;
what definition should the final instance of V' be associated with?

To work around this problem, imaginary assignments are introduced at join
points from trivial ¢-functions. A ¢-function has one argument for each incoming

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 110-125, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Vo «— L
read Vi read Vi
Vo — Vi+1 Vg «— 123 Vo — Vi+1 Vg «— 123

NS NS

) Vs — ¢(V2,V3)
print V; print Vu
(a) (b)

Fig. 2. Why ¢?

control-flow path; the kth argument to a ¢-function is the incoming value along
the kth path.

Figure 2b shows the inserted ¢-function. An initial assignment to V' has been
added so that instances of V' always have a corresponding definition.

¢-functions are always inserted at the beginning of a basic block, and are
considered to be executed simultaneously before execution of any other code in
the block. A program must be converted out of SSA form before it is executed
on a real machine.

Why use SSA form? Proponents of SSA have cited many advantages:

1. Every use of a variable is dominated by a definition of that variable [2,4].
Some optimization algorithms may be made more efficient by taking advan-
tage of this property [4,21].

2. SSA chains are simpler to store and update than use-def chains [10].

3. Use-def chains may cause some optimizations to be missed that would be
caught with a SSA-based algorithm [27].

4. Distinct uses of a variable in the source program — reusing a loop variable
for another purpose, for example — become distinct variables in SSA form.
This may allow more optimizations to be performed [3].

2 Converting to SSA Form

SSA form, and the conversion to SSA form, is closely coupled to dominance. If
a definition of a variable V' dominates a use of V', then that use may be linked
back to a single definition. At join points, several definitions of V' may reach a
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use of V', and so a ¢-function is needed. Where ¢-functions are needed, then, is
where a definition stops dominating: this is the dominance frontier.

This is the basis of the algorithm by Cytron et al. [10], which is by far the most
often-cited method for converting into SSA form. The idea is to precompute the
dominance frontiers, then use that information to place a minimal number of ¢-
functions. The ¢-functions are themselves definitions with a dominance frontier,
so the process must be repeated — ¢-functions must be placed in all basic blocks
in the iterated dominance frontier.

The argument has been made that only the minimal number of ¢-functions re-
quired should be inserted; otherwise, some optimizations could be missed [10,27].
While other forms of “minimal” SSA exist, such as those those taking liveness
of variables into account, we do not consider them here.

3 Converting to SSA Form, Revisited

Appel [3] gives a gentle introduction to SSA form. He begins by suggesting a
wasteful but obviously correct method for converting to SSA:

‘A really crude approach is to split every variable at every basic-
block boundary, and put ¢-functions for every variable in every block.’
[3, page 17]

He then recounts the dominance frontier algorithm of Cytron et al. [10] which
inserts a minimal number of ¢-functions. Appel’s presentation raises the ques-
tion: could a minimal number of ¢-functions be discovered by starting with the
“really crude approach” and iteratively deleting extraneous ¢-functions?

3.1 Our Algorithm

Our algorithm finds a set of ¢-functions for a given variable in a reducible control-
flow graph. Intuitively, a reducible control-flow graph is one which does not
have multiple entries into a loop. This is an important class of control-flow
graphs because many modern languages, such as Oberon and Java, only admit
reducible control-flow graphs; there is also empirical evidence suggesting that
people tend to write programs with reducible control-flow graphs even if they
can do otherwise [17].

We assume that there are no unreachable nodes in the control-flow graph,
although the algorithm will still derive a correct solution in this case.

Our algorithm proceeds in two phases:

RC phase. Apply Appel’s “really crude” approach as quoted above.
Minimization phase. Delete ¢-functions of the form

Vi—o(Vi,Vi,.... Vi)
and delete ¢-functions of the form

Vi— &V, Vaoy ooy Vi, ), where a1, ...,z € {4, ]}
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replacing all other occurrences of V; with V;. Repeat this until no further
minimizations are possible.

Once the above phases have determined the set of ¢-functions to insert, then
another pass over the control-flow graph renames instances of variables to their
SSA forms. This is not unique to our algorithm, and will not be mentioned
further.

An example is shown in Figs. 3-6. The original program is listed in Fig. 3a; the
result after the RC phase is Fig. 3b. Figures 4 and 5 show the sets of ¢-functions
converging for i and j, respectively, and Fig. 6 gives the final result. Normally,
the program variables would not be renamed until after the minimization phase,
but they have been renamed earlier for illustrative purposes.

iO — L
Jo — 1L
i; «— 123
j1 < i1 * Jo
repeat
iz «— @(i1, 1i6)
i« 123 j2 — o(31, 3s5)
j—1ix*x3 write jo
repeat if (j2 > 5) then
write j iz «— ¢(i2)
if (j > 5) then jz — ¢(j2)
i—i+1 iy «— iz + 1
else else
break is «— ¢(i2)
end ja — ¢(G2)
until (i > 234) break
end
ig «— ¢p(ig)
js — ¢(33)

until (ig > 234)
iy «— ¢(ig, is)
je — ¢G5, ja)

(a) (b)

Fig. 3. Before and after the RC phase.

3.2 Correctness

In this section we prove the correctness of the algorithm. By “correct,” we mean
that our algorithm always produces a set of ¢-insertions that is a (possibly
improper) superset of the minimal solution. Note that nothing in this proof
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iz — P(i1,i6) ——

iz — ¢(i2) , o
Zz — P(i2) is=in] 2 d’(l‘hlg)
i6 «— &(ia) lis = ig] i7 — @(ia,12)
i7 — @(i6,i5) |16 =14

Fig. 4. Minimization phase convergence for i.

J2 — &(j1,Js)
Js — ¢(]2) js =j :
Ja — &(j2) i _ i Jz = o1, j2) o (none)
?Z : igs)ﬂ) Js = Ja = J2 []2 - ]1}
’ Je =3

Fig. 5. Minimization phase convergence for j.

io — 1
Jo— L
i; «— 123
j1 < i1 * Jo
repeat
ig «— @(i1, ia)
write ji

if (j1 > 5) then
ig «— i + 1
else
break
end
until (ig > 234)
iz «— ¢(ig, 1i2)

Fig. 6. After the minimization phase (and renaming).
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requires the control-flow graph to be reducible, so our algorithm produces a
correct, but not necessarily minimal, solution for nonreducible graphs as well.

Lemma 1. The RC phase produces a correct solution.

Proof. Since the RC phase places ¢-functions in all basic blocks, the minimal
placement of ¢-functions must be contained within the initial placement upon
completion of the RC phase. ]

Lemma 2. The minimization phase produces a correct solution.
Proof. There are two transformations performed in this phase:

1. Deleting V; «— ¢(V;, Vi,...,V;). This can be safely deleted because it cor-
responds to the assignment V; < V; on all predecessor edges,' which has
no effect on the program state. A minimal solution could not contain this
because it is clearly superfluous.

2. Deleting Vi «— ¢(Vay, Vags oo, Vo )y 1, ..., 2, € {4,7}, and replacing all
other occurrences of V; with V;. The ¢-function assignment corresponds to
the set of assignments {V; « V;,V; « V;}. As before, V; « V; has no effect
and can be ignored. In the case of V; < V}, it means that V; must have the
value V; at all points in the program due to the single-assignment property.
It is therefore safe to replace all V; with V;. Since V;’s only rdle is as an
alternate name for Vj, it could not be part of a minimal solution.

O

Theorem 1. Our algorithm produces a correct solution.

Proof. By Lemmas 1 and 2, our algorithm cannot remove needed ¢-functions,
and must arrive at a (possibly improper) superset of the minimal solution. O

3.3 Proof of Minimality

In this section we prove that, for reducible control-flow graphs, our algorithm
produces a minimal placement of ¢-functions.

This proof draws from T3-T5 reduction of control-flow graphs [14]. To briefly
summarize T1-T5 reduction, transformation 7} is removal of a self-edge; transfor-
mation T5 allows a node n; to eliminate a node ns if ny is the unique predecessor
of ng, and ns is not the initial node.

We construct the instance relationship graph, or IR-graph, as a directed
graph derived from the control-flow graph that shows the relationships between
instances of a variable in SSA form.? Every variable gives rise to a different IR-
graph. Each instance V; of a variable becomes a node in the IR-graph; for each

! These are placed on edges for the purposes of this proof, to avoid the critical edge
problem cited by [6,20].

2 The IR-graph is only used for the purposes of this proof; it is not used by our
algorithm.
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¢-function V; «— ¢V, , Viyy - .., Vi, ), we add k edges to the IR-graph:

Vxl _)‘/jt
sz_)‘/;

Not all instances are defined in terms of ¢-functions. We call definitions that
do not correspond to left-hand sides of ¢-function assignments “real definitions.”
An instance V; which corresponds to a real definition requires some special at-
tention:

Case 1. V; is not live® across a basic block boundary. This case corresponds to a
temporary instance of V' created and killed within a single basic block B. V; will
not appear in any ¢-function. (The final definition of V' in B will be cited by
¢-functions in B’s successor blocks.) V; will appear as a disconnected node in the
IR~graph and may be deleted; it is not taken into account by our algorithm since
it doesn’t appear in any ¢-function. V; is irrelevant to a ¢-placement algorithm
based on dominance frontiers too, because the definition giving rise to V; in B
only dominates a set of successor instructions in B, so B doesn’t appear in any
dominance frontier as a result of the definition.

Case 2. V; is live across a basic block boundary. V; must then appear as an
argument to at least one ¢-function. In the IR-graph, the V; node will appear
to be a “root” of the graph, since it will have an in-degree of zero. Let R be the
set of roots of the IR-graph. So that we may take advantage of graph reduction
techniques, we always augment the IR-graph with a “supersource” node Vg [13],
which becomes the root of the IR-graph, and has an edge from it to every element
of R. The supersource will be shown later to be inert with respect to the proof.

Case 3. V;’s definition reaches the exit point of the control-flow graph, but does
not cross any basic block boundaries. As in Case 1, V; will not appear in any
¢-function, will appear as a disconnected node in the IR-graph, and may be
deleted.

After the RC phase, when all basic blocks contain a ¢-function, the IR-graph’s
structure will ape the structure of the control-flow graph. For example, Fig. 7a
shows the control-flow graph for the code in Fig. 3a; the corresponding IR-graph
for i is given in Fig. 7b.

In the IR-graph, the nature of the minimization phase is now apparent:

1. Deleting V; «— ¢(V;, Vi, ..., Vi) is equivalent to applying T3 to the IR-graph.

2. Deleting V; — &(Vay, Vags ooy Vi )y @1, ..o, 2 € {i,7}, and replacing all
other occurrences of V; with V; is equivalent to applying T> (possibly in
combination with 77) to the IR-graph.

3 We consider liveness to include uses of V; as arguments to ¢-functions.
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() (b)

Fig. 7. Control-flow and IR graphs.

Fig. 8. The (*)-graph.
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The structure of the IR-graph is important too:

Lemma 3. The IR-graph is nonreducible only if the control-flow graph is nonre-
ducible.

Proof. Assume that the control-flow graph is reducible and the IR-graph is
nonreducible. Then the IR-graph must contain the (*)-graph [14], which is illus-
trated in Fig. 8. Each edge in the IR-graph arises in one of two ways:

1. The edge results from paths in the control-flow graph. If every edge in the
(*)-graph came from the control-flow graph, then the control-flow graph was
itself nonreducible [14], yielding a contradiction.

2. The edge is added from the supersource Vg. Vs has no in-edges, so if any
edge from Vg were to form part of the (*)-graph, it would have to connect
to a V; node which is part of a cycle in the graph. However, by definition of
the IR-graph construction, the V; nodes that Vs would connect to have no
other in-edges, thus they cannot be part of a cycle.

O

Since we are only considering reducible control-flow graphs, the IR-graph
cannot initially contain the (*)-graph by Lemma 3. Furthermore, the (*)-graph
cannot be introduced through T1-T5 reduction [14]. This means that the IR-
graph must be reducible by T1-T5 transformations into the single node V.

Ty and T comprise a finite Church-Rosser transformation [14]. This means
that if 77 and T, are applied to a graph until no more transformations are
possible, then a unique graph will result [I] — in this case, the single node V.
Furthermore, this unique result does not depend on the order in which 77 and Ts
are applied [13].

Given this freedom, we choose an ordering of T;-T5 reductions which corre-
sponds to the manner in which our algorithm operates. A parse of a reducible
flow graph is an ordered sequence of reductions together with the nodes to which
the reductions are applied [13,14]. We select a full parse of the IR-graph which
may be partitioned in two:

1. The first part performs as many 77 and 75 reductions as possible without
eliminating any root nodes in R.

2. The final part applies T} and T5 transforms to the remainder of the IR-graph,
reducing it into the single node Vs. IT(R) refers to the set of nodes yet to
be reduced in the latter partition; by definition, R C II(R). Vs ¢ II(R)
because Vg can never be eliminated.

Lemma 4. The minimization phase computes IT(R) — R.

Proof. The transformations performed in the minimization phase can only re-
move V; instances resulting from ¢-functions; they cannot remove V; instances
corresponding to real definitions. This is the same as applying 75 to the IR-
graph, subject to the proviso that no elements of R be deleted. Because the
minimization phase repeats until no further transformations are possible, it is
computing IT(R) — R. O
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Lemma 5. I1(R) — R is the iterated dominance frontier of R, DFT(R).

Proof. The RC phase inserts a ¢-function per basic block, so every V; resulting
from a ¢-function has a one-to-one correspondence to a node in the control-flow
graph. By definition, IT(R) — R cannot contain any V; from real definitions, so
we may discuss the IR-graph nodes in IT(R) — R and the control-flow graph
nodes in DF T (R) interchangeably.

II(R) — R C DFT(R). A reducible flow graph can be thought of as being
decomposed by “regions.” [26] A region is a subflowgraph, and the header node
of a region dominates all nodes in the region save itself [14]. When the regions
which have the elements of R as their headers are eliminated via Ty and T3, then
what remains is the set of nodes which are not strictly dominated by elements
of R. In other words, we are left with the dominance frontier of R, DF(R).

The nodes in DF(R) will themselves be headers of regions which have been
reduced via T7 and Ts. Inductively repeating this process, we get the iterated
dominance frontier of R.

DFT(R) C II(R) — R. Suppose that there were a basic block B € DF'*(R)
such that its corresponding IR-graph node Vg ¢ II(R) — R. This means that Vg
must have already been eliminated by 77 and T3 earlier in the reduction parse.
For this to happen, Vs must have been strictly dominated by some node in the
IR-graph. It could not then be in DF*(R), a contradiction. O

Theorem 2. Our algorithm computes the minimal ¢-function placement for re-
ducible control-flow graphs.

Proof. By Lemmas 4 and 5, our algorithm computes the iterated dominance
frontier of R, where R is the set of real definitions of V. This iterated dominance
frontier has been shown to be the minimal ¢-function placement [10]. O

3.4 Improvements to the Basic Algorithm

Our algorithm can be improved upon; three improvements are immediately ap-
parent:

Improvement 1. One-pass RC phase.

When inserting ¢-functions during the RC phase, the instances of a variable
coming from predecessor blocks must be known; complete processing of a block
requires that all of its predecessor blocks be processed first. Even the best case —
a depth-first ordering of the blocks — may require backpatching of information
along back edges.

A slight change in numbering fixes this. If the instance of a variable V' coming
out of a block B; is always V;, then a block may be completely processed simply
by knowing the block numbers of its predecessors — information likely to be
available anyway. This means that the RC phase can run linearly regardless of
how the blocks are ordered.

Improvement 2. Mapping table.



120 John Aycock and Nigel Horspool

A naive implementation of the minimization phase, which literally renamed
all instances of V; to V; when deleting a ¢-function, would clearly be wasteful.
Instead, a mapping table can be used, which would map V; to V}; all references
to variable instances in ¢-functions would be filtered through this table.

This technique is well-known, under several different names: the equivalence
problem [12,18], set merging [15], disjoint set union [25].

Improvement 3. Basic blocks with single predecessors.

Some ¢-functions will always be deleted immediately. If a block has only a
single predecessor, then it can’t be a join point, so a ¢-function need not be
placed there during the RC phase.

At first sight, this improvement is incompatible with Improvement 1, which
assumes ¢-functions in every block. When combined with Improvement 2, how-
ever, this difficulty can be overcome. Upon finding a block with a single prede-
cessor, the mapping table can simply be primed accordingly, instead of creating
the ¢-function.

4 Timing Results

We implemented our algorithm with the above improvements as a drop-in re-
placement for the Cytron et al. algorithm [10] used in the Gardens Point Modula-
2 compiler. Timings were conducted on a 200 MHz Pentium with 64 M of RAM
and a clock granularity of 10ms, running Debian GNU/Linux version 2.1. To
minimize transient timing errors, we ran each test five times; the times reported
are the arithmetic mean of those five runs.

Figure 9 shows the time both algorithms take on a sample of thirty source
files, comprising approximately 26,000 lines of code. (This code is the Modula-2
compiler’s front end.) For all but a few of the files, our algorithm is competitive,
sometimes faster than Cytron’s.

What is often overlooked is the fact that SSA-generation algorithms do not
operate in a vacuum. It is revealing to look at our algorithm in context. Fig-
ure 10 shows that, compared to the entire compilation, our algorithm takes an
insignificant amount of time — this “total time” does not even include the time
taken by the compiler’s front end! Given that SSA generation time is not even a
remotely dominant factor in compilation time, a simple algorithm such as ours
may reasonably be used.

5 Related Work

In this section we survey other methods for converting to SSA form. These meth-
ods have been categorized based on the largest class of control-flow graph (CFG)
they operate on: reducible or nonreducible.
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Fig. 9. Timing results.
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Fig. 10. Results in context.



122 John Aycock and Nigel Horspool

5.1 Reducible CFGs

Brandis and Mdssenbdck [5] generate SSA form in one pass for structured control-
flow graphs, a subset of reducible control-flow graphs, by delicate placement of
¢-functions. They describe how to extend their method to reducible control-flow
graphs, but require the dominator tree to do so.

Cytron, Lowry, and Zadeck [11] predate the use of ¢-functions, and employ
a heuristic placement policy based on the interval structure of the control-flow
graph, similar to that of Rosen, Wegman, and Zadeck [22]. The latter work is
interesting because they look for the same patterns as our algorithm does during
our minimization phase. However, they do so after generating SSA form, and
then only to correct ‘second order effects’ created during redundancy elimination.

5.2 Nonreducible CFGs

The work of Cytron et al. [10] is the method for generating SSA form we de-
scribed in Sect. 2. Cytron and Ferrante [9] later refined their method so that it
runs in almost-linear time.

Johnson, Pearson, and Pingali [16] demonstrate conversion to SSA form as
an application of their “program structure tree,” a decomposition of the control-
flow graph into single-entry, single-exit regions. They claim that using this graph
representation allows them to avoid areas in the control-flow graph that do not
contribute to a solution.

The genesis of SSA form was in the 1960s with the work of Shapiro and
Saint [23,19]. Their conversion algorithm was based upon finding equivalence
classes of variables by walking the control-flow graph.

Finally, Sreedhar and Gao [24] devised a linear-time algorithm for ¢-function
placement using DJ-graphs, a data structure which combines the dominator tree
with information about where data flow in the program merges.

All of the algorithms for nonreducible control-flow graphs described in this
subsection have been proven to yield a minimal placement of ¢-functions.

6 Future Work

There are a number of avenues for further work. First, we would like to determine
the time complexity of our algorithm, although this is unlikely to matter in
practice — there is evidence suggesting that some of these algorithms only rarely
achieve worst-case performance [9,10].

Second, our algorithm may be extendible to other forms of minimal SSA,
such as “pruned” SSA form, which only places a ¢-function if the variable is live
at that point [7].

Third, we are currently throwing away useful information. The algorithm of
Cytron et al. that we compare our algorithm to in Sect. 4 only determines where
¢-functions should be placed. Our algorithm determines this too, of course, but
also knows upon completion what the arguments to the ¢-functions are, some-
thing Cytron’s algorithm does not know until variable renaming. It is possible
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that we can concoct a faster and/or simpler variable renaming algorithm as a
result.

7 Applications

Our algorithm is particularly suitable in applications where a simple algorithm
would be preferred, without the baggage of extra data structures. One might
argue that the “extra” information computed by other algorithms will be used
later: in fact, Cytron et al. suggest this [10]. However, in the two compilers
we found employing SSA, neither made further use of the iterated dominance
frontier information.

Some optimizations necessitate the re-generation of minimal SSA form. For
example, re-minimization is required in the SSA-based partial redundancy elim-
ination algorithm of [8], for which they suggest re-running the ¢-insertion algo-
rithm. Other optimizations may force SSA re-generation by changing the struc-
ture of the control-flow graph. Our algorithm may be useful in these situations.

8 Conclusions

We have presented a new, simple method of generating SSA form which finds
a minimal ¢-function placement for an important class of control-flow graph
— reducible ones — and which finds a correct placement for all control-flow
graphs, even nonreducible ones. Our timings indicate that it is competitive with
the prevalent method of generating SSA form, especially when viewed in context.
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Abstract. Call graph construction has been an important area of re-
search within the compilers and programming languages community.
However, all existing techniques focus on exhaustive analysis of all the
call-sites in the program. With increasing importance of just-in-time or
dynamic compilation and use of program analysis as part of the software
development environments, we believe that there is a need for techniques
for demand-driven construction of the call graph. We present a demand-
driven call graph construction framework in this paper, focusing on the
dynamic calls due to polymorphism in object-oriented languages. We
use a variant of Callahan’s Program Summary Graph (PSG) and per-
form analysis over a set of influencing nodes. We show that our demand-
driven technique has the same accuracy as the corresponding exhaustive
technique. The reduction in the graph construction time depends upon
the ratio of the cardinality of the set of influencing nodes to the set of
all nodes.

1 Introduction

With increasing focus on interprocedural optimizations in compilers for impera-
tive and object-oriented languages and with increasing use of results of interpro-
cedural program analysis in software development environments, the problem of
call graph construction has received a significant attention [1,4,5,7,11,12,13,14].
A call graph is a static representation of dynamic invocation relationships be-
tween procedures (or functions or methods) in a program. A node in this directed
graph represents a procedure and an edge (p — q) exists if the procedure p can
invoke procedure g. In object-oriented languages, a call graph is typically con-
structed as a side-effect of interprocedural class analysis or type analysis [4].
Interprocedural class analysis computes a set of classes or types for each pro-
gram variable such that each run-time value bound to a variable is a direct
instance of one of the classes bound to the variable. The set of classes associated
with the arguments of a dynamically dispatched message send at a callee site
determine the set of callee methods or procedures.

A number of techniques have been developed for call graph construction in
the last two decades. These techniques not only vary in their cost and preci-
sion, but also in the programming languages features they target. Some of the
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techniques are specifically for object-oriented languages [1,4,5,11,12], some other
primarily target procedure-valued pointers in imperative languages [7,13], and
others primarily target functional languages [14]. However, a common charac-
teristic of all these techniques is that they perform exhaustive analysis, i.e. given
a code, they compute the set of procedures that can be called at each of the
call-sites in the code.

We believe that with increasing popularity of just-in-time or dynamic com-
pilation and with increasing use of program analysis in software development
environments, there is a strong need for demand-driven call graph analysis tech-
niques. In a dynamic or just-in-time compilation environments, aggressive com-
piler analysis and optimizations are applied to selected portions of the code, and
not to other less frequently executed or never executed portions of the code.
Therefore, the set of procedures called needs to be computed for a small set of
call-sites, and not for all the call-sites in the entire program.

Similarly, when program analysis is applied in a software development en-
vironment, demand-driven call graph analysis may be preferable to exhaustive
analysis. For example, while constructing static program slices [9], the informa-
tion on the set of procedures called is required only for the call-sites included in
the slice and depends upon the slicing criterion used. Similarly, during program
analysis for regression testing, only a part of the code needs to be analyzed, and
therefore, demand-driven call graph analysis can be significantly quicker than
an exhaustive approach.

In this paper, we present a framework for performing demand-driven call
graph analysis. We use a variant of the Callahan’s Program Summary Graph
(PSQG) for performing flow-sensitive analysis for reaching definitions. There are
three major steps in our techniques. We initially assume a sound call graph using
Class Hierarchy Analysis (CHA). Then, we construct a set of influencing nodes
that influence the set of procedures invoked at the call-sites we are interested in.
Finally, we perform propagation analysis on the set of influencing nodes.

The rest of the paper is organized as follows. In Section 2, we formulate
the problem. The program representation used for our analysis is presented in
Section 3. Our demand-driven analysis technique is presented in Section 4. We
conclude in Section 5.

2 Problem Definition

In this section, we revisit the exhaustive call graph analysis problem, and then
give our definition of the problem of demand driven call graph construction.
We describe the language features our solution targets. We then state the main
challenges in performing demand driven analysis for call graph construction and
relate it to the existing solutions for exhaustive call graph construction.

2.1 Problem Definition

Consider a program for which the call graph is to be constructed. Let P =
{p1,p2,...,pn} be the set of procedures in the given program. Let P be the power
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Class A { A:P(A *x, A *y) {
void P(A *x, A *y); x.Q(y) ; csl
void Q(A™ y); Y Q) ; cs2
void R() ; }

} main() {

Class B: public A { A* a;

void P(A *x, A *y) ; A* b;
void Q(A *y) ;

void R() ; s3
a.R() ; cs3
A=Q(A *y) { a =new B ; s4
y = new A ; sl b = new A ; sb
} a.P(b,a) ; csd
B:Q(A *y) { a =new A ; s6
y = new B ; s2 a.P(a,b) ; csb
} }

Fig. 1. Object-oriented program used as a running example in this paper. Defi-
nitions of functions A::R, B::R and B::P are not provided here.

set of P. Let C' = {c1,ca,...,cm} be the set of dynamic call-sites, that is, the
call sites for which the set of procedures possibly invoked is not statically known
(without non-trivial analysis). The problem of exhaustive call graph analysis is
the same as constructing the mapping

M :C—7P

In other words, we compute, for each call-site in the program , the set of proce-
dures that can be possibly be invoked.

In contrast, the demand-driven call graph analysis involves constructing the
set of procedures called at a specific call-site, or a (small) set of call-sites. Given
a particular call-site ¢;, we compute the mapping from ¢; to a subset of P.
Formally, this can be expressed as

m; ¢ — P

2.2 Language Model

We now state the language features we focus on. We are interested in treating
common object-oriented languages like C++ and Java. At the same time, we
are interested in focusing on a set of simple language features, so that we can
present the details of our technique with simplicity.
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A class has members fields and member methods or procedures. A member
procedure pname of a class pclass is denoted as pclass: :pname. A base class
can be extended by another class. In such a case, the base class is called a
superclass and the class extending the base class is called a subclass. A class
can only extend one superclass, treating languages with multiple inheritance
is beyond the scope of this paper. The set of subclasses of a given class c is
constructed transitively by including the class ¢, and any class that extends ¢
or any class already included in the set. Similarly, the set of superclasses of a
given class c is constructed transitively by including the class ¢, the class that
the class ¢ extended or any class that is extended by a class already included in
the set.

We assume a statically-typed language in which a new object reference is
created by a statement of the type r = new Classname; . Such a statement
gives the type Classname to the variable r. The type of this instance of the
variable r can only change as a result of another new statement.

The procedure calls are made as static procedure calls, in which an explicitly
declared procedure is directly called by its name, or as dynamic procedure calls.
A dynamic procedure call is of the format r.pname(paramlist). We assume
that the actual procedure invoked at this call-site depends only upon the type
of r. If r is of type Classname, then the procedure invoked at this call-site is the
procedure pname defined in the class Classname (if it exists) or the procedure
with the name pname declared in the nearest superclass of Classname. However,
the type of r is usually not known through static declarations. If the static
declaration of r is of class Declname, r can be dynamically assigned to an object
of any subclass of Declname.

An example code that will be used as a running example is shown in Figure 1.
We assume that all parameters are passed by reference and all procedures are
declared to be virtual (i.e. can be over-written by a derived class). All member
methods and fields are assumed to be public for simplicity. The class A is the
base class, from which the class B is derived. Procedures P, Q and R are each
defined in both these classes.

2.3 Overview of the Solution

We now give an overview of the problems involved in computing the mapping
m; : ¢; — P. Let the call-site ¢; have the format r.pname ().

We first need to compute the types that r can possibly have at the program
point ¢;. Since a new type can only be assigned to r by a statement of the type
r = new Classname;, we need to examine such instantiations of r that reach ¢;.
Let p be the statement where ¢; is placed. There are three possibilities for each
reaching instantiation of r:

1. It is defined in the procedure p.

2. The procedure p has another call-site c;, such that the instantiation of r
reaching c¢; is passed as a reference parameter at the call-site c;.

3. The instantiation of r reaching ¢; is a formal parameter for the procedure p.
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Case 1: This case is trivial because the reaching types of r can be deter-
mined by intraprocedural analysis within the procedure p. For example, in Fig-
urerefex:code, the dynamic calls at call-sites cs4 and cs5 can be resolved by
intraprocedural propagation. The following non-trivial analysis is required for
cases 2 and 3.

Case 2: We need to analyze the procedures that can possibly be invoked at
the call-site ¢; to be able to determine the type of r. This is relatively easy
if the call-site ¢; is a static call-site. However, if the call-site ¢; is a dynamic
call-site, we need to perform additional analysis to be able to determine the
set of procedures invoked at the call-site ¢;, and then need to perform reaching
definitions analysis in the procedures invoked at ¢;. For example, in Figure 1, for
resolving the call-site cs2, we need to look at the possible values of the reference
parameter y at the end of the procedure calls possible at the call-site cs1.

Case 3: To determine the types associated with r when entering the procedure p,
we need to analyze all the call-sites at the which the procedure p is invoked. In the
absence of the call graph, however, we do not know the set of call-sites that can
invoke the procedure p. Therefore, we need to start with a conservative estimate
of the set of call-sites at which the procedure p may be invoked. Analyzing these
call-sites, we need to determine:

— Can the procedure p be invoked at this call-site ?
— If so, what are the types associated with the actual parameter at this call-site
corresponding to the formal parameter r 7

For example, in Figure 1, for resolving the call-site cs1, we need to look the
possible values of the reference parameter x at the entry of the proceedure A: :P.

The previous work in demand-driven flow-sensitive data-flow analysis [6,8]
(which does not apply to call graph analysis) formulates the problem as that of
query propagation. The initial data-flow problem to be solved on a demand-basis
is itself a query, whose solution is described in terms of queries at successor or
predecessor nodes.

We can also describe the analysis for cases 2 and 3 as query propagation
problems. Consider initially the case 2. If the call-site ¢; is a dynamic call site,
we need to answer the query

m; :c; — P

to answer our initial query. Irrespective of whether the call-site ¢; is a dynamic
call-site or a static call-site, we will need to know the types associated with r
at the end of the call to each of the procedures that can possibly be invoked at
this call-site.

The query propagation for case 3 can be stated as follows. We need to deter-
mine the set of call-sites C’, such that for each

Ve, € C7 (mg e, — Pr) — p € P
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2.4 Overview of Call Graph Analysis Techniques

For ease in explaining our demand-driven call graph construction technique,
we describe an existing classification of call graph analysis techniques [41]. All
possible call graphs constructued by various algorithms, including the initial
call graphs assumed and the results after each stage of the algorithm, can be
described by a lattice. The top-most element of the lattice (denoted by Gr) has
no edges between any of the procedures. The bottom-most element of the lattice
is denoted by G| and includes edges to all procedures in the entire program at
each call-site. An ideal graph is the one in which each edge corresponds to an
actual procedure invocation during one of the possible executions of the program.
Obviously, the ideal graph is uncomputable.

Actual call graphs at each stage in various algorithms can be classified as
optimistic or sound. An optimistic graph has fewer edges than the ideal graph,
i.e., additional edges need to be inserted to model invocations during actual
executions. A sound graph has more edges than ideal graph, so some edges can
be deleted to improve the accuracy of the analysis. The process of adding more
edges to an optimistic graph (to move it down the lattice) is referred to as the
monotonic refinement. The process of deleting some edges from a sound graph
(to move it up the lattice) is referred to as non-monotonic improvement.

3 Program Summary Graph

We use the interprocedural representation Program Summary Graph (PSG),
initially proposed by Callahan [2], for presenting our demand-driven call graph
analysis technique. We initially give the original definition of PSG and then
describe several extensions of PSG that we use for our purpose.

A program summary graph is a representation of the complete program that
is much concise as compared to the Myers’ Supergraph or Interprocedural Con-
trol Flow Graph (ICFG) [10], but is more detailed than a call graph, and allows
flow-sensitive interprocedural analysis.

Data-flow within procedures and between procedures is represented through
edges between nodes of the following four types:

— FEntry nodes; there is one entry node for each formal parameter of each
procedure.

— FExit nodes; there is one exit node for each formal parameter of each proce-

dure.

Call nodes; there is one call node for each actual parameter at each call-site.

Return nodes; there is one return node for each actual parameter at each

call-site.

Edges between these nodes can be classified as intraprocedural and inter-
procedural. Intraprocedural edges summarize data-flow within the procedures.
These edges are inserted after solving the standard data-flow problem of reach-
ing definitions within each procedure. Specifically, the intraprocedural edges are
inserted:
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Fig. 2. Procedure A: :P’s portion of PSG

— From an entry node to a call node if the value of the corresponding formal pa-
rameter at the procedure entry reaches the corresponding actual parameter
at the call-site.

— From an entry node to an exit node if the value of the corresponding formal
parameter at the procedure entry reaches a procedure return statement.

— From a return node to a call node if the value of the corresponding actual
parameter at the call return reaches the corresponding actual parameter at
the call node.

— From a return node to an exit node if the value of the corresponding actual
parameter at call return reaches a procedure return statement.

Interprocedural edges in the graph represent bindings of actual parameters
to the formal parameters and vice-versa. Specifically, interprocedural edges are
inserted:

— From a call node to an entry node to represent the binding of an actual
parameter at the call-site to the formal parameter at procedure entry.

— From an exit node to a return node to represent the binding of a formal
parameter at the procedure exit to the actual parameter at the call return.

To perform demand-driven call graph analysis, we make the following three
extensions to the original definition construction method of PSG.

This pointer as a parameter: Consider a call site of the form

r->pname (paramlist). For our analysis, besides having call and return nodes
corresponding to each actual parameter in the list paramlist, we also need to
have a call and return node for the object reference r. We refer to such nodes
as nodes for THIS pointer, consistent with the C++ terminology. We also insert
one THIS pointer node each at procedure entry and return for each procedure.
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Internal Intraprocedural Nodes: We insert new internal intraprocedural nodes
in the graph besides entry, exit, call and return nodes. These intraprocedural
nodes represent statement that provide a new type to a variable. In the language
model we assumed, these are statements of the type r = new Classname. New
intraprocedural edges are inserted from internal nodes as follows. If a definition
given in an internal nodes reaches an actual parameter at a call-site, a new edges
is inserted from the internal node to the corresponding call node. If a definition
given in an internal node reaches a procedure return statement, a new edge is
inserted from the internal node to the corresponding exit node.

Demand Driven Construction: The Program Summary Graph is not fully con-
structed at the beginning of the analysis, since it will require knowing the call
graph. Instead, the program summary graph is constructed on a demand basis.
If v is the call node for which we are determining the types, we perform a reacha-
bility analysis on the portion of the graph constructed and check if v is reachable
from one of the nodes of a procedure p. If so, the CFG of the procedure p is
constructed, and intraprocedural edges of the procedure p’s portion of PSG are
inserted. The portion of PSG constructed in performing the propagation analysis
is referred to as the Partial Program Summary Graph (PPSG) and set of nodes
in the PPSG is referred to as the set of influencing nodes.

Procedure A: :P’s portion of PSG is shown in Figure 2.

4 Demand-Driven Call Graph Construction

In this section, we describe the various phases of our algorithm for constructing
call graph on a demand-driven basis and analyze the complexity of our technique.

4.1 Overview of the Algorithm

We are considering the problem of computing the set of procedures that can be
invoked at a call-site ¢;, of the form r->pname (). The most important goal for
our algorithm is to analyze as few procedures as possible while determining the
set of procedures that can be invoked at the call-site ¢;. Our algorithm initially
assumes a sound or conservative call graph, i.e., one with much larger number of
edges than what can be taken during actual executions. This initial sound call
graph is constructed using the results of Class Hierarchy Analysis (CHA) [3].
Such an initial sound call graph is also not constructed explicitly for the entire
program, but is constructed on a demand basis. Each procedure’s components
are added only after it is known that this procedure may influence the types
associated with the object reference r at the call-site c;.

There are two main phases in our algorithm. Initially, we perform reachability
analysis using the sound call graph to determine the set of influencing nodes and
to construct the Partial Program Summary Graph (PPSG). The second phase
involves performing data-flow propagation on the PPSG to improve the precision
of the call graph using reaching types information.
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4.2 Initial Sound Call Graph

As we described earlier in Section 2, call graph analysis techniques either start
from an optimistic graph and add more edges, or can start from a sound or
conservative graph and delete edges. We prefer to start from a sound graph
and delete edges since it allows us to compute the set of influencing nodes.
One possible initial sound graph is G, in which each call-site can invoke all
procedures. Obviously, starting from such an initial call graph will defeat the
purpose of demand-driven analysis as all the nodes in the entire program will
get added to the set of influencing nodes. We can construct a relatively accurate
initial call graph by performing relatively inexpensive Class Hierarchy Analysis
(CHA) [3].

CHA involves having knowledge of all the classes declared in the entire pro-
gram, including which class extends another class, and the set of procedures
declared in each of the classes. Consider a call-site of the form r->rname (), such
that the declared type of r is rclass. Let R be the set of subclasses of rclass.
For each class in the set R, we determine the nearest superclass (including it-
self) in which a procedure with the name rname is declared. Let us denote such
a set of classes by R’. Then, as a result of class hierarchy analysis, we know
that the possible procedures that can be called at this call-site are of the form
pclass: :rname, where pclass belongs to the set R’.

Alternatively, consider a procedure p of the form pclass: : pname. By knowing
all class declarations in the program, we can determine the set of subclasses of
pclass. By further examining the procedures declared in each of these classes,
we can narrow this set down to classes for which pclass is the earliest superclass
for which the procedure pname is defined. Let us denote such a set by S. The
procedure p can be called at any dynamic call-site of the form r->pname where
the declared type of the reference r belongs to the set S.

4.3 Preliminary Definitions

In presenting our technique, we use the following definitions.

pred(v) : The set of predecessors of the node v in the PPSG. This set is
initially defined during the construction of PPSG and is not modified as the
type information becomes more precise.

proc(v) : This relation is only defined if the node v is an entry node or an
exit node. It denotes the name of the procedure to which this node belongs.

TYPES(v): The set of types associated with a node v in the PSG during
any stage in the analysis. This set is initially constructed using Class Hierarchy
Analysis, and is later refined through data-flow propagation.

THIS_ZNODE(v): This is the node corresponding to the THIS pointer at the
procedure entry (if v is an entry node), procedure exit (if v is an exit node),
procedure call (if v is a call node) or call return (if v is a return node).

THIS_-TYPE(v): If the vertex v is a call node or a return node,
THIS_TYPE(v) returns the types currently associated with the call node for
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the THIS pointer at this call-site. This relation is not defined if v is an entry or
exit node.

PROCS(S): Let S be the set of types associated with a call node for a THIS
pointer. Then, PROCS(S) is the set of procedures that can actually be invoked at
this call-site. This function is computed using Class Hierarchy Analysis (CHA).

Let v be the this pointer node at the call site
Let p be the procedure to which v belongs
Initialize Workset to {v}

Initialize Procset to {p}

Initialize all nodes to be not marked
Construct_PSG_Portion(p)

While Workset is not empty
Select and remove vertex u from Workset
case (type of u):
call or exit:
foreach predecessor w of u
If w is not marked
Workset = Workset U {w}
return:
If THIS_ZNODE(u) is not marked
Workset = Workset U THIS.NODE(u)
foreach possibly called function ¢
If ¢ ¢ Procset
Procset = Procset U {q}
Construct_PSG_Portion(q)
foreach predecessor w of u
If w is not marked
Workset = Workset U {w}
entry:
Workset = Workset U THIS.NODE(u)
foreach possible callee function ¢
If ¢ ¢ Procset
Procset = Procset U {q}
Construct_PSG_Portion(q)
foreach predecessor w of u
If w is not marked
Workset = Workset U {w}

Fig. 3. Constructing the Partial Program Summary Graph (PPSG)

4.4 Constructing the Set of Influencing Nodes

We now describe how we compute the set of nodes in the PSG for the entire
program that influence the set of procedures invoked at the given call-site ¢;.
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The PSG for the entire program is never constructed. However, for ease in pre-
senting the definition of the set of influencing nodes, we assume that the PSG
components of all procedures in the entire program are connected based upon
the initial sound call graph.

Let v be the call node for the THIS pointer at the call-site ¢;. Given the
hypothetical complete PSG, the set of influencing nodes (which we denote by S)
is the minimal set of nodes such that:

-v e S
—(x € S)A(y € pred(z)) — y € S
—x € § — THIS.NODE(z) € S

Starting from the node v, we include the predecessors of any node already in
the set, till we reach internal nodes that do not have any predecessors. For any
node included in the set, we also include the corresponding node for the THIS
pointer (denoted by THIS_.NODE) in the set.

Such a set of influencing node and the partial PSG can be constructed by
an iterative algorithm, which is shown in Figure 3. Two main data-structures
maintained in the algorithm are Workset and Procset. Workset is the set of
nodes whose predecessors have not been analyzed yet. Procset is the set of
procedures that have been analyzed and whose portions of the PSG has been
constructed.

The algorithm progresses by removing a node from the Workset. If this
node is a call or exit node, all the predecessors of this node are within the
same procedure. These predecessors are added to the Workset. If the node u
(removed from the Workset) is a return node, the predecessors of this node are
the exit nodes of the procedures that can be invoked at this call-site. Such a set
of procedures is known (not necessarily accurately) from our construction of the
initial sound call graph. Let ¢ be any such procedure. If ¢ is not in the set Procset
(i.e. it has not been analyzed yet), then the function Construct_PSG_Portion(q)
is invoked. This function analyzes the CFG of the procedure ¢ to construct its
portion of the PSG. For each callee of ¢ that has been analyzed, edges from its
call nodes to entry nodes of ¢ and edges from exit nodes of ¢ to its return nodes
are inserted. Similarly, for each function called by ¢ that has been analyzed, we
insert edges from call nodes at ¢ to its entry nodes from its exit nodes to the
return nodes at ¢. After all such procedures called at this call-site have been
analyzed and edges have been inserted, we add the predecessors of the node u
to the Workset.

The edges inserted at these call-sites are obviously based upon an initial
sound call graph, that needs to be refined by our analysis. For this purpose,
we need to know the types associated with the THIS_.NODE at the call-site
corresponding to the return node. For this reason, we also add THIS_.NODE(u)
to the Workset.

The actions taken for an entry node are very similar to the actions taken for a
return node. The only difference is that instead of analyzing the procedures that
can be called at that call-site, we analyze the procedures that have a call-site
that can invoke this procedure.
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4.5 Call Graph Refinement

The next step in the algorithm is to perform iterative analysis over the set of
nodes in the Partial Program Summary Graph (PPSG) to compute the set of
types associated with a given initial node. This problem can be modeled as
computing the data-flow set TYPES with each node in the PPSG and refining it
iteratively. The initial values of TYPES(v) are computed through class hierarchy
analysis that we described earlier in this section. If a formal or actual parameter
is declared to be a reference to class cname, then the actual runtime type of that
parameter can be any of the subclasses (including itself) of cname.

The refinement stage can be described by a single equation, which is shown
in Figure 4. Consider a node v in PPSG. Depending upon the type of v, three
cases are possible in performing the update:

1. v is a call or exit node,
2. v is an entry node, and
3. v is a return node.

In Case 1., the predecessors of the node v are the internal nodes, the entry
nodes for the same procedure, or the return nodes at one of the call-sites within
this procedure. The important observation is that such a set of predecessors does
not change as the type information is made more precise. So, the set TYPES(v)
is updated by taking union over the sets of TYPES(v) over the predecessors of
the node v.

We next consider case 2, i.e., when the node v is an entry node. proc(v) is
the procedure to which the node v belongs. The predecessors of such a node are
call nodes at all call-sites at which the function proc(v) can possibly be called,
as per the initial call graph assumed by performing class hierarchy analysis.
Such a set of possible call-sites for proc(v) gets restricted as interprocedural
type propagation is performed. Let p be a call node that is a predecessor of v.
We want to use the set TYPES(p) in updating TYPES(v) only if the call-site
corresponding to p invokes proc(v). We determine this by checking the condition
proc(v) € PROCS(THIS_.TYPE(p)). The function THIS.TYPE(p) determines
the types currently associated with the THIS pointer at the call-site corresponding
to p and the function PROCS determines the set of procedures that can be called
at this call-site based upon this type information.

Case 3 is very similar to the case 2. If the node v is a return node, the prede-
cessor node p to v is an exit node. We want to use the set TYPES(p) in updating
TYPES(v) only if the call-site corresponding to v can invoke the function proc(p).
We determine this by checking the condition proc(p) e PROCS(THIS_.TYPE(v)).
The function THIS_TYPE(v) determines the types currently associated with the
THIS pointer at the call-site corresponding to v and the function PROCS deter-
mines the set of procedures that can be called at this call-site based upon this
type information.
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TYPES(v) N (U ¢ preawy TYPES(p))

if v is call or exit node

TYPES(U): TYPES(U) rW(LJ(IEpred(v))/\(proc(v)6P}{()CS(T‘HIS_rFYPE(p)))rrY'PES(p))
if v is an entry node

TYPES(U) ﬂ(U(PEpred(v))/\(proc(p)GPROCS(THIS_TYPE(U)))TYPES(p))
if v is a return node

Fig. 4. Data-Flow Equation for Propagating Type Information

4.6 Complexity Analysis

We now calculate the worst-case complexity of the technique proposed earlier.
We initially analyze the complexity of the phase for creating the PPSG and
then analyze the complexity of the call graph refinement phase. We define the
following terms for our presentation:

N : The number of nodes in PPSG
E : The number of edges in the PPSG
D : The maximum depth of a class hieararchy

Creating PPSG: The algorithm for constructing the set of influencing nodes
was presented in Figure 3. We are focussing on analysis of large codes com-
prising a very large number of procedures. Therefore, we assume that the cost
of constructing and analyzing a single procedure is small and the function
Construct_PSG_Portion can be executed in a constant time. Then the over-
all cost of the execution of the algorithm presented in Figure 3 is O(N + E).
This is because each node is removed once from the Workset (and the total
number of elements ever added in the Workset is N') and each edge is followed
once to consider the source of the edge.

Iterative Analysis: The iterative analysis is performed over a graph with N nodes
and E edges. The maximum number of times that the types associated with a
node can change is bounded by D, the maximum depth of the class hierarchy.
Since the total number of nodes in the graph is IV, the maximum possible length
of any acyclic path in the graph is also N. Therefore, the iterative analysis needs
to be repeated over a maximum of a N x D steps. Each step in the iterative
analysis requires updating the types of N nodes, which will take O(N) time,
assuming that the number of predecessors of a node is bounded by a small
constant. Therefore, the complexity of iterative analysis is O(N2D).

The efficiency of our technique depends upon the size of the PPSG con-
structed. If the PPSG is almost as large as the complete PSG for the entire
program, our algorithm basically reduces to the classical 0-CFA construction
technique proposed by Shivers [14]. If PPSG is significantly smaller than the
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PSG for the entire program, our technique is very efficient as compared to the
exhaustive techniques.

4.7 Theoretical Results

As we mentioned in the previous subsection, our analysis is similar to Shiver’s 0-
CFA, except that we perform demand-driven analysis using propagation only on
PPSG, whereas Shiver’s 0-CFA is an exhaustive technique requiring propagation
over the PSG for the entire program. One important issue is the accuracy of our
demand driven technique as compared to the similar exhaustive technique. We
show below that the accuracy of our demand-driven technique is the same as
the accuracy of Shiver’s 0-CFA technique.

Theorem 1 The sets TYPES(v) computed by our technique for any node v in
the set S is identical to the set constructed by 0-CFA exhaustive technique.

Proof: The basic idea behind the proof is as follows. Any node that can
influence the value of TYPES(v) is included in the set S. Therefore, a propa-
gation just over the set S results in as accurate results as propagating over the
entire PSG.

There are two interesting consequences of this theorem. Suppose, we initially
computed the types for a node v by performing demand-driven analysis and the
set of influencing nodes S that is computed includes a node w. If we later require
the type information for the node w, we can just use the information computed
while performing demand-driven analysis for node v. Further, suppose we need to
compute types information for a node z. While computing the set of influencing
nodes, we include a node y, which was previously included in a set of influencing
nodes. We can just use the previously computed types information for y, and do
not need to continue to include predecessors of y in the new set of influencing
nodes.

5 Conclusions

For performing interprocedural program analysis and transformations on pro-
grams with polymorphism, we need to know which methods can be called at
each of the call-sites. In a number of scenarios, it can be important to compute
this information on a demand-basis for certain call-sites only, rather than the
entire program. Examples of such scenarios are 1) performing optimizations dur-
ing just-in-time or dynamic compilation, 2) performing program analysis (like
slicing) for software development, and 3) performing scalable analysis for very
large programs.

In this paper we have presented, to the best of our knowledge, first solution
to the problem of demand-driven resolution of call-sites in object-oriented pro-
grams. Our technique is based upon computing a set of influencing nodes, and
then applying data-flow propagation over such a set.
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We have two major theoretical results. We have shown that the worst-case

complexity of our analysis is the same as the well known 0-CFA exhaustive
analysis technique, expect that our input is cardinality of the set of influencing
nodes, rather than the total number of nodes in the graph. Thus, the advantage of
our demand-driven technique depends upon the relative size of set of influencing
nodes and the total number of nodes. Second, we have shown that they type
information computed by our technique for all the nodes in the set of influencing
nodes is as accurate as the 0-CFA exhaustive analysis technique.
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Abstract. This work proposes a framework for analyzing the flow of
values and their re-use in loop nests to minimize data traffic under the
constraints of limited on-chip memory capacity and dependences. Our
analysis first undertakes fusion of possible loop nests intra-procedurally
and then performs loop distribution. The analysis discovers the closeness
factor of two statements which is a quantitative measure of data traffic
saved per unit memory occupied if the statements were under the same
loop nest over the case where they are under different loop nests. We
then develop a greedy algorithm which traverses the program dependence
graph (PDG) to group statements together under the same loop nest
legally. The main idea of this greedy algorithm is to transitively generate
a group of statements that can legally execute under a given loop nest
that can lead to a minimum data traffic. We implemented our framework
in Petit [2], a tool for dependence analysis and loop transformations. We
show that the benefit due to our approach results in eliminating as much
as 30 % traffic in some cases improving overall completion time by a
23.33 % for processors such as TT's TMS320C5x.

1 Introduction

1.1 On-Chip Memory and Data Traffic

Due to significant advances in VLSI technology, ‘mega-processors’ made with
a large number of transistors has become a reality. These processors typically
provide multiple functional units which allow exploitation of parallelism. In or-
der to cater to the data demands associated with parallelism, the processors
provide a limited amount of on-chip memory. The amount of memory provided
is quite limited due to higher area and power requirements associated with it.
Even though limited, such on-chip memory is a very valuable resource in mem-
ory hierarchy. Due to tight integration and careful layouts, the latency delays
amongst the on-chip resources are significantly smaller; thus, on-chip memory
can serve as an ultra-fast cache as shown by Panda, Nicolau and Dutt [15]. One
of the significant uses of on-chip memory is to store spill values as shown by
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Cooper et. al. [17]. Another important use of on-chip memory is to hold the
instructions from short loops along with the associated data for very fast com-
putation. Such schemes are very attractive on embedded processors where, due
to the presence of dedicated hard-ware on-chip (such as very fast multipliers-
shifters etc.) and extremely fast accesses to on-chip data, the computation time
of such loops is extremely small meeting almost all real-time demands. Biggest
bottleneck to performance in these cases are off-chip accesses and thus, compilers
must carefully analyze references to identify good candidates for promotion to
on-chip memory. In our earlier work [6,5], we formulated this problem in terms
of 0/1 knapsack and proposed a heuristic solution that gives us good promotion
candidates. Our analysis was limited to single loop nest. When we attempted
extending this framework to multiple loop nests (intra-procedurally), we real-
ized that not only it is important to identify good candidates for promotion but
a careful restructuring of loops must be undertaken before performing promo-
tion since data traffic of loading and storing values to on-chip memory poses a
significant bottleneck.

Reorganization of loop nests is quite useful for signal processing applications
which typically consist of a sequence of loop nests that tend to operate on the
same data elements performing operations such as DCT transform, averaging,
convolution, edge detection etc. in succession. Valuable data traffic can be saved
in such cases by compiler analysis of flow of values to maximize re-use. This is
the focus of this work.

2 Motivating Example: On-Chip Memory and Parallelism

Consider the following loop nests to be executed on a processor that can support
300 parallel adders. Assume that the processor has on-chip memory which can
hold 300 data elements (this is a typical size for most on-chip memories which
ranges from 128 words to about 512 words).

Example:

For i=1 to 100 //L1
m[i] = ali] + e[il; //s51
n[il = bl[i] + c[il; //82

For i=1 to 100 //L2
plil = £[i] + d[i]; //83
qli] = e[i-1] + m[i] + a[i+1];//S4

Consider executing the above loop nests (without any restructuring), on this
processor. The first loop nest L1 needs 200 parallel adders and the second one
L2 also needs 200 parallel adders. Since the processor can support 300 parallel
adders, both of these needs are satisfied as far as the parallelism is concerned.
However, due to limited on-chip memory, both loops must be blocked. The loop
L1 is blocked with size 50 since each iteration demands storage for 6 data ele-
ments. The loop L2 is blocked with size 42 since each iteration demands storage
for 7 elements. Thus, one can see that although the processor can support 300
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adders, loop L1 can utilize only 100 parallel adders and loop L2 can utilize only
84 parallel adders due to the limitations on data storage. The total data traffic
for the above blocked loop nests is 1300 (900 input values loaded to on-chip
memory and 400 output values stored from on-chip memory into main cache).
This traffic is essentially sequential and poses the largest overhead on loop exe-
cution. We now show that if we restructure the loops we can significantly reduce
the costly traffic and also utilize parallelism more effectively. We see that arrays
af] and e[| are used in both S1 and S4, and m[i] (output of S1) is used in S4.
Thus, statements S1 and S4 exhibit a higher degree of ‘closeness’ to each other
since their execution under one loop nest can significantly increase data re-use
and reduce effective traffic. We can thus group them together. Statements S2
and S3 however share no such data re-use and thus, we can put them under
separate loop nests. Using the memory capacity constraint, the blocked loops
are as follows:

Output Loop:

For i = 1 to 100 by 75 //L1
For j = i to min(i+74, 100)
m(jl = aljl + e[jl; //81
qljl = el[j-1]1 + m[j]l + alj+1];//84
For i=1 to 100 //L2
nl[i] = bl[i] + c[il; //82
For i=1 to 100 //L3
plil = £[i] + 4lil; //83

The block size for the first loop is found 75 since each iteration of the inner loop
needs storage for 4 elements per iteration and since we have a memory capacity
of 300 elements, we can ‘block’ 75 iterations together. Thus, during the execution
we get fetch the entire data needed for complete execution of the blocked loop,
so that no intermediate traffic is needed. Once the loop is executed, we output
all the necessary data elements generated/modified in the program. No blocking
is needed for other two loop nests. In the above restructured loops, the first loop
nest utilizes a parallelism of 150 parallel adders whereas the second and third
loop nests utilize parallelism of 100 parallel adders. One can see that these loop
nests not only exhibit better parallelism but also have much lower data traffic
needs. The first loop nest has total traffic of 400 (200 loads and 200 stores).
The other two loop nests have traffic of 300 each (200 loads and 100 stores).
Thus the total data traffic for the restructured loop nests is 1000. The total data
traffic is thus reduced from 1300 to 1000 or a saving of about 23% is achieved.
As mentioned earlier, the data traffic is sequential and has a higher latency
and thus forms a dominant part of overall loop completion time. The reduction
in data traffic has a more significant effect on reduction of overall completion
time of the loop. This motivates our approach of restructuring the loop nests
for minimizing data traffic. Our approach is based on determining a group of
statements that should execute under a given loop nest to minimize data traffic.
In the next section, we present an outline of our approach introducing terms and
definitions.
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3 Terms and Definitions

3.1 Outline of Our Approach

Our analysis begins by undertaking loop fusion assuming unlimited memory. We
first calculate the amount of data re-use between the statements after carrying
out loop fusion. We then calculate the closeness factor of every pair of state-
ments. Closeness factor between two statements quantifies the amount of data
reuse per unit memory required. We decorate the program dependence graph
(PDG) with this information by inserting undirected edges between the nodes of
the PDG that represent statements. The undirected edges have a weight equal
to the closeness factor of the two statements. We then group the statements
greedily under a given loop nest i.e. statements which have higher closeness fac-
tor are grouped together over those which have lesser. At every step, when we
group statements, we examine if we must include some other statement(s) so
as to preserve the dependences. (this step is explained in the next subsection).
Sometimes we may not be able to include statements due to dependence and
memory capacity constraints. In such cases, we adjust the dependence groups to
eliminate useless re-use edges. Finally, we iterate to expand the group of state-
ments and when we exceed the capacity of the on-chip memory we halt. We carry
out the above steps of grouping and adjusting the dependence groups until there
are no more re-use edges. We finally block the groups so as to fit the available
memory size.

In our approach, we analyze following three types of data reuse: flow de-
pendence reuse, input dependence reuse, and iteration reuse. We calculate the
total amount of data re-use between two statements based on the total re-use
associated with each of the references within those statements adding them up.
Closeness Factor (CF) of two statements is defined as the ratio of the total re-use
present between these statements and the total number of data elements that oc-
cupy the memory to facilitate the re-use. Thus, the CF is a measure of how good
is the re-use relative to a unit of memory occupied by references corresponding
to the two statements. We say that two statements are closest to each other if
they have the highest closeness factor. Thus, we rank the statements in the or-
der of closeness factor. Our approach is to legally group statements in the order
of CF under the constraints of available memory size and dependencies. The
motivation behind grouping two ‘closest’ statements together under the same
loop nest is that largest amount of data traffic is eliminated by doing so. This is
due to the fact that by grouping statements, we have utilized maximum possible
reuse per unit memory. We propose a greedy strategy to accomplish this goal.
When we start grouping the statements together, certain re-use edges from the
decorated PDG become useless. In other words, it becomes impossible to group
statements together under one loop nest due to the groups already formed and
due to dependence constraints. The next section explains the details along with
an algorithm.
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4 PDG Analysis

4.1 Legality of Grouping

Our framework starts grouping statements together greedily. When we find out a
statement S is the closest statement to a group A, we want to check the following
to make sure we can group S and A together: (1) We first want to check if we
can group S and A legally according to PDG (2) whether there is sufficient
memory available (3) when the above two situations are satisfied, if grouping
one more statement will really increase CF. In this section, we discuss (1), the
most important condition. There are some interesting issues faced in determining
legality. In Figure 1, we have found a statement group Gi having three statements
S2, S3 and S6 in it. We assume that at this point, no more statement can be
grouped with Gi because of on-chip memory capacity. Amongst the remaining
statements S1, S4, S5 and S7, statements S5 and S7 are the closest statements
and we group them into Group A. At this stage, we find out that S4 is the next
closest statement to A, but we can not group it with A. The reason is S4 must
execute before Gi which must execute before A and thus, S4 can not be a part
of A.

Closest StoA —>
! \ " | =—— Completed Growp Gi
s

Close GroupA

Fig. 1. Legality of grouping S4 with A

4.2 PDG Adjustment

After we find out that the grouping is legal, we need to adjust PDG for further
PDG analysis use. In general, after we group S with X, one of the following
scenarios may arise:

Case 1 If S and X are each other’s direct and only successor/predecessor after
they are grouped, S and X’s other direct successors will be direct successors of
this group; and their other direct predecessors will be direct predecessors of the
group. In figure 2, after S2 and S3 are grouped, S1 is their predecessor and S5,
S6 are their successors.
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Fig. 2. Direct Predecessor/Successor Relationship

Case 2 If S and X belong to the same dependency group and they are not
each other’s successor and predecessor, but they have same (direct/indirect) and
only successor(s)/predecessor(s), the two statements will be grouped together
and their direct successors and predecessors will be the direct successors and
predecessors of the group. In figure 3, after S3 and S4 are grouped together, S1
and S2 are their predecessors and S5, S6 are their successors.
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Fig. 3. Common Successor/Predecessor Relationship

Case 3 In some cases we cannot directly include a statement in a group without
including some other statements. If two closest statements are in the same group
and are each other’s non-direct successor and predecessor (suppose S is X’s
predecessor). In this case, we have to resort to the following:

1. Find out all the statements between them in the PDG, that is, find out
all of intermediate statements between S and X. We call this set as the
intermediate statement set of S and X : ISGroup(S,X).

2. Count total data storage requirements of statements S, X and ISGroup(S,X),
and compare it with available memory. If it can fit, group S, X and IS-
Group(S,X). If the capacity is not big enough, S and X can not be grouped
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together and the re-use edge must be discarded. From figure 4, one can see
that if capacity is big enough, statements S1, S2, S3, S4 and S6 will be
grouped into group G. Otherwise, input dependence reuse between S1 and
S6 will be removed and no group is formed.

After PDG Adjustement with enough Capacity After PDG Adj. withou enough Capacity

Fig. 4. Indirect Predecessor/Successor Relationship

In the above three cases, the two closest statements are in the same depen-
dency group.

Case 4 If two closest statements belong to different dependency groups, there
is no clear execution order for the two statements, that is, the two statements
can be executed in any order. In figure 5, S1 must be executed before S3 and S6;
however, S5 can be executed in any order with respect to S1, S3 or S6. However,
when S3 and S2 are grouped together under one loop nest, it automatically fixes
the order of execution of S5 with respect to S1 and can’t be potentially combined
with it.It can still be combined with any one of S4, S6 or S8 though. Thus, as
long as the two statements S and X or one statement and a group belong to
different dependency groups, they can be group together. The two dependency
groups should be combined into one, predecessors and successors of S and/or
X will be the predecessors and successors of the group. We have devised an
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Fig.5. S and X are in different Dependence Groups

algorithm based on these ideas to check possible groupings of the statements
and the CF of the group is an indicator of the profitability. It is shown below.

Input : PDG for the given loop

Output: Rearranged statements.

1.For every pair of ungrouped statements

calculate the closeness factor(CF).

2.while(some ungrouped statements can be grouped)

2.A.select the pair of ungrouped statements with
highest CF

2.B.Check the possibility of grouping based on
available memory size

2.C.if grouping possible
2.C.a. Form the new group
2.C.b. Adjust the parents and children of

all statements in the new group
2.C.c. Find all possible ungrouped statememts
that share data with this group and
if such statement found
merge that statements into the group
(if memory size allows)
goto 2.C.b
else goto 2.A
else
set the CF of this pair to zero.
goto 2.

5 Complexity

The algorithm attempts to first form a group using two statements. It then
examines statements which can be included in this group to facilitate more data
re-use based upon a re-use edge. This step could potentially involve examining
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O(]V]) nodes where [V] is the number of nodes in the graph. In worst case the
number of re-use edges present in the graph could be |V2|. Thus, the overall
complexity of the algorithm in worst case can be O(|V?|).

6 Results

Table 1. Benchmark I Data Traffic Comparison. Ideal Traffic is 280,006

OnChip |Original Traffic|Our Traffic|Traffic Improved
MemSize

24 440,000 380,000 15.79%
36 410,000 341,500 16.71%
48 400,000 362,667 9.33%
60 397,142 332,500 16.28%
74 388,300 318,182 18.06%
112 388,000 304,706 21.47%
140 385,128 291,235 24.38%
172 384,953 286,482 25.19%
224 382,477 281,134 26.49%

Typically in DSP applications, a sequence of steps (such as convolution,
filtering, edge detection etc.) operate successively on data. The procedure calls
corresponding to these steps take place one after another. We first turned on
inlining and formed a sequence of intra procedural loop nests using the DSP
kernels. We then performed fusion and performed our analysis. Please refer to
Appendix A for the codes of the benchmarks (the codes shown in each benchmark
are sequences of loop kernels inlined intra procedurally). We used TMS320C5x
for analysis. The framework has been implemented in Petit [2], a tool for data
dependency analysis developed by University of Maryland. Petit provides a good
support for finding the dependence distances as well as types of dependences
between them.

6.1 Benchmark I

Table 1 shows the comparison of original traffic and traffic after applying our
work when on chip memory size varies. The ideal (minimum possible) data traffic
for the above example is about 280,006.

6.2 Benchmark II

Table 2 shows the comparison of original traffic and traffic after applying our
work when on chip memory size varies for Benchmark II. It also shows the im-
provement. We assume the loop size N = 10000. The ideal amount of data traffic
for Benchmark II is 320,005. The ideal amount of data traffic for Benchmark ITI
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Table 2. Benchmark II data traffic comparison.

On-Chip |Original|Our Traffic
MemSize|Traffic |Traffic |Improved
24 380,625 |371,647|2.36%
36 363,750 |352,466|3.10%
48 355,312 |343,677|3.27%
60 350,250 |338,634|3.32%
74 346,530 |335,031|3.32%
112 340,945 |329,664|3.31%
140 338,709 |327,728|3.24%
172 337,105 |326,273|3.21%
224 335,435 |324,775|3.18%
268 334,614 |323,986|3.17%

is 430,004. Table 3 shows the comparison when on chip memory size varies on
Benchmark III. It also shows the improvement. Benchmark III is composed of

Table 3. Benchmark IIT data traffic comparison. Ideal Traffic was 430,004.

On-Chip |Original Traffic|Our Traffic|Traffic Improved
MemSize

24 690,971 620,000 10.27%
36 597,756 572,857 4.16%
48 544,000 533,414 1.94%
60 498,987 478,888 4.03%
74 464,256 461,111 0.68%
112 455,735 450,000 1.26%
140 452,419 445,730 1.48%
172 450,073 442,363 1.711%
224 447,661 439.379 1.85%

two large groups of statements and its own data reuse is very strong. That can
explain why our improvement on data traffic is around 1-2 percent most of the
time. Thus, the additional gain in re-use due to our work is small.

The code for Benchmark V as shows a loop used frequently in DSP ap-
plications. The first one is a matrix multiplication code. The second one is a
convolution. The results have been summarized in Table 4.

7 Related Work

We now contrast our work with existing work related to solving data locality
and data re-use problems on memory hierarchy. Two important directions of
work are: Tiling or iteration space blocking [12] and data-centric approaches
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Table 4. Traffic comparison for benchmark IV, V and VI

Code Original Traffic|Optimized Traffic|Saved Traffic|% Traffic Reduction
Benchmark IV|30000 21000 9000 30

Benchmark V [18*10° 11.25%10° 6.75%10° 37.5

Benchmark VI|27692 22532 5160 18.63

such as data shackling [14]. In tiling or data blocking (which is a control centric
transformation), a loop nest is tiled to maximize temporal locality [13,7,8,10].
Previous research on optimizing compilers [18] [19] [11] has proposed algorithms
to detect and perform loop interchange to increase temporal locality. In data
centric transformations, all the iterations that touch a data shackle are executed
together giving better control to the compiler to directly focus on data than
resorting to side effect of control centric transformation [14].

Our work differs from these in that we focus on data traffic as against issues of
locality. This is important since in our problem, we are faced with a small amount
of memory that results in excessive load/stores of short arrays between on-chip
and off-chip memories. Thus, in order to minimize data traffic, we must not only
concentrate on re-use of fetched values (as is typically the goal in the most mem-
ory hierarchy oriented optimizations described above) but also carefully analyze
the flow and use of generated values and transitive closure of their uses and val-
ues which they generate in turn. This is because on-chip memory can be viewed
somewhat intermediate between caches and register files. It is much smaller than
traditional caches leading to the above differences. However, it is larger than reg-
ister files. This also leads to different issues than traditional load/stores. In fact
the on-chip memory is large enough to act as an ideal temporary store for in-
termediate array subsections with short live ranges. To maximally utilize the
property of this temporary store, we must analyze the tradeoffs between values
that get re-used across iterations (iteration re-use) input values that get re-used
across two statements (due to input dependencies) and most importantly values
that are produced and consumed (due to flow dependencies) in short span of
iterations under the constraint of limited memory capacity and legality. Gupta
et. al. [23] [22] have addressed the problem of register allocation for subscripted
array variables by analyzing their liveness based on the number of iterations that
elapse between definition and use. They propose a register allocation algorithm
based on this liveness information. Our work addresses orthogonal problem to
theirs - in our approach we are interested in determining the best grouping of
statements inside a loop nest such that best re-use per memory occupied results
to minimize. Our work also differs from McKinley and Kennedy [20] and Gao
and Sarkar [21] in that we define a new measure of data traffic based on closeness
factor than simply attempting to maximize data re-use as in their loop fusion
framework. It can be shown that simply attempting to maximize data re-use can
incur higher data traffic than found by using closeness factor.
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8 Conclusion

We have proposed a framework on how to get a better performance by analyzing
the flow of values and their re-use to effectively reduce data traffic for limited on-
chip memory processors. A new concept of Closeness Factor has been developed
which is the measure of data reuse between statements per unit memory re-
quirement. The loop restructuring algorithm proposed by us helps to effectively
utilize the on-chip memory while preserving the data dependences between the
statements in the loop. Good performance enhancements for DSP codes are ob-
tained using our framework. These loop restructuring transformations should be
very useful for limited on-chip memory processors.
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9 Appendix

Benchmark I

for(i=0; i<N; i++)
tmpPtr[i] = (ailil * bl[il);

for(i=0
cli]

for(i=0;

r[i]
gli]
b[i]
plil

for(i=0
k[i]
h[i]
f[i]

for(i=0
sum[i

for(i=0

’

’

]

)

i<N; i++)

((sum[i] * a1[il) >> 15) + Dbl[il;

i<N; i++)

rd[i];

gdl[il;

bd[i];

(rlil&mask[i])+((glil&mask[i])>>5)
+ ((b[i] & mask[il) >> 10);

i<N; i++)

clil;

b[i] + (k[i] * m[i]);

bl[i] * k[i] + m[i];

i<N; i++)

= ali] + alil;

i<N; i++)

tmpPtr2[i] = tmpPtr[i];
for(i=0; i<N; i++)

R1[i]
G1[i]

tmpPtr[i] * tmpPtr2[il;
tmpPtr[i] * tmpPtr[i];

for(i=0; i<N; i++)

suml[i]
sum2[i]
sum3[i]
sumé4 [i]

mask[4+i-1]-a[4+i-1];
mask [4+i-2]-a[4+1-2];
mask [4+i-3]-a[4+1-3];
mask [4+i-4]-a[4+i-4];

oPtr[4+i] = suml[i];

sumb[i]

= oPtr([4+i];

Benchmark IT

for (i =

bli]
fli]
ali]
gli]
for(i=0
cli]
s[i]
m[i]

0; i < n; i++)
ialil;

bli] * k([i];

fli] * k[i]l + bl[il;
alil;

i < nj; i++)

wl2xj];

w[2*xj+1];

ial[i] + n2[i];

rtemp[i] = x[i] - y[2xi+1];
x1[i] = x[i] + y[2*i+2];
itemp = m[i] - 2x*m[i];
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x2[i] = x1[i] + 2*m[i];
x3[1] = cl[il*rtemp[i] - s[il*itemp[i];
x4[i] = cl[il*itemp[i] + s[il*rtemp[i];
for (i=0; i < n; i++) {
sumO[i] = x[i+0]*p[i] + x2[i+1]*p[i]
+ x3[1+2]*p[i];
sum1[i] = x[i]*p[i] + x2[i+2]*p[i]
+ x3[i+3]*p[i];

distO[i] = sumO[i] - point[i];
dist1[i] = suml1[i] - point[i];
dist3[i] = fabsf[il;
dist4[i] = fabsf[il;

retval[i] = (int)&z[i+3];
Benchmark 111

for(j=0; j<n2; j++)
ia2[j] = ia1l[j] + ia1ljl;
ia3[j] = ia1l[j] + ia2[jl;
coll[j]l = wlj*2];
si1[j] = wlj*2+1];
co2[j] = wlj*2];
si2[j] = wlj*2+1];
co3[j] = wlj*2];
si3[j] = wlj*2+1];

for(j=0; j<n2; j++)

i2[j]1 = i1[j1 + n2[j];

i3[j]1 = i2[j] + n2[j];

r1[j] = x[j*2] + x[j*2];

r3[j] = x[j*2] - x[j*2];

s1[j] = x[j*2+1] + x[j*2+1+2];
s3[j] = x[j*2+1] - x[j*2+1+2];
r2[j] = x[j*2] + x[j*2+3];
r4[j]l = x[j*2] - x[j*2+3];
s2[j] = x[j*2+1] + x[j*2+1+4];
s4[3] = x[j*2+1] - x[j*2+1+4];
x[j*2] = r1[j] + r2[jl;

r12[j] = r1[j]l - r2[jl;

r11[j] = r3[j]1 - s4[jl;

r13[j]1 = r3[j] + s4[jl;

z[j*2+1] = s1[j] + s2[j];
s12[j] = s1[j] - s2[j1;

s11[j] = s3[j] + ra[jl;
s13[j] = s3[j] - r4ljl;
x1[j] = col[j1*r3[j] + si1[j1=*s3[j];
x2[j]1 = co1[j1#*s3[j] - si1[j1*r3[jl;

x3[j] co2[j1*r2[j] + si2[jI*s2[j];
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x4[j] = co2[jl*s2[j] - si2[jI*r2[j];

x5[j] = co3[jI*r1[j] + si3[jl*s1[j];
x6[j] = co3[jI*s1[j] - si3[jl*r1[j];
i1[j] = i0[j]1 + n2[j];

Benchmark IV

for (i = 0; i < N; i++)
m[i] = sd[i] + sd[i + 1];
m5[i] = sd[i] - sd[i + 1];
m11[i] = -sd[i] + sd[i + 1];
m14[i] = -sd[i] - sd[i + 1];
for (i=0; i < N; i++)
new_s = m[i] + m11[i];
0ld[i] = m5[i] + m14[i];
for (i=0; i<N; i++)
al[i] = old[i] + new_s[i];
bli] = - mi[i] * 2
term[i] = a[i] + sd[i];
trans[i] = b[i] + mil[il;
mj[i] = trans[i];

Benchmark V

Cl[1,J] ;.C[I,J] + A[I,KI=*BI[K,J] // S1
doI =1..0N

doK=1..N
D[K,J] = D[I,J]*C[I,K] - B[X,J] // 82

Benchmark VI

for i=1 to N

cl[il=alil-b[i]; //81

rlil=d[i-9]1/el[i]; //82

k[i]l=ali+1]*b[i-1]1+p[i]l-q[i]; //83
for i=1 to N

nlil=d[il*c[i]l+e[il; //s4

fli]l=o[il+d[i]/e[i]; //85

glil=r[i]l/m[i+1]; //56

hlil=n[il*m[i+1]+e[5+i]-c[i+10]; //87
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Abstract. A Zero Overhead Loop Buffer (ZOLB) is an architectural
feature that is commonly found in DSP processors. This buffer can be
viewed as a compiler managed cache that contains a sequence of instruc-
tions that will be executed a specified number of times. Unlike loop un-
rolling, a loop buffer can be used to minimize loop overhead without the
penalty of increasing code size. In addition, a ZOLB requires relatively
little space and power, which are both important considerations for most
DSP applications. This paper describes strategies for generating code to
effectively use a ZOLB. The authors have found that many common im-
proving transformations used by optimizing compilers to improve code
on conventional architectures can be exploited (1) to allow more loops
to be placed in a ZOLB, (2) to further reduce loop overhead of the loops
placed in a ZOLB, and (3) to avoid redundant loading of ZOLB loops.
The results given in this paper demonstrate that this architectural fea-
ture can often be exploited with substantial improvements in execution
time and slight reductions in code size.

1 Introduction

The number of DSP processors is growing every year at a much faster rate than
general-purpose computer processors. For many applications, a large percentage
of the execution time is spent in the innermost loops of a program [1]. The execu-
tion of these loops incur significant overhead, which is due to the increment and
branch instructions to initiate a new iteration of a loop. Many code improving
transformations and architectural features used to improve execution time for
applications in general-purpose computers do so at the expense of substantial
code growth and more power consumption. For instance, loop unrolling is a pop-
ular technique to decrease loop overhead [2]. Yet, this approach often requires
a significant increase in code size. Likewise, VLIW instructions can be used to
reduce loop overhead at the expense of more power. Space increasing transfor-
mations and power inefficient architectures are often unacceptable options for
many DSP applications due to these limitations.

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 157-172, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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A zero overhead loop buffer (ZOLB) is an architectural feature commonly
found in DSP processors. This buffer can be used to increase the speed of applica-
tions with no increase in code size and often with reduced power consumption. A
ZOLB is a buffer that can contain a fixed number of instructions to be executed
a specified number of times under program control. Depending on the implemen-
tation of the DSP architecture, some instructions may be fetched faster from a
ZOLB than from the conventional instruction memory. In addition, the same
memory bus used to fetch instructions can sometimes be used to access data
when certain registers are dereferenced. Thus, memory bus contention can be
reduced when instructions are fetched from a ZOLB. Due to addressing compli-
cations, transfers of control instructions are not typically allowed in such buffers.
Therefore, a compiler or assembly writer attempts to execute many of the inner-
most loops of programs from this buffer. A ZOLB can be viewed as a compiler
controlled cache since special instructions are used to load instructions into it.

This paper describes strategies for exploiting the ZOLB that is available on
the DSP16000 architecture [3], which could also be applied to other DSP archi-
tectures that have ZOLBs. These strategies have the potential for being readily
adopted by compiler writers for DSP processors since they rely on the use of tra-
ditional compiler improving transformations and data flow analysis techniques.
Figure 1 presents an overview of the compilation process used by the authors
to generate and improve code for this architecture. Code is generated using a C
compiler retargeted to the DSP16000 [4]. Conventional improving transforma-
tions in this C compiler are applied and assembly files are generated. Finally, the
generated code is then processed by another optimizer, which performs a num-
ber of improving transformations including those that exploit the ZOLB on this
architecture. There are advantages of attempting to exploit a ZOLB using this
approach. First, the exact number of instructions in a loop will be known after
code generation, which will ensure that the maximum number of instructions
that can be contained in the ZOLB is not exceeded. While performing these
transformations after code generation sometimes resulted in more complicated
algorithms, the optimizer was able to apply transformations more frequently
since it did not have to rely on conservative heuristics concerning the ratio of
intermediate operations to machine instructions. Second, interprocedural analy-
sis and transformations also proved to be valuable in exploiting a ZOLB, as will
be shown later in this paper.

2 Related Work

A number of hardware and software techniques have been used to reduce loop
overhead. Common hardware techniques include branch prediction hardware to
reduce branch mispredictions and superscalar or VLIW execution to allow other
operations to execute in parallel with the loop overhead instructions [1]. However,
the use of complex hardware mechanisms to minimize branch overhead results in
the consumption of more power. Some current general-purpose processors have
a loop branch instruction that eliminates the incrementing of a loop counter and
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c C Compiler
Source Generated
File1 Assembly
Filel
Optimization Optimization Improved
Assembly
Phase| Phasell File
c C Compiler
Source Generated
Filen Assembly
Filen

Fig. 1. Overview of the Compilation Process for the DSP16000

a comparison, but still require the branch instruction. Common software tech-
niques include loop strength reduction with basic induction variable elimination
and loop unrolling. Note that loop unrolling can significantly increase code size.

Currently available versions of ZOLBs in TI, ADI, and Lucent processors
have been described [5]. Assembly language programmers for DSPs commonly
use ZOLBs in the code that they write. However, optimizing compilers have
been used only recently for DSP applications and programmers still tend to
write critical sections by hand [6]. A preliminary version of this paper appeared
in a workshop [12]. To the best of our knowledge, no other work describes how
a ZOLB can be exploited by a compiler, the interaction of exploiting a ZOLB
with other improving transformations, and the performance benefits that can be
achieved from using a ZOLB.

3 Using the DSP16000 ZOLB

The target architecture for which the authors generated code was the DSP16000
developed at Lucent Technologies. This architecture contains a ZOLB that can
hold up to 31 instructions. Two special instructions, the do and the redo, are
used to control the ZOLB on the DSP16000 [7]. Figure 2(a) shows the assembly
syntax for using the do instruction, which specifies that the n instructions en-
closed between the curly braces are to be executed k times. The actual encoding
of the do instruction includes a value of n, which can range from 1 to 31, indicat-
ing the number of instructions following the do instruction that are to be placed
in the ZOLB. The value k is also included in the encoding of the do instruc-
tion and represents the number of iterations associated with an innermost loop
placed in the ZOLB. When £ is a compile-time constant less than 128, it may
be specified as an immediate value since it will be small enough to be encoded
into the instruction. Otherwise a value of zero is encoded and the number of
times the instructions in the ZOLB will be executed is obtained from the cloop
register. The first iteration results in the instructions enclosed between the curly
braces being fetched from the memory system, executed, and loaded into the
ZOLB. The remaining k-1 iterations are executed from the ZOLB. The redo
instruction shown in Figure 2(b) is similar to the do instruction, except that the
current contents of the ZOLB are executed k times. Figure 3 depicts some of
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the hardware used for a ZOLB, which includes a 31 instruction buffer, a cloop
register initially assigned the number of iterations and implicitly decremented
on each iteration, and a cstate register containing the number of instructions
in the loop and the pointer to the current instruction to load or execute. Per-
formance benefits are achieved whenever the number of iterations executed is
greater than one.

instruction
do k { buffer cloop
instruction 1 - -
redo k instruction 1 ’ k ‘
instruction n . .
} (b) Assembly Syntax for instruction 2
Using the redo Instruction
(a) Assembly Syntax for ’ il cetate
Using the do Instruction instruction 31 ’ s ‘ zol pr ‘ n ‘

Fig. 2. DSP16000 Assembly Syntax Fig.3. Example of Using the ZOLB
for Using the ZOLB on the DSP16000

Figure 4 shows a simple example of exploiting the ZOLB on the DSP16000.
Figure 4(a) contains the source code for a simple loop. Figure 4(b) depicts the
corresponding code for the DSP16000 without placing instructions in the ZOLB.
The effects of these instructions are also shown in this figure. The array in Fig-
ure 4(a) and the arrays in the other examples in the paper are of type short
Thus, the postincrement causes r0 to be incremented by 2. Many DSP architec-
tures use an instruction set that is highly specialized for known DSP applica-
tions. The DSP16000 is no exception and its instruction set has many complex
features, which include separation of address (r0-r7) and accumulator (a0-a7)
registers, postincrements of address registers, and implicit sets of condition codes
from accumulator operations. Figure 4(b) also shows that the loop variable is
set to a negative value before the loop and is incremented on each loop iteration.
This strategy allows an implicit comparison to zero with the increment to avoid
performing a separate comparison instruction. Figure 4(c) shows the equivalent
code after placing the loop in the ZOLB. The branch in the loop is deleted since
the loop will be executed the desired number of iterations. After applying basic
induction variable elimination and dead store elimination, the increment and
initialization of a1l are removed. Thus, the loop overhead has been eliminated.

4 Placing More Loops in a ZOLB

The limiting factors that can prevent exploiting a ZOLB for an innermost loop
are (1) transfers of control other than the loop branch, (2) the number of instruc-
tions in the loop exceeding the ZOLB limit, and (3) the number of iterations
being unknown at run-time. In this section we describe techniques that can often
address each of these factors.
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for (i =0; i < 10000; i++)
a[i] = 0;
(a) Source Code of Loop

ro = _a # r[ 0] =ADDR(_a); cl oop = 10000
a2 =0 # a[ 2] =0; ro = _a
al = -9999 # a[ 1] = -9999; a2 =0
L5: *rO0++ = a2 # Mr[0]]=a[2]; r[0]=r[0]+2; do cloop {
al = al +1 # a[ 1] =a[ 1] +1; | C=a[ 1] +17?0; *ro++ = a2
if le goto L5 # PC=I C<=07?7L5: PC; }
(b) DSP16000 Assembly and Corresponding RTLs without Using the ZOLB (c) After Using the ZOLB

Fig. 4. ZOLB Hardware

One limiting factor that prevents the exploitation of a ZOLB for many loops
is that transfers of control cannot be executed from a ZOLB. This limitation
can be partially overcome by the use of conditional instructions. Consider the
example source code in Figure 5(a), which shows a loop with an assignment
that is dependent on a condition. The assembly code in Figure 5(b) cannot be
placed into a ZOLB since there is a conditional branch that is not associated
with the exit condition of the loop.! Our compiler used predicated execution
when possible to avoid this problem [1]. Figure 5(c) depicts the same loop with
a conditional instruction and this loop can be transformed to be executed from
a ZOLB. Unfortunately, many potential loops could not be placed in a ZOLB
since predicates are assigned to a single condition code register on the DSP16000
and only a subset of the DSP16000 instructions can be conditionally executed.

ro = _a
al = -9999 ro = _a
L5: a0 = *r0 al = -9999
for (i = 0; i < 10000; a0 = a0 L5: a0 = *r0
i++) if gt goto L4 a0 = a0
if (a[i] > 0) a2 = a2 + a0 if le a2 = a2 + a0
sum += a[i]; L4: rO =r0 + 2 rO =r0 + 2
(a) Original Source Code al =al +1 al =al +1
if le goto L5 if le goto L5
(b) DSP16000 Assembly (c) DSP16000 Assembly
without Conditional Instructions with Conditional Instructions

Fig.5. Example of Using Conditional Instructions to Place More Loops in a
ZOLB

A call instruction is another transfer of control that cannot be placed in
the DSP16000 ZOLB. Consider the source code and corresponding DSP16000
assembly in Figures 6(a) and 6(b). The loop cannot be placed in a ZOLB since
it contains a call to _abs. However, the function can be inlined as shown in

! The a0 = a0 instruction is used to set the condition codes, which are not set by the
previous load instruction.
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Figure 6(c) and the ZOLB can be used for the resulting loop. The DSP16000
optimizer does not inline indiscriminately due to potential growth in code size.
However, the optimizer inlines functions that are called from a loop when the
loop after inlining can be placed in the ZOLB (i.e. limited code growth for
measurable performance benefits). Likewise, inlining of a function is performed
when the function is only called from one site (i.e. no code growth) [8].

_abs: a0 = a0
int abs(int v) if It a0 = -a0
{ return
if (v<0) r4 = _a
vV = -v; r4 = _a a5 = 0
return v; ab =0 a4 = -9999
} a4 = -9999 L5:a0 = *r4++
L5: a0 = *ré++ a0 = a0
sum = O; call _abs if It a0 = -a0
for (i = 0; i < 10000; i++) a5 = a5 + a0 a5 = a5 + a0
sum += abs(a[i]); a4 = a4 + 1 a4 = a4 + 1
if le goto L5 if le goto L5
(a) Source Code (b) Before Inlining (c) After Inlining

Fig. 6. Example of Inlining a Function to Allow a Loop to Be Placed in a ZOLB

Another factor that sometimes prevented loops from being placed in the
DSP16000 ZOLB was the limit of 31 instructions in the buffer. The authors
implemented loop distribution to address this problem. The optimizer splits
loops exceeding the ZOLB limit if the sets of dependent instructions can be
reorganized into separate loops that can all be placed in a ZOLB. The optimizer
first finds all of the sets of dependent instructions. The conditional branch and
the instructions that contribute to setting the condition codes for that branch
are treated separately since they will be placed with each set. Note that these
instructions will typically be deleted once loops are placed in the ZOLB and the
basic induction variable elimination and dead store elimination transformations
are applied. The optimizer then checks if each set of instructions will fit in the
ZOLB and combines multiple sets together when they would not exceed the
maximum instructions that the ZOLB can hold.

A final factor preventing the use of the ZOLB is that often the number of
iterations associated with a loop is unknown at run-time. However, sometimes
such loops can still be placed in the ZOLB on the DSP16000. Consider the source
code shown in Figure 7(a) and the corresponding DSP16000 assembly shown in
Figure 7(b). The number of iterations is unknown since it is not known which
will be the first element of array a that will be equal to n. For each iteration of a
ZOLB loop on the DSP16000 the cloop register is implicitly decremented by one
and then tested. The ZOLB is exited when this register is equal to zero. Thus,
assigning a value of one to the cloop register will cause the loop to exit after
the current iteration completes. The loop in Figure 7(b) can be transformed to
be placed in the ZOLB since the cloop register can be conditionally assigned a
value in a register. Figure 7(c) depicts the transformed code. The cloop register
is initially set to the maximum value to which it can be assigned and a register,



Techniques for Effectively Exploiting a Zero Overhead Loop Buffer 163

a3, is allocated to hold the value 1. The a[i] != n test is accomplished by the
last three instructions in Figure 7(b). To force an exit from the ZOLB on the
DSP16000, the cloop register must be assigned a value of 1 at least three instruc-
tions before the end of the loop due to the latency requirements of the machine.
Moving three instructions after the branch, comparison, and instructions that
affect the comparison often required the optimizer to perform register renaming
and adjust the displacements of memory references, as shown in Figure 7(c).
Since the loop can eventually exit due to the cloop register being decremented
to zero without being set in the conditional assignment, another loop is placed
after the ZOLB loop that will repeatedly redo the ZOLB loop until the exit
condition has been satisfied. Note that unlike ZOLB loops with a known num-
ber of iterations, the number of instructions in this ZOLB loop is not less than
the number of instructions before the loop was placed in the ZOLB. However,
conditional branches on the DSP16000 require more cycles than conditional as-
signments. Other potential benefits include reducing contention to the memory
system in the loop. Thus, there is a performance benefit on the DSP16000 from
placing loops with an unknown number of iterations in the ZOLB.

if eq goto L3
ro = _a cloop = <nex val ue>
a2 =0 a3 =1
rl = _n do cloop {
a0 = *r0 a4 = *(r0+2)
al = *rl a4 al
a0 - al if eq cloop = a3
sum = 0; ) ) if eq goto L3 a0 = *rO++
for (i =0; ali] t=n; i++) L5: a0 = *ro++ a0 = a0 <<< 1
sum += afi]*2; a0 = a0 <<< 1 a2 = a2 + a0
(a) Source Code of Loop a2 = a2 + a0
a0 = *r0 goto LO1
a0 - al L02: cloop = <nex val ue>
if ne goto L5 redo cl oop
L3: LO1: a4 - al
(b) DSP16000 Assermbly if ne goto L02
without Using the ZOLB L3
(c) DSP16000 Assembly
after Using the ZOLB

Fig. 7. Example of Placing a Loop with an Unknown Number of Iterations in a
7Z0LB

5 Further Reducing Loop Overhead

As shown previously in Figure 4(c), basic induction variable and dead store
elimination are invoked after placing a loop in a ZOLB since often assignments
to the loop variable become unnecessary due to the branch no longer being in the
loop. When the value of the basic induction variable is used after the loop and is
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used for no other purpose in the loop, the optimizer extracts these increments of
the variable from the loop. First, the increments in the loop are deleted. Next,
a new increment of the variable is placed after the loop that is the product of
the original increment and the number of loop iterations.

Another approach that is often used to reduce the overhead associated with
outer level loops is to collapse nested loops. Figure 8(a) shows perfectly nested
loops that initialize every element of a matrix. Figure 8(b) shows how the array
is conceptually accessed after these loops are collapsed by our optimizer into a
single loop. After the optimizer places the collapsed loop into the ZOLB, the loop
overhead for both original loops are entirely eliminated. The optimizer collapses
nested loops whenever possible. Even when the inner loop cannot be placed in
a ZOLB, the loop overhead is reduced since the outer loop is eliminated.

int a[50][100];
int a[5000];
for (i =0; i < 50; i++)
for (j =0; j < 100; j++) for (i =0; i < 5000; i++)
afil[jil = 0; a[i] =0;
(a) Original Nested Loops (b) After Loop Collapsing

Fig. 8. Example of Loop Collapsing to Eliminate Additional Loop Overhead

Figures 9(a) and 9(c) show the source and corresponding assembly code for
an example of a loop nest that cannot be collapsed by our optimizer since not all
of the elements of each row of the matrix are accessed. However, these two loops
can be interchanged, as shown in Figures 9(b) and 9(d). After interchanging the
two loops, the inner loop now has a greater number of loop iterations, which
can be executed from the ZOLB as shown in Figure 9(e). More loop overhead is
now eliminated by placing the interchanged inner loop in the ZOLB as opposed
to the original inner loop. The optimizer attempts to interchange nested loops
when the loops cannot be collapsed, the loops are perfectly nested, the number
of iterations for the original inner loop is less than the number of iterations for
the original outer loop, the number of instructions in the inner loop does not
increase, and the resulting inner loop can be placed in the ZOLB. Figure 9(d)
shows that register k was allocated to hold the value of the increment 200 so
an additional instruction to increment rO would be unnecessary. This example
illustrates the advantage of performing loop interchange after code generation
since otherwise it would not be known if a register was available to be used to
hold the increment and the transformation may result in more instructions in the
inner loop. Interchanging loops will not degrade the performance of the memory
hierarchy for the DSP16000 since it has no data cache or virtual memory system.



Techniques for Effectively Exploiting a Zero Overhead Loop Buffer 165

extern int a[200][100]; rl = _a rl = _a
rli = _a a3 =0 a3 =0
for (i=0; i<200; i++) a3 = 0 a2 = -49 a2 = -49
for (j=0; j<50; j++) a2 = -199 L5: r0o =r1l L5: cloop = 200
ali][j]=0; L5 r0 =r1 al = -199 ro =r1
(a) Source Code of Nested Loops al = -49 k = 200 i =200
L9: *rO++ = a3 L9: *rO++k = a3 do cloop {
al = al +1 al = al +1 *ro++k = a3
if le goto L9 if le goto L9 }
X rl =rl1 + 200 ri=r1+2 ri=r1+2
extern int a[200][100]; a2 = a2 +1 a2 = a2 +1 a2 = a2 +1
. . . if le goto L5 if le goto L5 if le goto L5
for (j=0; j<50; j++)
for (i=0; i<200; i++) (c) DSP16000 Assembly (d) DSP16000 Assembly (e DSPl§OOOA§emny
alil[j]=0; before Loop Interchange after Loop Interchange after Using the ZOLB
(b) Source Code after Loop Interchange

Fig. 9. Example of Loop Interchange to Increase the Iterations Executed in the
ZOLB

6 Avoiding Redundant Loads of the ZOLB

The do instruction indicates that a specified number of instructions following
the do will be loaded into the ZOLB. Depending upon the implementation of
the DSP architecture, instructions may be fetched faster from a ZOLB than the
conventional memory system. In addition, contention for the memory system
may be reduced when a ZOLB is used. The redo instruction has similar semantics
as the do instruction, except that the redo does not cause any instructions to
be loaded into the ZOLB. Instead, the current contents of the ZOLB are simply
executed the specified number of iterations.

The redo instruction can be used to avoid redundant loads of loops into the
ZOLB. Consider the source code shown in Figure 10(a). It would appear that
the two loops are quite different since they iterate a different number of times,
access different variables, and access different types of data. However, the body
of the two loops are identical as shown in Figure 10(b). The reason is that much
of the characteristics of the loops have been abstracted out of the loop bodies.
The number of iterations for ZOLB loops is encoded in the do instruction or
assigned to the cloop register preceding the loop. The addresses of the arrays
are assigned to registers associated with basic induction variables preceding the
loop after loop strength reduction is performed. In addition, data moves of the
same size between registers and memory are accomplished in the same manner
on the DSP16000, regardless of the data types. Figure 10(c) shows the assembly
code after the redundant loop is eliminated using the redo instruction.

The optimizer determines which ZOLB loops can reach each point in the
control flow without the contents of the ZOLB being changed. The authors
used flow analysis to determine if the loading of each ZOLB loop was necessary.
A Dbit was associated with each ZOLB loop and one bit was also reserved to
indicate that no ZOLB loops could reach a given point. Equations (1) and (2)
are used to to determine which ZOLB loops could possibly reach each point in the
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rl = _a rlt = _a
ro = _b ro =_b
extern int a[100], b[100]; do 100 { do 100 {
extern float c[200], d[200]; a0 = *r0++ a0 = *r0++
*ri++ = a0 *rl++ = a0
for (i =0; i < 100; i++) } }
a[i] = b[i]; - .
cloop = 200 cloop = 200
for (i =0; i < 200; i++) rl = _c rl=_c
c[i] =d[i]; r0=_d r0=_d
do cloop { redo cl oop
(a) Source Code of Two Different Loops a0 = *ro++ (c) DSP16000 Assembly
*ris+ = a0 after Avoiding the
} Redundant ZOLB Load
(b) DSP16000 Assembly
after Using the ZOLB

Fig. 10. Example of Avoiding a Redundant Load of the ZOLB

control flow within a function.? In the actual implementation, interprocedural
flow analysis was used to avoid redundant loading of ZOLB loops across function
calls and returns. An adjustment was required when ZOLB loop information was
propagated from a return block of a function. This adjustment prevented ZOLB
loops that are propagated into the entry block of a function at one call site from
being propagated to the block following a call to the same function at a different
call site. Likewise, it was assumed that no ZOLB loops could reach the point
after a library call since it was not known if the ZOLB would be used for a
different ZOLB loop in the called library function.

Null if B is a function entry block
in[B] = U out [P] otherwise (1)
P € pred[B]
Null if B contains a call
out [B] = {B if B contains a ZOLB loop (2)
in[B] otherwise

After all of the ZOLB loop reaching information is calculated, the optimizer
determines which ZOLB loops do not need to be loaded into the ZOLB. If the
in[] of a current block containing a ZOLB loop indicates that only a single
other ZOLB loop is guaranteed to reach that point and if all of the instructions
in the other ZOLB loop are identical with the instructions in the current ZOLB
loop, then the entire current ZOLB loop is replaced with a redo instruction.

Even after using flow analysis to avoid redundant loads of ZOLB loops, many
loops are repeatedly loaded into the ZOLB because they are in nested loops. The
optimizer was modified to have the ability to avoid these redundant loads as
well. The optimizer avoids the repeated loading of the inner loop in the ZOLB
by peeling an iteration of the outer loop. Only in the peeled iteration is the
ZOLB loaded. All remaining iterations execute from the ZOLB using the redo

2 Note that B represents a basic block in the program
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instruction. The optimizer only performs the loop peeling transformation when
the increase in code size is small and there are expected performance benefits
(i.e. reducing memory bus contention conflicts on the DSP16000) from avoiding
the repeated load of the inner loop into the ZOLB.

7 Analysis and Transformations

The order in which these transformations are applied can affect how effectively a
ZOLB can be exploited. Figure 11 shows the order of the pertinent analysis and
transformations that are applied on the assembly code in the second optimization
phase shown in Figure 1. The complete list of types of analysis and improving
transformations performed in this phase of optimization and a more thorough
description and rationale for this order may be found elsewhere [9]. Likewise,
a more general description of these analyses and transformations can also be
obtained [13].

Basic blocks are merged (#2) when possible. This transformation does not
usually improve the code directly but may provide additional opportunities for
other improving transformations. For instance, placing loops in a ZOLB (#13)
is only applied to loops containing a single basic block. Merging basic blocks
(#2) also reduces the overhead of most types of global analysis.

Analysis is performed to allow optimizations to be performed A call graph
(#1) is built to perform various types of interprocedural improving transforma-
tions [8], which includes inlining (#8) to support placing loops in a ZOLB. Loops
in the program are detected (#3) to support a variety of improving transforma-
tions, which of course includes placing loops in a ZOLB (#13). Live register
information is calculated (#4) since many improving transformations require
allocation of registers. For instance, placing a loop with an unknown number
of iterations in the ZOLB (#13) requires renaming registers to newly allocated
registers to accomplish the scheduling required to force an exit from the loop at
the appropriate time. Loop invariant values and basic induction variables are de-
tected (#6) so the number of iterations for a loop may be calculated (#7). Note
that detecting the number of loop iterations is a much more challenging task at
the assembly level as compared to examining source level loop statements.

Some instructions with immediate values cannot be executed conditionally.
When these instructions are inside a loop and a register is available, the com-
piler replaces the immediate value with the register and assigns the immediate
value to the register outside the loop. Therefore, branches are converted into
conditional assignments (#5) after finding loops (#3) and calculating live regis-
ter information (#4). Branches are converted into conditional assignments (#5)
before analysis is performed to determine if a loop can be placed in the ZOLB
(#13) since loops with branches not associated with the exit condition of the
loop cannot be placed in the ZOLB.

Inlining (#8) also removes transfers of control from a loop, namely a call
instruction. Inlining (#8) was performed after detecting the number of loop
iterations (#7) since it could be determined at this point if the inlining would
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allow the loop to be placed in the ZOLB (#13) so unnecessary code growth
could be avoided.

Ranges of addresses were calculated (#9) for each memory reference to al-
low independent instructions in a loop to be separated via loop distribution
(#10). Both loop flattening (#11) and loop interchange (#12) are performed
after calculating the number of loop iterations (#7) since these transformations
require this information. Perfectly nested loops are flattened (#11) before loop
interchange (#12) is performed since flattening loops places more iterations in
a ZOLB than interchanging loops.

Basic induction variable elimination (#14) was performed after placing loops
in the ZOLB (#13) since the assignments were often unnecessary at that point.
The remaining assignments to basic induction variables are extracted from loops
(#15) after basic induction variable elimination (#14) to prevent unnecessary
extractions of instructions.

Avoiding redundant loading of the ZOLB using flow analysis was performed
after loops were placed in the ZOLB so redundant loads could be detected.
Finally, loop peeling was only considered for the loops whose loading could not
be avoided using flow analysis since loop peeling requires a code size increase.

1. Build call graph for the program 10. Perform loop distribution to place
more loops in the ZOLB

2. Merge consecutive blocks 11. Flatten perfectly nested loops

3. Find the loops in the program 12. Perform loop interchange

4. Calculate live register info 13. Place loops in the ZOLB

5. Convert branches into conditional 14. Eliminate basic induction variable
assignments

6. Find loop invariant & induction 15. Extract loop induction variable
variables assignment

7. Calculate the number of loop 16. Avoid redundant loading of the ZOLB
iterations

8. Perform inlining to support 17. Perform loop peeling to further
placing more loops in the ZOLB avoid redundant ZOLB loading

9. Calculate ranges of addresses
accessed by each memory reference

Fig.11. Order of the Analysis and Transformations Used to Exploit a ZOLB

8 Results

Table 1 describes the benchmarks and applications used to evaluate the impact
of using the ZOLB on the DSP16000. All of these test programs are either DSP
benchmarks used in industry or typical DSP applications. Many DSP bench-
marks represent kernels of programs where most of the cycles occur. Such kernels
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in DSP applications have been historically optimized in assembly code by hand
to ensure high performance [6]. Thus, many established DSP industrial bench-
marks are small since they were traditionally hand coded. Standard benchmarks
(e.g. SPEC) were not used since the DSP16000 was not designed to support
operations on floating-point values or integers larger than two bytes.

Table 1. Test Programs

Program Description | Program Description
add8 add two 8-bit images conv convolution code
copy8 copy one 8-bit image to another | fft 128 point complex fft
fir finite impulse response filter fir_no fir filter with
fire fire encoder redundant load elimination
inverse8 invert an 8-bit image iir iir filtering
Ims lms adaptive filter jpegdct  jpeg discrete cosine transform
sumabsd sum of absolute differences of scale8 scale an 8-bit image
two images trellis trellis convolutional encoder

vec.mpy simple vector multiply

Table 2 contrasts the results for loop unrolling and exploiting the DSP16000
ZOLB.? Execution measurements were obtained by accessing a cycle count from
a DSP16000 simulator [10]. Code size measurements were gathered by obtaining
diagnostic information provided by the assembler [11]. The authors compared
the performance of using the ZOLB against loop unrolling, which is a common
approach for reducing loop overhead. The loop unrolling showed in Table 2 was
performed on all innermost loops when the number of iterations was known
statically or dynamically. As shown in the results, using the ZOLB typically re-
sulted in fewer execution cycles as compared to loop unrolling. Sometimes loop
unrolling did have benefits over using a ZOLB. This occurred when an inner-
most loop had too many instructions or had transfers of control that would
prevent it from being placed in a ZOLB. In addition, sometimes loop unrolling
provided other benefits, such as additional scheduling and instruction selection
opportunities, that would not otherwise be possible.* However, the average per-
formance benefits of using a ZOLB are impressive, particularly when code size
is important. As shown in the table, loop unrolling caused significant code size

3 Only relative performance results could be given due to disclosure restrictions for
these test programs.

4 The production version of the optimizer does limited unrolling of loops. For instance,
loop unrolling is applied when memory references and multiplies can be coalesced.
However, unrolling is not performed when it would cause the number of instructions
to exceed the limit that the ZOLB can hold [9]. Note the measurements presented
in this paper did not include loop unrolling while placing loops in the ZOLB since it
would make the comparison of applying loop unrolling and using a ZOLB less clear.
Likewise, the production version of the optimizer performs other optimizations, such
as multiply and memory coalescing and software pipelining, that were not applied
for the results in this paper.
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increases, while using the ZOLB resulted in slight code size decreases. The code
size decreases when using the ZOLB came from the combination of eliminat-
ing branches by placing the loops in the ZOLB and applying induction variable
elimination and dead store elimination afterwards. Occasionally, code size de-
creases were obtained by avoiding redundant loads of the ZOLB loops using the
flow analysis described in Section 5. Loop peeling, which increases code size, was
rarely applied since memory contentions did not occur that frequently.

Table 2. Contrasting Loop Unrolling and Using a ZOLB

Unroll Factor = 2 Unroll Factor = 4 Unroll Factor = 8 Expl oi ting ZOLB
Program

Cycl es Code Size Cycl es Code Size Cycl es Code Size Cycle Code Size
add8 -11. 47% +7.84% | -23.11% +62.75% | -27.46% +90.20% | -36.33% -3.92%
conv -33.42% +22.58% | -47.56% +29.03% | -54.63% +41.94% | -47.84% -3.23%
copy8 -23.11% +6.25% | -42.32% +12.50% | -51.92% +25.00% | -62.44% -4.17%
fft -6.22% +32.14% | -10.56% +92.86% | -12.73% +214.29% -8.69% -3.57%
fir -20.35% +21.05% | -35.25% +147.37% | -41.98% +255.26% | -48.42% -10.53%
fir_no -3.97% +34.88% -7.07% +109. 30% -9.14% +258.14% | -31.35% -4.65%
fire -0.75% +36.27% -4.22% +110.78% -6.20% +255.88% |-26.88% -21.57%
iir -11.10% +14.58% | -15.43% +51.04% | -15.67% +88.54% |-19.61% -4.17%
inverse8| -20.27% +8.16% | -37.34% +18.37% | -46.64% +48.98% |-55.50% -4.08%
j pegdct -8.26% +17.56% -8.44%  +59. 54% -8.44% +59. 54% 0. 00% 0. 00%
I ns -1.75% +0.48% | -10.52% +1.78% | -10.52% +1. 78% -8.33% -0.04%
scal e8 -4.90% +38.46% -9.37% +93.85% | -11.60% +204.62% |-14.28% -1.54%
sumabsd -14. 69% +8.57% | -19.57% +25.71% | -22.03% +60.00% | -58.83% -8.57%
trellis -11. 52% +0.11% | -19.10% +0.33% | -22.79% +0.78% | -20.16% -0.17%
vec_npy -19.08% +63.16% | -28.49% +336.84% | -31.15% +531.58% |-38.16% -15.79%
Aver age -12.72%  +20.81% | -21.22% +76.80% | -24.86% +142.44% |-31.79% -5.73%

Table 3 depicts the benefit of applying the improving transformations de-
scribed in Sections 4 and 5. Only some of the improving transformations applied
without using a ZOLB (column 2) had a performance benefit on their own.
These transformations include the use of conditional instructions, inlining, and
loop collapsing. The characteristics of the DSP16000 prevented conditional in-
structions from being used frequently. Inlining only had occasional benefits for
the test programs since the optimizer only inlined functions when the function
was called from a loop and inlining would allow the loop to be placed in the
ZOLB. Inlining was not performed when a function had transfers of control
other than a return instruction, which was the common case. Loop collapsing
was applied most frequently of these transformations. The results shown in col-
umn 3 include basic induction variable elimination since it was quite obvious
that this transformation could almost always be applied when a loop is placed
in the ZOLB. The combination of using the ZOLB with the improving trans-
formations (column 4) sometimes resulted in greater benefits than the sum of
the benefits (columns 2 and 3) when applied separately. Most of the additional
benefit came from the new opportunities for placing more loops in the ZOLB
(transformations described in Section 4).

The authors also obtained the percentage of the innermost loops that were
placed in the ZOLB. On average 71.56% of the innermost loops could be placed
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Table 3. The Impact of Improving Transformations on Using a ZOLB

I npact on Execution Cycles
Transf ornati ons Using the ZOLB Using the ZOLB
Program | wj t hout wi t hout with
Using the ZOLB Transformations Transformations

add8 -2.24% -35.09% -37.76%
conv -8.22% -43.48% -52.13%
copy8 -1.84% -60. 39% -63.13%
fft 0. 00% -8.69% -8.69%
fir 0. 00% -48.42% -48.42%
fir_no -0.03% -31.37% -31.37%
fire -7.44% 0. 00% -32.31%
iir 0. 00% -19.61% -19.61%
inverse8 -1.64% -53. 80% -56. 23%
j pegdct 0. 00% 0. 00% 0. 00%
I s 0. 00% -8.33% -8.33%
scal e8 -3.79% -16. 92% -17.52%
sumabsd  |-23.11% 0. 00% -51. 70%
trellis -8.75% -7.36% -20.16%
vec_npy 0. 00% -38.16% -38.16%
Aver age -3.83% -25.34% -32.97%

in the ZOLB without applying the improving transformations described in Sec-
tion 4. However, 84.89% of the innermost loops could be placed in the ZOLB
with these improving transformations applied. Transfers of control was the most
common factor that prevented the use of a ZOLB. The use of conditional in-
structions, inlining, and the transformation on loops with an unknown number of
iterations all occasionally resulted in additional loops being placed in the ZOLB.

9 Conclusion

This paper described strategies for generating code and utilizing improving
transformations to exploit a ZOLB. The authors found that many conventional
improving transformations used in optimizing compilers had significant effects
on how a ZOLB can be exploited. The use of predicated execution, loop dis-
tribution, and function inlining allowed more loops to be placed in a ZOLB.
The overhead of loops placed in a ZOLB was further reduced by basic induction
variable elimination and extraction, loop collapsing, and loop interchange. The
authors also found that a ZOLB can improve performance in ways probably not
intended by the architects who originally designed this feature. The use of con-
ditional instructions and instruction scheduling with register renaming allowed
some loops with an unknown number of iterations to be placed in a ZOLB. In-
terprocedural flow analysis and loop peeling were used with the redo instruction
to avoid redundant loading of a ZOLB. The results obtained from test programs
indicate that these transformations allowed a ZOLB to be often exploited with
significant improvements in execution time and small reductions in code size.
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Abstract. CamRISCS is an 8-bit embedded processor, in which architectural
considerations for compiler are ignored to reduce power consumption. To over-
come these constrains, new techniques are presented at an intermediate code
level, an assembly level, and alink-time level. Techniques include register allo-
cation, integer promotion elimination, extensive use of library functions, in-
struction scheduling for bank collects, and various optimizations at link-time.
Experimental results show that 56.7 % reduction in code size can be achieved.

1. Introduction

In recent years, microcontrollers and DSPs are increasingly being embedded into
many electrical products such as a fax modem and a cellular telephone. A common
trend found in embedded systems is to integrate a microcontroller, a ROM, a RAM,
and an ASIC on asingle IC. In traditional compilers, especially for general purpose
processors, optimization of generating fast executable code is mainly focused on.
However in some embedded processors, the compactness of code is at least as im-
portant as execution speed. As the application software often exists in an on-chip
ROM, so large code size increases ROM size and eventually the cost of system. On
the other hand, as the complexity of embedded software is relatively small, the exe-
cution time improvement is often marginal. Further, many embedded processors have
architecture constrains to generate a compact code. Such examples are relatively
small number of registers and limited instruction set, and irregular data paths. Thus
code reduction by traditional techniquesis not satisfactory, and to get a dense code on
such architectures, new optimization techniques of overcoming architecture con-
straints should be applied to.

CalmRISCS8 [1] is an 8-bit embedded processor developed by SAMSUNG Elec-
tronics, and its main goal is to reduce power consumption. It operates on 3-volts of
power and requires 30-70 microamperes per megahertz. To accomplish its low power
consumption goal, architectural preferences by compiler are less considered or even
ignored. The CalmRISC8 register set is organized as 4 banks with 4 registers in each
bank to minimize the number of bits that the register specification consumes in in-
struction format. No instructions support operations on registers across different
banks. This bank structure of registers greatly reduces the register allocation perform-
ance and causes a bank switching overhead to use registersin different banks.

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 173-188, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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The limitation in addressing mode is another example of an architectural constraint
that makes optimization difficult. In most cases, the memory operand is accessed by
specifying the address in designated registers named 'index registers. The register
indirect addressing with a general purpose register (GPR) is not available.

The operations on word (a 16-bit length) on an 8-bit machine are also an obstacle.
This becomes more overhead in CamRISC8, because the registers in one bank often
run short, so bank switching is required. CalmRISC8 has thel6-bit address line. The
data memory of CalmRISC8 is organized as 256 pages of 256 bytes each. The high-
order part of 16-bit address is page number and lower-order is page offset. In some
cases, the sequential memory access is performed in a same page, thus, memory ac-
cess can be optimized by deleting the latter page set instruction. Useless integer pro-
motion from ANSI C makes many word operations also. Integer promotion means the
type conversion from character to integer types when operands are character vari-
ables. When operands are character types, much of conversion can be eliminated.

Many of techniques in this paper are specific to CamRISC8. However, basic ideas
can be adapted to most DSP processors which have the multiple register bank and
memory bank problem. Some of the issues occur also in non-DSP processors. For
example, a VLIW may have the multiple register and memory banks.

The rest of this paper is organized as follows. Section 2 describes CalmRISCS8 ar-
chitecture. In section 3, overall structure of optimization is explained. In section 4, 5,
6 this paper presents intermediate, assembly, and link-time level solutions for archi-
tecture limitations in detail respectively. Experimental results are shown in section 7.
This paper concludes in section 8 with some comments.

2. CalmRISCS8 Architecture

Fig. 1 shows the CamRISC8 architecture. CalmRISC8 is an 8-bit embedded proces-
sor in which register and a data path are 8 bits long. The main characteristics of
CalmRISC8 can be summarized as follows.

e CamRISC8 follows the Harvard architecture in which program and data space is
separated.

e Program memory is organized as 256 pages of 4K words for each page and data
memory is 256 pages of 256 bytes each.

e For data memory addressing, index register pairs (IDH and IDL) should be used
or absolute address should be specified in the instruction. CalmRISC8 has 16-bit
data memory address line. The upper 8 bits of the data address that should be re-
sidein IDH point to a specific page and the lower 8 bits specify the offset address
of the page.

o It hastwo banks of index registers, each of which has one IDH and IDLO, IDL1.

o It has four banks of four general purpose registersin each bank.

e To change a bank of general purpose registers or index registers demands a spe-
cia instruction. Current bank information is in SRO register. The instruction for
changing bank is one of 'BANK #num' or 'ORSRO #mm' or '"ANDSRO #mm'.
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e It is a non-load/store architecture. Some operators can use memory operand as
second operand. This kind of operators are AND, OR, XOR, ADD, SUB, CMP,
LD.

e There are two types of branches including calls. One is a short branch (1 word)
which branches into the address of the code memory in the same page, the other is
along branch (2 word) in which atarget address can be in other pages.

DO[7:0]
ABUSI[7:0]

Aﬁ?;j BBUS[7:0 =
117:0] <
ALUL ACUR T

* * 134Y

RT

ALU R3
Flag

l RBUS

[ SR1 I SRO |
[ TLX i TLH i TCL
DA[15:0] :
Data M emory DL
— Address [_ion ] IDL1L
Generation Unit

Fig. 1. CamRISC8 Architecture

The addressing modes of CamRISC8 can be demonstrated by ‘LD’ instruction.
The page number of the address should be in an IDH register and offset can be in
IDLO or IDL1 or absolutely specified in the instruction. Thus, following LD instruc-
tions are possible for memory access. The displacement can be combined with index
registers, and the displacement should be within 5-bit range.

LD Rl, @D0 // address is 16 bits of (IDH:IDLO)
LD Rl, @D1 // address is in (IDH: 1DL1)

LD Rl, @I1D0+16]! // address is (IDH:1DLO)+16
LD Rl, @A // address is (IDH 7AH)

Due to the architecture constrains for compiler, CamRISC8 compiler generates
relatively long code without optimizations. Fig. 2 shows assembly code before opti-
mization for the statement of 'g[i] = O;', where 'a is the global scope array and ‘i’ and
‘a are of character types. To compute the data memory address, first the value of 'i' is
loaded into R3 from data memory. Then the value of ‘i’ is extended to integer by
'CALL __cvci_r3, which isthe library function and it takes the register R3 in bank 0
and extend the sign bit into the R3 in bank 1. It is then added to the base address of
‘a. The '#<_d represents the high part of 16 bit address of 'a in data memory and
resolved at link-time. The '#>_a does the lower part. The '"ADD' instruction permits
the immediate value as the second operand, but '"ADC' does not, so in 'ADC' in line
(8) the second operand is in register. Then, the address of ‘&i]’ is moved into IDH
and IDL 1 that are the index registersin line (13) and (15). The ‘ID1’ means combina-
tion of IDH and IDL1. The IDH and IDLO are used as the stack pointer. Thus to keep
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the value of IDH which is written at line (13) of the 'LD IDH, R3', the IDH is saved
by ‘PUSH’ instruction and later restored by ‘POP’ instruction.

LD  R3,@[IDO+(-1+1)]!; i
CALL _ cvci_r3
BANK  #1

LD R2#< a
BANK  #0

ADD R3#> a
BANK  #1

ADC R3,R2
BANK  #0

LD R2,#0
PUSH IDH

BANK  #1

LD IDH,R3
BANK  #0

LD IDL1,R3
LD @[ID1]!,R2
POP IDH

Fig. 2. Generated code example before optimization

3. Overall Structure of Optimization

To overcome architectural constrains for compiler, new techniques targeted for the
CalmRISC8 are contrived. Optimizer runs at intermediate code, assembly code, and
link-time cooperatively. The newly designed register allocation is applied for small
set of registers and by using extensive assembly library functions like the line (2) in
Fig. 2, the effect of expanding instruction set including addressing modes is achieved.
The word operations are reduced byte operations by eliminating integer promotion.
To reduce overhead of bank switching, instructions are reordered to gather same bank
operations. At link-time, the cost of global variable access is minimized, word opera-
tions are reduced to byte operations again for functions whose stacks are allocated in
asingle page, and the 2-word branch instructions are changed into 1-word instructions
when the target label isin the same page with the branch label.

General structure of optimization is shown in Fig. 3. The intermediate optimizer
performs optimizations including classical optimizations [2] on DAG form of inter-
mediate code. |mplemented techniques are common subexpression elimination, copy
propagation, constant propagation/folding, dead code elimination, peephole optimiza-
tion, and optimal instruction ordering. In addition, it passes optimizing information to
an assembly and a link optimizer. Some example of information is the condition and
code block that can be deleted at link-time. All optimizations in an intermediate level
areimplemented in Local C Compiler (LCC) [3]

An assembly optimizer does the classical optimizations, target specific optimiza-
tions, procedural abstraction, and instruction scheduling for bank collection. Classical
optimizations are performed on assembly level again, because some code redundancy
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is caused from machine resources and architecture limitation. An assembly optimizer
analyzes information from an intermediate optimizer, changes it, and generates its
own optimization information for the link-time optimizer. It takes the assembly code
from intermediate optimizer and transforms code optimally and passes assembly code
with pseudo code to assembler.

A link-time optimizer is a part of linker. CalmRISC8 linker plays a role of a stan-
dard linking job. Further, some code optimizations are performed. The code change at
link-time is only deleting. It affects main job of linker such as external symbol refer-
ence and resolution. Deleting the code at link-time is a hard part, because this requires
reallocation of code address. At some transformations like stack optimization, linker
mani pulates and constructs information from assembler actively in itself.

S

o Classical e Classical Optimizations e Global Variable
Optimizations e |nstruction Reordering Access Optimization
e |nteger Promotion o CalmRISC8 Dependent * Single Page Function

Elimination Optimizations Optimization
o Register Allocation e Procedura Abstraction * Branch Optimization
o Address Optimization

o Extensive Libraries

—3 Code
e LINK-TimMe
Information

Fig. 3. Overall optimization structure

4. Intermediate Optimization

In CamRISCS, the size of word is 16 bits and byte is 8 hits. Like other 8-bit em-
bedded compilers, the size of character is 8 bits and short and integer types have 16-
bit size. CamRISC8 compiler allocates one register in bank 0 for character and does
pair registers of the same number from bank 0 and bank 1 to the word data that de-
mands 2 bytes. It reduces the number of library functions, compared with intra-bank
register allocation, which allocates 2 registers in the same bank.

4.1 Flow AnalysisOPT Register Allocation

CalmRISC8 has four general purpose registersin each bank of four, and operations
on registers between different banks are not permitted. Therefore, it can not have
better performance than that of four registers of no bank structure. The known domi-
nant paradigm of register allocation is a graph coloring [4], [5], [6]. However, graph
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coloring does not result in good performance with small register sets such as
CalmRISCS8.

CalmRISC8 allocator takes the idea of the OPT page replacement algorithm in op-
erating system. Contrary to O/S, compiler can analyze variable access sequence in
most of cases, especially within a single basic block. When allocator runs out of reg-
isters, the register held by a variable that will be used at the furthest in the future will
be replaced. Previously, the similar ideas are tried for local register alocation [7], [8].
However, they consume lots of spaces and time. Furthermore, they are local to a basic
block.

Our method has two steps. At the first step, our OPT register allocation runs for
each basic block. Before actually allocating registers, allocator constructs definition-
use chains for each variable definition in an access order. Allocator tries to assign the
same register to the same variable. At the second step, like the traditional data flow
analysis, variable flow is analyzed for entire basic blocks. When the same variable has
different registers from control flow, code is inserted to write variable content back
into memory at the end of the basic block that has a variable definition. In the same
way, loading operation from memory is inserted immediately before the use of that
variable in descendant basic blocks.

To reduce the register pressure, temporary uses of word operations are split into
two byte operations with the same register number for high-order and low-order part
of operations. This reduces the number of required registers by halves, and obviates
the bank-switching overhead. Word operations occur to some extent, even if user does
not use much of word type variables. The address calculation and parameter passing
cause some word operations.

LD R2, @i Il low part of i LD R2, @i /Il low part of i
BANK #1 ADD R2, @j /I low part of j —(2)
LD R2, @(i+1) //highpartofi LD @k, R2 /I low part of k
BANK #0 LD R2, @(i +1) // high part of i
ADD R2, @ I low part of | ADC R2, @(j+1) //high partof j —(5)
BANK #1 LD @(k+1),R2 /I high part of k
ADC R2, @(j +1) /I high part of j
BANK #0
LD @k, R2 /l'low part of k
BANK #1
LD @(k+1), R2 // high part of k
BANK #0

(a) before split (b) after split

Fig. 4. Word operation split example. Thisis not perfect assembly code, but enough to illustrate
the effect of idea.

Fig. 4 is the example of word operation split for the statement of 'k =i + j', where
‘i’,7j", and 'k’ are integer variables. In (a), values are first loaded into registers and
the addition of word type is executed using ‘ADD’ and ‘ADC’ pair. After applying
word operation split, code is shown in (b). The code 'LD' instruction does not affect

carry information, so the instruction (5) uses the carry generated from instruction (2).



Advanced Compiler Optimization for CamRISC8 Low-End Embedded Processor 179

The intermediate expression tree can be split if any of word operations do not
change the code correctness. Some operators on words can not be split. The shift of
word by word is such an operator. The shift operator can not be transformed into two
character shifts without additional code to keep the correctness. These operators are
shift, type conversion, modular, and divide operator. The sequence of word operations
that generate more than one carry can not be split also. The statement of 'l =i +j +k'
can not be split, because that changes the carry information to be used. As an exam-
ple, consider the code in Fig. 5. The line (6) should use the carry result of lower part
of operation of ‘i+j’, that is the carry from line (2). However, if split, the (6) will use
the carry of ‘(i+j)+k’, that isthe carry from line (3). It iswrong.

LD R1, @i Il low part of i
ADD R1,@j /I low part of | (2)
ADD R1,@k  // low part of k —(3)
LD @l,R1 /' low part of |

LD R1,@(i+1) /' high part of i
ADC R1,@(j+1) /I high part of j —(6)
ADCR1,@(k+1)  //high part of k
LD @(+1),R1 /' high part of |

Fig. 5. Wrong word operation split example

4.2 Ingruction Set Expansion by Library Functions

The CamRISC8 has small number of instruction set, and many of them are primitive,
so intermediate code corresponds to many assembly instructions. Furthermore, com-
piler generates many word operations. The word operations take a form of pattern.
For example, word addition is composed of ‘ADD’ and ‘ADC’ pair. A deficiency of
addressing mode is another factor to cause generating long code. To overcome above
circumstances, making assembly library for code generation is tried, and it results in
remarkabl e code reduction.

Table 1. Some of library functions

LIBRARY NAME DESCRIPTION
__addW _rx_ry Word (16 hits) addition
cmpW _rx_ry Word (16 hits) compare
__loadB_rx_ry Register indirect byte (8 bits) load support. The ‘rx’ is the ad-
dress of data memory and ‘ry’ is the register into which value is
loaded
storeB_rx_ry Register indirect byte store
_ loadW _rx_ry Register indirect word load
LshW _rx_ry Left shift ‘rx’ by ‘ry’. CalmRISC8 ISA only supports 1bit shift.
__loadB_storeB_rx_ry | The value of memory addressed by ‘rx’ is stored into the mem-
ory of address ‘ry’
__add loadB_rx_ry_rz | C language support. In most cases, used for array element refer-
encing. The memory content whose addressis ‘rx’ + ‘ry’ isload
into‘rz




180 Dae-Hwan Kim

Table 1 shows some assembly libraries that compiler frequently generates. There
are about 50 kinds of functions. Some functions such as'loadB_storeB_rx_ry' are the
combination of other primitive library functions. In table 1, ‘rx’ and ‘ry’ can be a
register 0, 1, 2, 3. Asshown in Table 1, compiler generates like this:

CALL addWr2 r3
for 16 bits addition, rather than:

ADD R2, R3
BANK #1
ADC R2, R3
BANK #0

To make assembly level analysis and optimizations easy, the intermediate opti-
mizer generates information of reading and writing registers of the library as pseudo
code. The format is that the first digit means bank number and the second represents
register number as shown below.

. READ REG 03, 02, 13, 12
.VWRI TE_REG 03, 13
CALL addWr2 r3

4.3 Integer Promotion Elimination

In an 8-bit embedded processor application, most of the variables are 8 bits or
character type. According to ANSI C, the character operands are widened into integer
types for operations between character variables (‘integer promotion’). When seman-
tics can be preserved, this integer promotion can be eliminated. Additionally, integer
operators are changed into character ones.

LD R3,@[IDO+(-1+3)]! ;i LD R3,@[IDO+(-1+3)]! ; i
CALL $ covci_r3 ADD R3,@[ID0O+(-2+3)]! ; _j
LD R2,@[IDO+(-2+3)]! | LD @[IDO+(-3+3)]',R3 ; k

CALL $ cvci_r2
CALL $_addW_r3r2

LD @[IDO+(-3+3)]',R3 ;_k
(a) before elimination (b) after elimination
Fig. 6. Integer promotion elimination example for the statement of “k =i +j “, when‘i’, ‘j’, ‘K’

are character variables.

Fig. 6 shows the integer promotion elimination, when ‘i’, ‘j’, and ‘k’ are character
variables. Without integer promotion elimination, compiler would generate the code
for integer operations as shown in (@). First the ‘i’ and ‘]’ are converted into integers
and the integer addition is executed, and then the result is written to ‘k’. However, in
this example, the conversions from characters to integers and integer addition are of
no use, because the result is written into character variable. In other words, excluding
the possibility of overflow, the addition of character is equivalent to original code in
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semantics. This elimination extends to argument passing. When the prototype is
known, compiler compares the type of formal parameter with that of actual parameter.
When the formal parameter is a character type, actual parameter of character type is
not promoted into integer.

For each tree, one passis in bottom up manner to check that the node can be con-
verted by checking the kids' type. Take division operator of integer type as an exam-
ple. Whether integer division can be converted into character division depends on the
division operands. If both are in character boundary, it can be converted. However, if
any of both should keep an integer value, it can not be changed. Thus for character
variables'i' and 'j', the integer division operator in 'i/2' can be converted into character
division operator, because it is evident that 'i/2' has a character value. However, the
dividein'(i +j)/2' can not be reduced because 'i+j' can have value of integer range.

A second pass is top-down approach to determine whether each node can be re-
duced. Basically, al promotions between characters including constants in character
range are eliminated. However, some integer type operators keep promotions of char-
acter type from being eliminated. Some examples of these operators are assignment
into integer variable, integer divide, and 16 bits address calculation. Thus, for exam-
ple, in the statement of “ i_i =c_i + ¢ j;” where‘c_i’ and ‘c_j’ are character and ‘i_i’
isainteger variable, the addition of ‘c_i' and 'c_j’ are promoted into integers, because
that result is written into ainteger variable.

4.4 Address Calculation Optimization

The word type address calculation is another barrier to overcome for generating dense
code. The memory accesses except the local variable whose offset in stack is deter-
mined at compile-time, which takes the form of @[IDO+offset]!, demands word op-
erations on address calculation. Such examples are global variable access and array
indexing by non-constant expression. Relatively high percentage of the word ad-
dressing is address calculation of array element, and most of the array is byte address-
able from the base address of array in an 8-bit application. In this case, array indexing
can be optimized by the addition of byte offset and word base address rather than that
of word offset and word base address.

LD R3,@[IDO+(-1+1)]! ;i LD R3,@[IDO+(-1+1)]! ;i
CALL $ covdi r3 ADD  R3, @[IDO+(-1+1)]! ;i
BANK #1 ;Blstart BANK #1 ;Blstart

LD R2,#<1 LD R2#<_Gi

BANK  #0 ;Blend BANK #0 ;Blend

LD R2,#>1 LD R2#>_Gi

CALL  $_lshi_r3r2 CALL $_addBW_r3r2
BANK  #1 ;Blstart

LD R2#<_Gi

BANK  #0 ;Blend

LD R2#> Gi

CALL $ addW r3r2

(a) before optimization (b) after optimization
Fig. 7. Address optimization
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As an example, consider the computing the address of ‘Gi[i]’, assuming that the
size of array ‘Gi’ is 100 bytes and the element type of ‘Gi’ is integer and ‘i’ is the
character type variable. Without the address calculation optimization, the code is
shown in Fig 7 (). Firg, the value of ‘i’ is extended to word by the ‘CALL
$ cvci_r3' instruction. Next, the index value is left shifted by 1-bit, because the size
of integer is 2 bytes in CalmRISCS8, then the offset is added to base address of ‘Gi’.
By moving the code of converting character to integer inside library function, code
can be reduced. For this purpose, we create a hew library function of ‘addBW’ li-
brary, that adds the second word value with the zero extended value of the first library
argument. The body of ‘addBW’ is aimost the same as ‘addW’. Therefore, by sharing
the same code, the total size of library functionsis not increased much. In addition, to
access the integer type array, the left shift of index variable by 1-bit can be reduced
into an ADD operation. After the address optimization, the code is shown in (b).

5. Assembly Level Optimization

Two techniques are described here. One of well-known code compaction techniques
is procedural abstraction that is more useful in low-end embedded processors and
CalmRISC8 specific instruction scheduling.

5.1 Procedural Abstraction

Compiler generates the same code sequences that appear many times. In CamRISCS,
this becomes evident because it has a relatively small number of instructions and
registers. Procedural abstraction makes each sequence as a separate function and
changes repeated occurrence patternsinto function calls[9].

Each assembly line excluding directives is mapped a symbol based on its opcode
and operand types. Suffix tree [10] is built for these symbols. Thus, a whole assembly
code is treated as one string. The non-terminal nodes that have at least 2 kids in tree
are the candidates for a subroutine, because at least the pattern occurs 2 times. Next
step is to evaluate the candidates based on the sequence occurrence count and the
length of sequence. Current code size of totally repeated sequences is the multiplica-
tion of count by length. If abstraction is applied, the newly generated function code
size will be addition of length and size of return instruction, and total size will be the
addition of new function size and a multiplication of count by the size of call instruc-
tion. Procedural abstraction is applied for each pattern only when current total code
Size of patternsis greater than size that will be after abstraction.

5.2 Instruction Scheduling for Bank Operation Collects

One of main overheads of CalmRISC8 compiler is a need of bank switching. The
current bank status is in SRO (status register 0). The bit 3 and 4 have the GPR bank
information and bit 2 has the index register bank information. To use other banks,
bank specifying bitsin SRO should be changed by '"ANDSRO #imm' or 'ORSRO #mm'
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or 'BANK #num' instructions. If we put together the same bank operations, many
pairs of bank switching instruction become redundant. Our reorder technique is rela-
tively simple compared with other instruction scheduling. The order of instructionsin
the same bank is not changed.

At an assembly level, the dependency between bank blocks that are the sequential
instructions of having the same bank status is analyzed. In CamRISC8, additional
dependencies happen as well as normal data dependency. One of them is a carry de-
pendency. The typical code form of 16-bit addition islike below.

ADD RO, R2
BANK #1
ADC RO, R2
BANK #0

Above code means ADC use the carry result of ADD. Therefore, ADC depends on
ADD. No carry affecting instructions can locate within them and ADC should follow
ADD immediately. Fig. 8 shows code before and after scheduling. In (a), the (5) can
be moved after (1), because there is no dependency between them. After a move, (4)
and (6) become useless, so those can be deleted as shown in (b).

LD R3,@[IDO+(-4+1+6)]! (1) jj(low) LD R3,@[ID0+@+1+6)]! (1) jj (low)
BANK #1 Blstat  (2) LD R2,@[IDO+(-6+1+6)]! (5) kk(low)
LD R3,@[IDO+(-4+6)]!  (3)jj(high) BANK #1;Blstart ©
BANK #0;Blend ) LD R3,@[IDO+(-4+6)]!  (3) ji(high)
LD R2,@[IDO+(-6+1+6)]! (5) kk(low) BANK—0:Blend )
BANK #1;Blstart (6) BANK—#1-Blstart (6)
LD R2,@[IDO+(-6+6)]!  (7) kk(high) LD R2,@[IDO+(-6+6)]!  (7) kk(high)
BANK #0 :Blend 8) BANK #0;Blend (8)
CALL _ addw r3r2 ©) CALL _ addwW r3r2 )

(a) code before scheduling (b) code after scheduling

Fig. 8. Instruction scheduling code example of jj + kk'

This idea applies to the ID (index register) banks. ID bank 1 is used as a global
variable pointer, whereas ID bank 0 is used for stack pointer of a function. Before a
global variable access, the bank is switched into ID bank 1. After a global variable is
accessed, compiler changes ID bank 1 back to ID bank 0. Like the GPR bank collect,
the operations of global variables can be collected as well.

6. Link-Time Optimization

Only a few compilers have performed optimizations at link-time [11], [12], [13],
because link-time optimizations need much analysis and the effects may not be great.
Some embedded compilers have burdened the link-time information such as memory
alocation information of variables on the users for efficient code generation. How-
ever, it is cumbersome to the users.
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6.1 Global Variable Access Optimization

Many global variables have been used in an embedded processor application. Mem-
ory is alocated to globa variables at link-time, so link-time is the best for global
variable access optimization. To access global variables in CalmRISCS, two parts of
address, which are the page number and offset, must be specified. Normally, the IDH
(index high register) of ID Bank 1 specifies the page number of a global variable. The
offset is often specified absolutely as shown (2) in Fig. 9 (a). Optimization occurs
when two sequential global variables are allocated into the same page. In that case,
the loading of page number to IDH of the second is the same as the first one. There-
fore, it becomes redundant and can be deleted.

ID_BANK #1; IDbank <-1 ID_BANK #1; IDbank <- 1
.GLOBAL_ACCESS O FLOW GLOBALS _j,_a b (1)
.GLOBAL_OPT BEGIN .GLOBAL_OPT BEGIN
LD  IDH#< j D LD  IDH#< j
.GLOBAL_OPT END .GLOBAL_OPT END
LD R3>j @) LD R3>j
ID_BANK #0 FLOW GLOBALS j,. k (2
ID_BANK #1; IDbank <-1 .GLOBAL_OPT BEGIN
.GLOBAL_ACCESS k LD IDH#< k
.GLOBAL_OPT BEGIN .GLOBAL_OPT END
LD IDH#< k 3 ADD R3> k
.GLOBAL_OPT END ID_BANK #0
ADD R3> k
ID_BANK #0
(8) intermediate information (b) assembly information
ID_BANK #1; IDbank <- 1
LD  IDH#< j
LD R3>j
ADD R3> k
ID_BANK #0

(c) code after link

Fig. 9. Global variable access optimization example. This figure takes the example of j+k',
when ‘j’ and ‘k’ are alocated into the same memory page. (8) shows pseudo code generated
from intermediate optimization. (b) shows assembly information. In this code, sequentia ID
bank switching instructions are eliminated. (c) shows code after link.

The intermediate optimizer generates the name of global variable and marks the
code block that can be deleted at link-time. Assembly optimizer analyzes the global
variable access sequence throughout all basic blocks in a function. It specifies the
link-time condition on that following code block, so it can be deleted. This mecha-
nism is illustrated in Fig. 9. The (1) and (3) in (a) that is between GLOBAL_OPT
BEGIN and GLOBAL_OPT END mark the block that can be deleted at link-time.
The assembly optimizer generates variable access flow information like (1) and (2) in
(b). For example, the pseudo code in (2) gives linker information that if the variable
‘i and ‘k’ are alocated in the same page memory, following marked block can be
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deleted. The pseudo code of *.FLOW_GLOBAL'’ lists all the global variables that can
reach at that point from control flow and immediately following global variable name.
The (c) shows code after link-time optimization. Linker deletes code and recalculates
linking information such as code segment size and symbol linkage caused from code
layout change.

6.2 Single-Page Stack Function Optimization

To overcome the paged memory architecture, in case that the stack, or activation
record, of a function is allocated within a single page at all execution paths, many
high-order parts of word operations can be deleted. In other words, word operations
can be converted into byte operations. Furthermore, the save and restore instructions
of index register pair to keep stack pointer, which are shown at line (11) and (17) in
Fig. 2, can be eliminated. It is believed the embedded application use many global
variables and relatively a few local variables, so the size of stack frame is relatively
small. Thusin fact, many of functions will have stack frame within a single page, not
covering many pages.

Fig. 10. Call graph and functions whose stack is allocated within a single page. In here, ‘F1’,
‘F4', ‘F5" are functions whose frames are allocated within a single page.

With these facts, like the global variable access optimization, this technique detects
the functions of which stack are allocated within a single page from al pathsin a call
graph, and then deletes marked blocks at link-time. Intermediate optimizer generates
function call information before ‘ CALL’ instruction.

.fcall _foo
CALL _foo

In addition, it generates stack size information for each function.
.fsize frame_size (bytes)

Intermediate optimizer marks code blocks that can be deleted. This marking informa-
tion takes the following form.

. STACK_OPT BEA N
/] code that can be del eted
. STACK_OPT END



186 Dae-Hwan Kim

Assembly optimizer constructs annotated call graph that has frame size information.
Linker completes the call graph for entire program and marks single page allocatable
functions from all call graph paths, and deletes marked blocks.

Takethe call treein Fig. 10 for an example, and assume the size of one pageis 100
bytes for simplicity, and stack frame is alocated from address 0, and grows to high
address. In this example, the function ‘F1’, ‘F4’, and ‘F5' have frame in a single page
by al paths. For example, the stack ‘F5" will be in page 2 which path it follows. If
‘F5’ isreached from ‘F1’, ‘F2’, and ‘'F5’ path, the stack of ‘F5" begins from the ad-
dress of 110 and the end of stack is 159. Thus, the stack is in page 2. From the other
path, the stack of ‘F5’ isin page 2 also.

6.3 Branch Address Resolution.

In CamRISC8, branch is not a PC-relative but absolute addressing, so at compile
time, it is impossible to know whether target address is in the same page. Therefore,
compiler emits the long branch instruction. At link-time, while resolving the address,
the branch whose target is in the same page is changes into short one. If a branch is
changed into short one, it causes code layout change, and affects other code address
and other branch instructions. Therefore, this address resolution is iterated until no
more code layout change occurs. This stage should be the last stage of link-time opti-
mization, because other link-time optimizations can change code layout.

7. Experiments

The results of applying optimizations are shown in Table 2. On average, 56.7 %
code reductions can be achieved. The code size after optimizations ranges from 36.8
% to 56.0 % of the original code. At an average there are 47.0 % reduction at an in-
termediate level, 6.5 % at assembly and 3.2 % at a link-time level. Relatively minor
ones are dhry and fib. They use many 16-bit variables and exceed the 5-bit displace-
ment used in index register addressing mode. In experiments, the general applications
are evaluated. If evauations are done on embedded application, the results will be
better, because our techniques are targeted for embedded application such as global
variable optimization and integer promotion elimination.
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Table 2. Experimental results NO_OPT means no optimizations. 10, AO, LO mean
intermediate optimization, assembly optimzaiton, and link-time optimization respecti-
vely. For example, the last column shows the results of applying 10, AO, and LO. Each
column shows the code size after optimization, not the reduction size. Bubble is a
bubble sort program. Fib is a fibonacci permutation. Fact is a factorial calculation.
Insert is a insertion sort program. Matmul is a matrix multiplication. Stan is a part of
stanford benchmarks. Dhry is a part of dhrystone benchmarks.

Program NO_OPT 10 I0O+AO IO+AO+LO
(Bytes) (Bytes, %) (Bytes, %) (Bytes, %)

Bubble 390 202 (51.8) 178 (45.6) 160 (41.0)
Fib 232 144 (62.1) 128 (55.1) 112 (48.3)
Fact 270 170 (62.9) 140 (51.8) 124 (45.9)
Insert 380 176 (46.4) 150 (39.5) 140 (36.8)
Matmul 1298 728 (56.0) 672 (51.7) 612 (47.1)
Stan 31578 16414 (51.9) 14502 (45.9) 13638 (43.1)
Dhry 1730 1204 (69.5) 1056 (61.0) 974 (56.0)
Tota 35878 19038 (53.0) 16700 (46.5) 15560 (43.3)

In terms of cycle count, CAmRISC8 has a 3-stage pipeline. The first stage is in-
struction fetch stage, the second instruction decode and data memory access stage,
and the final stage is execute and write-back stage. The number of clocks per instruc-
tion (CPl) is 1 except for long branches, which take 2 clock cycles. So reducing code
size reduces cycle count also. Almost all optimizations contribute code size reduction.
Procedural abstraction and library functions reduce code size, but increase execution
cycle time by the generated function and call.

8. Conclusion

Embedded processors make compiler optimizations difficult. The extreme one is
CalmRISC8. For embedded architectures, new optimization techniques should be
applied. At intermediate level, assembly level, and link-time level the optimizations
are performed, and passing information to later levels helps more optimizations being
processed. Embedded architecture constrains can be overcome to great level. Several
ideas can be extended to other embedded processors including DSP processors that
have irregular structures like banked structure, and limited instruction set.
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Abstract. Software pipelining loops containing multiple paths is a very
di Cculit problem. Loop shifting o Lerk the possibility of a close to optimal
schedule with acceptable code growth. Deciding how often to shift each
operation is di [cullt, and existing heuristics are rather ad hoc. We sepa-
rate loop shifting from scheduling, and present new, non-greedy heuris-
tics. Experimental results show that our approach yields better perfor-
mance and less code growth.

1 Introduction

Instruction Level Parallelism (ILP) olers the hope of greatly faster computers
by automatically overlapping the execution of many machine-level instructions
to complete tasks more quickly. An important class of ILP machine is the Very
Long Instruction Word computer. These simple machines provide large numbers
of execution resources, but require a sophisticated compiler to schedule the in-
structions. A particularly important scheduling technique is software pipelining,
which can produce very compact schedules for loops.

This paper focuses on global software pipelining, that is pipelining loops
containing branches. Our approach is based on shifting operations across the
loop entry. This technique is used in several important software pipelining algo-
rithms [ME97,NN97,Jai91,DH99]. Most loop shifting algorithms use an iterative
approach to software pipelining. These algorithms interleave acyclic scheduling
of the loop body, and shifting operations from one iteration to another. Acyclic
scheduling has been studied in great detail and a number of good algorithms
exist. Loop shifting has been less studied, and most algorithms shift operations,
one iteration at a time, and on quite an ad hoc basis.

The fundamental problem of loop shifting is how to know which operations
should be moved across the loop back edge, and how many times. Algorithms
which move operations one iteration at a time are similar to early attempts
at global acyclic scheduling which percolated operations from on basic block
to the next without any final intended destination. Moving an operation one
iteration at a time may create a temporarily worse schedule, that can later be
transformed into a better one [Rau94]. The problem is to distinguish between
such good moves, and shifts that genuinely make the schedule worse.

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 189-201, 2000.
€_Spkringer-Verlag Berlin Heidelberg 2000
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Despite the problems of loop shifting, it has one very important advantage — it
extends naturally to software pipelining loops containing branches. Loop shifting
algorithms can pipeline such loops using existing acyclic scheduling techniques.
Most importantly, the initiation interval (I1) of the resulting pipeline is not
fixed; it can vary depending on the control flow path. Other algorithms can
achieve a variable I, but only at the cost of large scale code duplication or
scheduling restrictions which may increase the average Il. Furthermore, loop
shifting naturally allows operations to be scheduled ahead of branches upon
which they are control dependent. Many other approaches limit ILP by treating
control dependences as data dependences.

This paper deals with software pipelining of integer code using loop shifting.
Such code often contains loops with branches and low trip counts. With such
loops it is important to both minimize the average Il of the pipeline, and to
control code growth and other resource usage. With low trip count loops the
cost of loop start-up, such as cache misses from an over-large loop prolog, may
be just as important as the average Il for the loop. Therefore, we concentrate
on shifting the loop only enough to make the minimum 11 attainable. Only after
shifting is complete do we apply acyclic scheduling.

The paper is organised as follows. First we describe existing loop shifting
techniques. Section 3 describes our novel approach to software pipelining loops
containing branches. In section 4 we present experimental results from imple-
menting the algorithm in an ILP compiler. In section 5 we look at other work
in this area. And finally we outline some conclusions and open questions for our
future research.

2 Shift and Schedule Algorithms

We will first describe shifting algorithms in more detail. These algorithms move
operations from inside the loop across the loop back-edge and into the region
of code before the start of the loop. This produces a compensation code copy
of the moved operation at the end of the loop. Thus operations move from one
iteration to another inside the loop. This process is often know as shifting the
operation.

The most prominent loop shifting algorithms interleave acyclic scheduling
and shifting [ME97,NN97,Jai91]. A problem with these algorithms is their rules
for choosing which operations to shift. The candidates for shifting are those
operations which the acyclic scheduling step has placed toward the start of the
acyclic schedule. At each acyclic scheduling stage, operations are scheduled as
early as possible. This strategy can work well for operations that are members
of the longest dependence chains in the loop, since dependences prevent them
being scheduled too early. Other operations may be scheduled far earlier than
necessary.

There are a number of problems with shifting operations more often than
necessary. First, functional units may be used for speculatively executing opera-
tions which could be scheduled less speculatively without delaying the schedule.
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This is especially true for loops containing unpredictable branches. Secondly, the
length of the register lifetimes will increase, thus increasing register pressure, and
register spills. Values that are live across loop iterations may need renaming to
maintain the correctness of the code. Renaming requires copy operations and/or
loop unrolling, neither of which is desirable. Shifting operations increases code
growth in the prolog and loop body, increasing cache misses. Finally, shifting
operations can, under some circumstances, increase the length of the new loop
body rather than decreasing it.

In order to avoid these problems, existing algorithms try to limit their greed-
iness in a number of ways. Enhanced Pipeline Scheduling (EPS) uses a limited
size scheduling window. At each cycle during scheduling, only the first K (usu-
ally K = 16) operations operations on each path are eligible to be scheduled.
This limits greediness somewhat, but operations within the window can still be
scheduled too early, and operations outside the window may be shifted too little.
EPS also tries to schedule the loop acyclically as much as possible. Once all the
operations on a given path have been scheduled once, no further shifting of the
loop is allowed on that path. When all control flow paths have reached this state,
scheduling is complete. Furthermore, priority is given to operations which are
shifted a smaller number of times.

Resource Directed Loop Pipelining (RDLP) has weaker controls. It calculates
the minimum 11 (MI1) for each control flow path through the loop. It then
alternates between acyclic scheduling and shifting all operations in the first cycle
of the schedule. This process continues until the MII is reached on all path, or
some limit on the number of shifts has been reached. Specifying a lower limit
makes the algorithm less greedy, but reduces the opportunities for pipelining.

Both EPS and RDLP use a greedy strategy, but with some rather ad hoc
heuristics to try to limit the greediness. The result is that many operations will
be shifted too much and an occasional one shifted too little. What is really
needed is a strategy that shifts operations just enough. In the next section, we
present our approach to doing exactly this.

3 Iteration Preselection

Iteration Preselection is a new type of Decomposed Software Pipelining (DESP)
algorithm [WES93]. Rather than trying to shift and schedule together, we break
pipelining into two stages. First, we calculate the number of times each operation
should be shifted using only an approximation of the resource constraints. We
then shift each operation the appropriate number of times. In the second stage,
we schedule the resulting loop body using an existing acyclic scheduling algo-
rithm. It is only in this stage that we take full account of the resource constraints
on the loop.

All DESP algorithms try to simplify software pipelining by breaking it into
the two simpler problems of choosing to how many times to shift each operation
in the loop body, and acyclic scheduling. Although the computational complexity
of these two subproblems is not smaller than that of the software pipelining
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problem, good heuristics can be found for both subproblems. It can be more
di Ccult to find such good heuristics which solve both subproblems together.

Existing DESP algorithms concentrate on loops containing a single basic
block. In our opinion, however, the true strength of the DESP idea lies in global
software pipelining. Global software pipelining with a variable Il and reasonable
code growth is an enormously di Cculit problem. Good heuristics can be found for
the two subproblems, however. Acyclic global scheduling has been well studied
and good heuristic algorithms such as Selective Scheduling [ME97] and DAG-
GER [CYS98] produce excellent results. The remaining problem is heuristics for
shifting operations.

3.1 Single Path Loops

Our approach to shifting single path loops involves three steps. First, we calculate
the MII for the loop. Secondly, we calculate the smallest number of times that
each operation needs to be shifted for this 1l to be reached, assuming infinite
resources. Finally, we shift the operations.

We calculate the MII using Lam’s [Lam88] approach to calculating the initial
MII for modulo scheduling®. This calculation finds the precise MIl based on
dependences, but uses only an approximation for the e [edts of resources. Thus,
our algorithm takes some account of resources at this step, but the detailed
resource allocation is not done until acyclic scheduling.

The goal of second step is to reduce the length of the longest acyclic de-
pendence chain in the loop to the length of the MII. Such a loop can certainly
be acyclically scheduled in MII cycles on a machine with infinite resources. The
height of an operation measures the length of the longest acyclic dependence
chain from that operation to the end of the loop. To reduce the acyclic depen-
dence length, it is necessary to shift operations whose height is greater than the
1. We call the number of times that an operation op must be shifted the Times
to Shift or TTS(op). In the absence of cyclic dependences, we can calculate the
TTS with the following formula.

TTS(op) = (height(op) — 1) /7 MII

In the presence of cyclic dependences, the situation is more complicated.
Cyclic dependences may cause the height of an operation to increase when other
ops are shifted. We introduce the notion of circular height (CH) to solve this
problem. Intutively, Circular Height is a measure of the height of an operation,
plus the amount that the operation’s height will increase when dependent op-
erations are shifted to below it. More formally, we calculate CH on the data
dependence graph of the loop. The data dependence graph contains vertices
representing operations, and directed edges for dependences. Each edge has a
weight representing dependence distance. Edges with a zero weight are acyclic

1 Qur original formulation looked only at the dependence MII. The idea of using the
resource MII as-well comes from the EPS++ algorithm.
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dependences. Let succ(op) denote the set of vertices v such that there exists
an edge (op, v). We initialise the CH of each operation op to latency(op). We
calculate the final CH values using the following algorithm.

repeat
change = FALSE
for each v [Succ(op)
ht = latency(op) + height(v) - weight(op, v) * MlI
if (ht > CH (op))

CH (op) = ht
change = TRUE
endif

endfor
until change == FALSE

These circular heights can be used as the height in the TTS formula above
to calculate the number of times to shift each operation. The final stage of loop
shifting is to actually shift the operations, using existing operation movement
techniques.

3.2 Multiple Paths

Calculating the number of times to shift each operation is considerably more
complicated in the presence of multiple paths. First, the 11 for each path may be
di Lerent. Secondly, several control flow paths may contain the same instruction.
This single instruction may have di Lerent heights depending on which path one
considers. A further complication is with cross paths. A cross path is the section
of code dealing with control flow from one path to another. The idea of Il is
very di Cculit to apply to cross paths, since they involve moving from one path
to another, perhaps every iteration.

To attempt to satisfy these conflicting requirements, we use a heuristic based
on the single path case. We treat each path separately. For each path through the
loop, we calculate the TTS for each operation. Branches are assigned a CH equal
to the greater of their latency, or the CH of the operation op that computes the
branch condition, minus the latency of op.

Based on these calculations we shift operations. If an operation falls on more
than one path, we choose the maximum TTS from all the dilerent paths. If an
operation is duplicated while moving, due to the normal e [edts of compensation
code in global scheduling, the two copies may be shifted independently.

3.3 An Example

Figure 1 shows the control flow graph for a simple loop containing two control
flow paths. The MII for Pathl is one, and is two for path2. The figure also shows
the circular height and TTS of each operation. All operations have a latency of
one.
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Pathl (Il =1)  Path2 (Il = 2)

Circular ~ Timesto Circular  Timesto
Height  Shift Height  shift
—% x =f(x) 3 2 4 1
I ccl = test1(x) 2 1 2 0
if ccl 1 0 1 0
I X=9g(x,Y) - s 1
cc2 = test2(x) 2 1 2 0
—I if cc2 1 0 1 0
exit, x live

Fig. 1. Example loop with variable 11

First, we ensure that all loop back edges come from unconditional gotos
rather than conditional branches. Where necessary, we add additional dummy
basic blocks which branch back to the loop entry. This allows operations to
move across the loop entry without necessarily becoming speculative. Part (a)
of figure 2 shows the transformed CFG. Note that in our notation, a control flow
edge that continues in a straight line represents the fall through path, while a
curved control flow edge represents the taken path of a conditional branch.

Figure 1 shows that the operation x = f(x) should be shifted. The loop entry
is a join point in the CFG, with two incoming edges. Moving the op above this
join will leave it just before the loop entry, and create a compensation copy just
before the goto at the end of the loop, as in part (b). The operation cc = test1(x)
is moved in the same way going from part(b) to part (c). Moving from (c) to
(d), the operation x = g(x, y) moves speculatively above if ccl and out of the
loop. The register x is live at this point, however, so the target register of the
operation is renamed to x’. A copy operation is added at the original point in
the CFG to copy x’ to x, should that path be followed.

Part (e) considers the operation cc2 = test2(x). This operation is on both
paths but should only be shifted once on pathl. On path2, it can stay in the
current iteration. Moving the operation along pathl, it first crosses the join
point. This creates a compensation copy on path2, just above the join. A further
compensation copy is created at the end of the loop, when the operation moves
across the loop entry.

Finally, part (f) shows how the operation x = f(x) is shifted a second time
on pathl. This creates a compensation copy for both joins that the operation
moves across. A renaming copy operation is also needed. This operation is not
shifted again on path2, since our original calculations (see figure 1) showed that
it should be shifted only once on that path.
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x =f(x)

ccl = testl(x)

if ccl

x=9g(x,y)

cc2 = test2(x)
if ~cc2

—h goto

exit, x live

@

x = f(x)

ccl = testl(x)
X =g(x,y)

if ccl

X=X

-@ - =@ =+ Q@=—

cc2 = test2(x)
if ~cc2

x =f(x)

ccl = testl(x)
X =g(x,y)

——e |goto

exit, x live
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Fig. 2. Loop shifting steps

x =f(x)

ccl = test1(x)
if ccl
x=g(x,y)
cc2 = test2(x)
if ~cc2

x =f(x)

SRR st S

goto
exit, x live

(b)

x =f(x)

ccl = test1(x)
X =g(xy)
cc2 = test2(x)

=

Q

[g]
N

x
1
x

cc2 = test2(x)
if ~cc2

x =f(x)

ccl = test1(x)
X =g(x,y)
cc2 = test2(x)

i<—o<—.<—.<—. - @ =@ - @ =-——@ =@ =+ @=—

goto

exit, x live

C)

x =f(x)
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3.4 Acyclic Scheduling

Once shifting is complete, the resulting loop body is scheduled. We use a con-
ventional DAG scheduling algorithm based on Selective Scheduling [ME97]. Any
global scheduling algorithm such as trace scheduling can be used, but a gen-
eral DAG approach allows operations from all paths to be scheduled together,
making it more likely that the MII will be reached on all paths.

VLIW1 if ccl VLIW2
t f )
if ~cc2
if Acc2 X=X / i
cc2 = test2(x) exit .
) \ X" =f(x) X=X
it goto VLIW2 ccl = testl(x)
& X=x" X =g(x,y)
ccl = test1(x) cc2 = test2(x)
X =g(x,y) X" =f(x)
cc2 = test2(x) goto VLIW1
X" =f(x)
goto VLIW1

Fig. 3. Final Kernel Schedule

The final schedule for the example loop kernel appears in figure 3. The loop
has been compacted into two VLIWSs. The machine model is IBM’s Tree VLIW,
where a VLIW consists of a tree shaped control flow graph of operations. Only
those operations on the path through the tree that is followed at run time are
allowed to write their results back to the register file. No data dependences are
allowed between operations in the same VLIW?. When pathl is followed, the
machine repeatedly executes VLIW1, and achieves an Il of one. When control
moves to path2, the machine alternates between executing VLIW1 and VLIW2,
yielding an Il of two.

Our approach is not limited to the Tree VLIW architecture, however. The
two main features of the Tree VLIW are multi-way branching and conditional
write-back. Architectures which allow only two way branching can be modeled by
allowing only a single branch per VLIW. Conditional write-back can be modeled
with predication, or by simply moving the operations in the VLIW above all
branches in the VLIW.

2 An exception to this general rule is with copy operations. An operation may read a
register that is written by a copy operation in the same VLIW. These dependences
on copy operations can easily be removed in a final pass over the VLIWSs [ME97]
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4 Experimental Results

We implemented Iteration Preselection in the Chameleon Compiler and ILP
test-bed. Chameleon provides a highly optimizing ILP compiler for IBM’s Tree
VLIW architecture. The compiler performs many sophisticated traditional and
ILP increasing optimizations. For comparison, we also implemented a version
of Enhanced Pipeline Scheduling® with window size 16. Both algorithms used
the same acyclic scheduling scheme. We compiled and scheduled benchmark
programs whose inner loops contain branches and ran them on Chameleon’s
VLIW machine simulator.

The Chameleon compiler uses an existing C compiler (in our case gcc) as
a front end to generate the original sequential machine code. The baseline for
our speedup calculation is the number of cycles it takes to run this code on a
simulated one ALU VLIW machine. This sequential code is then optimised to
increase ILP, rescheduled by our software pipelining phase, and registers are re-
allocated. We run this scheduled code on a machine simulator with the correct
number of ALUs to calculate the number of cycles taken. The speedup is the
baseline cycles, divided by the number needed for the relevant VLIW.

Benchmark Description

wc Unix word count utility

eight Solve eight queens problem

bubble Bubble sort array of random integers
bsearch Binary search sorted array

egn Inner loop of egntott

The purpose of the EPS limited scheduling window is not always understood.
It exists to reduce the greediness of EPS scheduling and so increase the speedup
while reducing code growth, register pressure and compilation time. The pa-
per [NE93] examines the e [edt of varying the window size, and established 16 as
a good size for balancing greediness against scheduling freedom. Our own exper-
iments confirm this finding. In no case does increasing the window size to 32 give
any but the most minor increase in speedup. Decreasing the window size below
16 usually reduces the speedup except in the case of bubble, where it sometimes
produces faster code.

The speedup results for Iteration Preslection are very encouraging. Clearly,
our non-greedy heuristics are shifting operations su [ciehtly, but no more. Our
algorithm does better by preserving VLIW slots for operations which need to
execute early. The only exceptions 8-ALU bubble and eqn, where our algorithm
performs a lot of shifting to make a very low Il achievable. The acyclic scheduler
fails to pack the instructions into a schedule that length. It appears that in

3 Our version does not use the original EPS register allocation scheme. Our scheduling
window is also implemented slightly di Cerently
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these cases the resource Ml that we compute is too optimistic in the presence
of multiple paths. In general, however, iteration preselection performs better
than EPS.

Iteration Preslection also controls code growth well. Again, our non-greedy
strategy reduces both the size of the loop prolog and code growth from moving
operations through the loop while shifting. The dilerence is most notable on
the larger machines, where EPS’s greedy scheduling combined with abundant
resources place little limit on the code growth*. Where Iteration Preselection
produces more code growth, it is normally the result of producing a pipeline with
lower average 11, and significant speedup. Smaller code size should also lead to
faster execution time on machines with caches. We intend to demonstrate this
with a cache simulator in future work.

5 Related Work

A large number of algorithms exist for global software pipelining with multiple
I1s. Unrolling kernel recognition algorithms [AN90] are theoretically very power-
ful. In practice, however, they cause enormous code growth and their controlling
heuristics restrict their power [NN97]. Several algorithms use code duplication
to separate all paths in the loop and pipeline each separately. Again, the code
growth from code duplication and cross paths can be huge [SM98]. A number of
other strategies exist which trade code growth for restrictions on the attainable
Il [WPP95,SL.96].

A number of DESP [WE93] algorithms exist. These algorithms use a simi-
lar strategy as ours for TTS numbers for the strongly connected components in
the dependence graph. But they diler substantially in the placement of other
operations. In addition to minimising the dependence length of the loop body,
they also seek to remove restrictions on the acyclic scheduler. These DESP algo-
rithms to shift operations very many times to try to convert acyclic dependences
to loop carried ones. A global version of the original DESP algorithm has been
proposed, but it assumes a fixed Il when calculating the number of times to
shift an operation, and treats control dependences as data dependences. The
most recent work on GDESP separates all paths before pipelining.

EPS++ is an unpublished algorithm developed by IBM’s VLIW group. This
algorithm uses a non-greedy, as late as possible, acyclic scheduling algorithm for
EPS. In a single path loop, this will place the operation in the same iteration as
our approach. A modulo schedule is computed for the most commonly followed
path, and the heights of operations are adjusted to ensure that the scheduling
algorithm will place those operations in the cycle designated by the modulo

4 The program eight is a particularly bad pathological case for EPS, combining a loop
with a large initial acyclic height and a number of branches which can be scheduled
almost arbitrarily early.
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schedule. Software pipelining of other paths is only allowed in so far as it does
not interfere with the most common path®.

Recent work [DH99] on loop shifting by circuit re-timing has yielded fasci-
nating theoretical results for single path loops. We do not believe this research
is applicable to our work, however, since it seeks to shift operations much more
than necessary. We also remain convinced that loop shifting is not the best
strategy for local software pipelining. Unless a loop contains branches, modulo
scheduling is likely to produce better results.

6 Conclusions and Future Work

We have presented a new decomposed algorithm for global software pipelining
general purpose integer code. Our algorithm allows a variable Il and speculative
scheduling, while controlling code growth. We have demonstrated that the DESP
framework is very suited to global software pipelining. In fact, the true potential
of DESP seems to be in pipelining loops containing branches, rather than local
software pipelining which already has many good solutions. The implementation
of our algorithm shows that when compared with EPS it generally achieves better
speedups or less code growth or both.

An open problem remains with operations which fall on several paths. Con-
flicting TTS numbers for dilerknt paths may cause poor scheduling decisions.
Our future work will look at other strategies for choosing the TTS in this situa-
tion. We believe, however, that our experimental results show that the existing
strategy is very successful for the programs tested.
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Abstract. Many compiler techniques require analysis of array
subscripts to determine whether a transformation is legal. Traditional
methods require the array subscript expressions to be expressed as closed-
form expressions of loop indices. Most methods further require the sub-
script expressions to be linear. However, in sparse/ irregular programs,
closed-form expressions of array subscripts are not available. More pow-
erful methods to analyze array subscripts are needed. Array accesses with
no closed-form expressions available are called irregular array accesses. In
real programs, many irregular array accesses are single-indexed. In this
paper, we present techniques to analyze irregular single-indexed array
accesses. We show that single-indexed array accesses often have prop-
erties that are useful in compiler analysis. We discuss how to use these
properties to enhance compiler optimizations. We also demonstrate the
application of these techniques in three real-life programs to exploit more
implicit parallelism.

1 Introduction

Many compiler techniques, such as loop parallelization and optimizations, need
analysis of array subscripts to determine whether a transformation is legal.
Traditional methods require the array subscript expressions to be expressed
as closed-form expressions of loop indices. Furthermore, most methods require
the subscript expression to be linear. However, in many programs, especially
sparse/irregular programs, closed-form expressions of array subscripts are not
available, and many codes are left unoptimized. Clearly, more powerful methods
to analyze array subscripts are needed.

For example, array privatization [9,13,17,19] is an important technique in
loop parallelization. An array can be privatized if any array element that is
read in one iteration of a loop is always first defined in the same iteration. For
example, in the outermost do k loop in Fig.1, array x() is first defined in the
repeat-until loop, and then is read in the do j loop. Any element of z() read
in statement (2) is first defined in statement (1) in the same iteration of the do
k loop. Therefore, array x() can be privatized for the do k loop, and the do k
loop can be parallelized. Current techniques can determine that section [1 : p)

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 202-218, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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i=1
do k=1, n
p=20
i = link(i,k)
repeat
p=p+1
x(p) = y(@{d) (1)

i = 1link(i,k)
until (i ==10)

do j=1, p
z(k,j) = x(3) (2)
end do
end do

Fig. 1. An example of a loop with an irregular single-indexed array

of array () is read in the do j loop, but they cannot determine that the same
section also is written in the repeat-until loop because no closed-form expression
for index variable p can be derived. Therefore, they fail to privatize z().

In this paper, we introduce the notion of irreqular single-indexed array access.
An array access is irregular in a loop if no closed-form expression for the subscript
of the array access in terms of loop indices is available. An array access is single-
indexed in a loop if the array is always subscripted by the same index variable in
the loop. An array access is irreqular single-indezed in a loop if the array access
is both irregular and single-indexed in the loop . For example, the access of array
z() in the repeat-until loop in Fig.1 is an irregular single-indexed access.

We chose to investigate irregular single-indexed array accesses for several
reasons. First, in the programs we have studied, the single-indexed array ac-
cesses often follow a few patterns. These array accesses exhibit properties that
are useful in compiler optimizations. Second, many irregular array accesses are
single-indexed. Developing analysis methods for irregular single-indexed array
accesses is a practical approach toward the analysis of general irregular array
accesses, which is believed to be difficult. Third, it is easy to check whether an
array access is single-indexed. Efficient algorithms can be developed to “filter”
single-indexed array accesses out of general irregular array accesses.

In this paper, we present two important patterns of irregular single-indexed
array accesses: consecutively-written and stack-access. We present the techniques
to detect these two patterns and show how to use the properties that irregular
single-indexed array accesses have to enhance compiler optimizations.

Throughout the rest of this paper, we will use “single-indexed array access”
and “irregular single-indexed array access” interchangeably.
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2 Consecutively Written Arrays

An array is consecutively written in a loop if, during the execution of the loop, all
the elements in a contiguous section of the array are written in a non-increasing
or a non-decreasing order. For example, in the repeat-until loop in Fig.1, array
element x(2) is not written until a(1) is written, z(3) is not written until x(2)
is written, and so on. Array x() is written consecutively in the 1,2,3, ... order
in the loop.

To be concise, in this paper, we consider only arrays that are consecutively
written in the non-decreasing order. It is trivial to extend the techniques to
handle the non-increasing cases as well.

2.1 Algorithm for Detecting Consecutively Written Arrays

In this section, we present an algorithm that tests whether a single-indexed array
is consecutively written in a loop.

Since we are dealing with irregular array accesses, we must consider not only
do loops, but also other kinds of loops, such as while loops and repeat until
loops. In general, we consider natural loops [1]. A natural loop has a single entry
node, called the header. The header dominates all nodes in the loop. A natural
loop can have multiple exits, which are the nodes that lead the control flow to
nodes not belonging to the loop.

Before we present the algorithm, we first describe a bounded depth-first search
(bDFS) method, which is used several times in this paper.

The bDFS is shown in Fig.2. A bDFS does a depth-first search on a graph
(V,E), where V is the set of vertices and F is the set of edges in the graph.
bDFS uses three auxiliary functions (fyound(); fraited(), and fproc()) to change
its behavior during the search. The auxiliary functions are defined before the
search starts. fuound() maps V to (true, false). Suppose the current node is ny,
if fround(no) is true, then bDFS does not search the nodes adjacent to ng. The
nodes whose fyouna() values are true are the boundaries of the search. frgitea()
also maps V to (true, false). If, for the current node no, fraieda(no) is true,
then the whole bDFS terminates with a return value of failed. The nodes
whose fraqited() values are true cause an early termination of the bDFS. fyroc()
does not have a return value; it does predefined computations for the current
node.

Now we can show the algorithm that detects consecutively written arrays.

— Input: a loop L with header h and a set of exit nodes (t1, 2, ..., t, ), a single-
indexed array z() in the loop, and the index variable p of x().
— Output: answer to the question whether z() is consecutively written in L.
— Steps:
1. Find all the definition statements of p in the loop. If any of them are not
of the form “p = p+ 17, then return NO. Otherwise, put the definition
statements in a list [st.
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bDFS(u)
visited[u] := true ;
frroc(u) ;
if ('I’LOt fbound(u)) {
for each adjacent node v of u {
if (ffaitea(v))
return failed ;
if ((not visited[v]) and (bDFS(v) == failed))
return failed ;

}

— = © 00 O Ut i~ Wi+

0 }
1 return succeeded ;
Before the search starts, visited|] is set to false for all nodes.

Fig. 2. Bounded depth-first search

2. For each statement n in [st, do a bDFS on the control flow graph from n
using the following auxiliary functions:

fround (n) = {

true, if nis “z() = .. Frasea(n) = true, if nis “p=p+17
false, otherwise »J failedW) =9 £a1se, otherwise

Joroe(n) = NULL

If any of the bDFSs returns failed, then return NO. Otherwise, return
YES.

The algorithm starts by checking whether the index variable is ever defined
in any way other than being increased by 1. If it is, we assume the array is
not consecutively written. Step 2 checks whether in the control flow graph there
exists a path from one “p = p+ 17 statement to another “p = p+ 1”7 statement'
and the array () is not written on the path. If such a path exists, then there
may be “holes” in the section where the array is defined and, therefore, the
array is not consecutively written in the section. For example, the array z()
is consecutively written in Fig. 3.(a), but is not in Fig. 3.(b). The algorithm
allows an array element to be written multiple times before the index variable
is increased by 1.

2.2 Applications

Dependence Test and Parallelization Suppose a single-indexed write-only
array x() with index variable p is consecutively written in a loop, where the
assignments of p are of the form “p = p 4+ 1”. If there does not exist a path
from one “x() = ..” assignment to another “z() = ..” assignment such that the
loop header is on the path, but there is no “p = p + 1”7 statement on the path,

! These two statements can be the same statement, in which case the path is a circle.
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p=1
do i=1, n
if (..) then do i=1, n
x(p) = .. p = p+l
if (..) then if (..) then
x(p) = x(p) = ..
end if end if
p = p+l end do
end if
end do
(@ YES (b) NO

Fig. 3. Consecutively written or not?

do i=1, n do j=1, n
= x(p) = (1)
x(p) .. p o
p=p+1 x(p) = .. (@
end do end do

Fig. 4. Data dependence for consecutively written arrays

then z() does not cause any loop-carried dependence in the loop. For example,
although array x() is consecutively written in both loops in Fig. 4, there is no
dependence between different instances of the access of z() in the loop do i, but
there is a loop-carried output dependence between statement (1) and (2) in loop
do j.

This kind of dependence can be detected by using the following method. Here,
we assume z() is write-only and found consecutively written with the method
described in the previous section.

1. Using the following auxiliary functions, do a bDFS on the control flow graph
from the loop header, where the value of tagl is initially set to null,

true, if nis “z()=."

fbound(n) - { or “p =p + 17 7ffa7lled(n) - {

false, otherwise

true, if tagl is asgn
false, otherwise

”

set tagl to incr, if nis “p = p+ 17 and tagl is null

set tagl to asgn, if nis “z() = ..
prOC(n) -
do nothing, otherwise

If tagl is incr after the bDFS, then there is no dependence; otherwise, goto
step 2.

2. Using the same auxiliary functions as in the previous step, do a bDFS on the
reversed control flow graph from the loop header, with tagl being replaced
with tag2. If, after the bDFS, both tagl and tag2 are asgn, then there is loop-
carried output dependence for z(); otherwise, there is no such dependence.
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Sequential version: Parallel version:
k = kO pk(1) =1
doi=1,n pk(2) =1
while (..) do parallel do i = 1, n
ak) = .. // pid is the processor id
k = k+1 while (..) do
end while pa(pk(pid), pid) = ..
end do pk(pid) = pk(pid) + 1
end while
(a) end do

parallel section
do i =1, pk(1)-1

Private Copy for Processor 1 - pal()

(o] e[ 78] 5 a(k0+i-1) = pa(i,1)
/ / end do
[a1] ase2] 78] 3 §.[12[4[s4[a4]25] . $eo2a]1g //
Orignd Array 20 _— do i = 1, pk(2)-1
B a(k0+pk(1)+i-2) = pa(i,2)
Private Copy for Processor 2 - pa2() end dO
®) end parallel section

k = kO+pk(1)+pk(2)-2

()
Fig. 5. An example of array splitting and merging

In order to parallelize the loop with single-indexed and consecutively writ-
ten arrays, we also need to eliminate the flow dependence caused by the index
variable. If the index variable is not used anywhere other than in the array sub-
script and the increment-by-1 statements, then the array splitting-and-merging
method [14] can be used to parallelize the enclosing loop.

Array splitting and merging consists of three phases. First, a private copy
of the consecutively written array is allocated on each processor. Then, all the
processors work on their private copies from position 1 in parallel. After the
computation, each processor knows the number of array elements of its private
copy that are written in the loop; hence, the starting position in the original array
for each processor can be calculated by using the parallel prefix method. Finally,
the private copies are copied back (merged) to the original array. Figure 5 shows
an example when two processors are used.

Privatization Test As we have illustrated at the beginning of this paper, with
consecutively written array analysis, we can extend the privatization test to
process irregular single-indexed arrays and more general loops.

Suppose a single-indexed array x() with index variable p is found consecu-
tively written in a loop by using the method described in the previous section,
we can use the following two steps to calculate the section of z() written in the
loop.
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1. Using the following auxiliary functions, do a bDFS on the control flow graph
from the loop header h, where the value of tagl is initially set to null:

”

true, if nis “z() =..” and tagl is asgn
Soouna(n) = < true, if nis “p=p+ 17 and tagl is incr
false, otherwise

true, if nis “z() =..” and tagl is incr

fraitea(n) = < true, ifnis “p=p+ 17 and tagl is asgn
false, otherwise
set tagl to incr, if nis “p = p+ 17 and tagl is null

set tagl to asgn, if n is “z() = ..” and tagl is null
prOC(n) =
do nothing, otherwise

If the bDF'S returns a failed, then set tagl to null.

2. Using the same auxiliary functions as in the previous step, do a bDFS on the
reversed control flow graph from each of the exit nodes (including the loop
header), with tagl being replaced with tag2. If any of the bDFSs returns a
failed, then set tag2 to null.

3. The section where () is written in the loop is [lower, upper], where

po+ 1, if tagl is incr ,upper =< p—1, if tag?2 is incr

Do, if tagl is asn D, if tag2 is asn
lower =
unknown, otherwise, unknown, otherwise.

and pg is the value of p before entering the loop.

For example, the section of z() written in the loop in Fig. 3.(a) is [1,p — 1].
The section of z() written in the loop in Fig. 6.(a) is [unknown, p], and that of
y() in Fig. reffig:section.(b) is [1, unknown)].

Index Array Property Analysis The indirectly accessed array is another kind
of irregular array. An array is indirectly accessed if its subscript is another array,

such as z() in statement “z(ind(i)) = ..”. () is called the host array, and ind() is
p=1
p=1 doi=1, n
do i=1, n -
if (..) then y(p) = ..
p = p+l p = p+l
z(p) = if (..) then
el se _ goto 10
endzi(fp) ) end if
end do v(p) = ..
end do
10 ...
(@) [unknown, p] (b) [1, unknown]

Fig. 6. The section of consecutively written array
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dok=1, n doi=1, n
q=20 p=1
doi=1,7p t(p) = ...
if ( x(i) > 0 ) then loop
q=9q+1 p=p+1
ind(q) = i t(p) = ...
end if if (...) then
end do loop
do j=1, q if (p>=1) then
jj = ind(j) A 16:))
z(k,3j) = x(3j) * y(iI p=p-1
end do end if
end do end loop
end if
end loop
end do

Fig. 7. An example of a loop with an Fig.8. An example of an array stack
inner index gathering loop

called the index array. Traditional techniques cannot handle indirectly accessed
arrays. However, recent studies [5,14] have shown that index arrays often have
simple properties, which can be used to produce more accurate analysis of host
arrays. An array property analysis method has been developed to check whether
an index array has any of these key properties [15].

Consecutively written array analysis can be used to find the properties an
index array has in the array property analysis. For example, two of the key
properties are injectivity and closed-form bounds. An array section is injective
if any two different array elements in the section do not have the same value.
An array section has closed-form bounds if the lower bound and upper bound
of the values of array elements in the section can be expressed by closed-form
expressions. Detecting whether an array section has any of the two properties
is difficult, in general. However, in many cases, we only need to check whether
the array section is defined in an index gathering loop, such as the do i loop in
Fig.7.

In Fig.7, the indices of the positive elements of array x() are gathered in
array ind(). After the gathering loop is executed, all the array elements in section
ind[l : g] are defined, the values of the array elements in array section ind[l : g|
are injective, the lower bound of the values of the array elements in section
ind[1 : ¢] is 1, and the upper bound is q.

With this information available at compile-time, the compiler is now able to
determine that there is no data dependence in the do j loop, and array ind()
can be privatized in the do k loop. Thus, the compiler can choose either to
parallelize the do k loop only, parallelize the do j loop only, parallelize both,
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or parallelize the do k loop and vectorize the do j loop, depending upon the
architecture for which the code is generated.
An index gathering loop for an index array has the following characteristics:

. the loop is a do loop,

. the index array is single-indexed in the loop,

. the index array is consecutively written in the loop,

. the right-hand side of any assignment to the index array is the loop index

. one assignment to the index array cannot reach another assignment to the
index array without first reaching the do loop header.

Tk W N -

The fifth condition above ensures that the same loop index value is not assigned
twice to the elements of the index array. This condition can be verified using a
bDFS. After an index gathering loop, the values assigned to the index array in
the loop are injective, and the range of the values assigned is bounded by the
range of the do loop bound.

3 Array Stack

The stack is a very basic data structure. Many programs implement stacks using
arrays because it is both simple and efficient. We call stacks implemented in
arrays array stacks. Figure 8 illustrates an array stack. In the body of the do
i loop, array t() is used as a stack, and variable p is used as the stack pointer
which always points to the top of the stack.

3.1 Algorithm for Detecting Array Stacks

In this section, we present an algorithm that checks whether a single-indexed
array is used as a stack in a program region. A region [l is a subset of the
control flow graph that includes a header, which dominates all the other nodes
in the region.

To be concise, we consider program regions in which the single index vari-
able p is defined only in one of the following three ways:

1. p:=p+1,
2. p:=p—1,or
3. p:= Cpottom, where Chortom is an invariant in the program region.

We check whether a single-indexed array is used as a stack in a region by
checking whether the statements involved in the array operations appear in some
particular orders. These orders are shown in Table 3.1.

The left column and the top row in Table 3.1 give the statements to be
checked. If there is a path in the control flow graph from a statement of the form
shown in the left column of the table to a statement of the form shown in the
top row, then the statement in the corresponding central entry of the table must
be on the path. For example, if there is a path from a statement “x(p) = ..”
to another statement “z(p) = ..”, then before the control flow researches the
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Table 1. Order for access of array stacks

| [P=p+1p=p—1]z(p) = ..|.. = () [P = Crorrom)
p=p+1fz(p)=..|.. = z(p) - z(p) = .. -
p=p—1 - ~=z(p)|p=ptl| G -
z(p) = .. - |-=z@|p=p+1] - -
=z lp=p—-1 - Jp=p+lp=p+1 -
second “z(p) = ..” statement, it must first reach a “p = p + 1”7 statement. A ‘-’

in a table entry means there is no restriction on what kind of statement must be
on the path. The ‘G’ represents an i f statement that is “if (p > Chottom) then”.

Intuitively, we want to ensure that for an array stack x() with index p, (1) p
is first set to Chottom before it is modified or used in the subscript of z(), (2) the
value of p never goes below Chorrom, and (3) the access of elements of () follows
the “last-written-first-read” pattern.

Table 3.1 can be simplified to Table 3.1. Any path originating from a node n
of the forms in the left column of Table 3.1 must first reach any node of the
forms in Spound(n) before it reaches any node of the forms in Stqized(n).

Next, we present the algorithm to detect array stacks.

— Input: a program region R with header h, a single-indexed array x() in the
region, and the index variable p of x().

— Output: answer to the question whether z() is used as a stack in R. And,
if the answer is Y ES, the minimum value Cyottom the index variable p can
have in the region.

— Steps:

1. Find all the definition statements of p in R. If any are not of a form in the
set {p =pt+l,p=p-1l,p= Cbottom} (1f there are mlﬂmple “p = Chottom”
statements, the Cpotrom must be the same), where Chorron, is invariant
in R, then return NO. Otherwise, put the definition statements in a list
Ist. If there are no statements of the form “p = Cyorrom”, then find all
if statements of the form “if (p > C;y) then”. If all Cj;’s are the same,
set Chottom to Ciy; otherwise, return NO. If no such ¢f statement is
found, set Chottom to unknown.

Table 2. Simplified order for array stacks

I Sbound(n) | Staitea(n) |
p=p+1 {z(p) = .., p = Chottom} {p=p+1L,p=p—1. =z}
p=p-—1 {p=p+1, G p=Crtton} |[{p=p—1,2(p)=.,.. =z}
z(p)=..|{p=p+1, .. =2(p), p= Crottom} fp=p—-120p) =}

.. = z(p) {p=p—1, p= Crottom} {p=p+1,2(p)=.,. =z}
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2. Find all the “z(p) =..” and “.. = x2(p)” statements in R, and add them
to Ist.

3. For each statement m in [st, do a bDFS on the control flow graph from
this statement using the following auxiliary functions:

| true n € Shouna(m) | true n € Sraitea(m)
Joouna(n) = { false otherwise s fraitea(n) = false otherwise

Jproe(n) = NULL

If any of the bDFSs returns a failed, then return NO. Otherwise, return
YES and Cbottom-

3.2 Applications

Run-Time Array Bound Checking Elimination Run-time array bound
checking is used to detect array bound violations. The compiler inserts bound
checking codes for array references. At run-time, an error is reported if an array
subscript expression equals a value that is not within the declared bounds of
the array. Some languages, such as Pascal, Ada and Java, mandate array bound
checking. Array bound checking also is useful in testing and debugging programs
written in other languages. Since most references in computationally intense
loops are to arrays, these checks cause a significant amount of overhead.

When an array is used as a stack in a program region, the amount of array
bound checking for the stack array can be reduced by 50%. Only the upper
bound checkings are preserved. The lower bound checking is performed only
once before the header of the program region. Elimination of unnecessary array
bound checking also has been studied by Markstein et al [16], Gupta [11], and
Kolte and Wolfe [12]. Gupta and Spezialetti [18] proposed a method to find
monotonically increasing/decreasing index variables, which also can be used to
eliminate the checking by half. But, their method cannot handle array stacks,
which are more irregular.

Privatization Test Array stack analysis also can improve the precision of array
privatization tests. Here, we consider the loop body as a program region. When
an array is used as a stack in the body of a loop, the array elements are always
defined (“pushed”) before being used (“popped”) in the region. If Cporrom is a
loop invariant, then different iterations of the loop will reuse the same array
elements, and the value of the array elements never flow from one iteration to
the other. Therefore, array stacks in a loop body can be privatized. For example,
the array stack ¢() in Fig.8 can be privatized in the outermost the do i loop.

Loop Interchanging Loop interchanging [2,20] is the single most important
loop restructuring transformation. It has been used to find vectorizable loops,
to change the granularity of parallelism, and to improve memory locality. Loop
interchanging changes the order of nested loops. It is not always legal to perform
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loop interchanging since data dependence cannot be violated. Data dependence
tests must be performed before loop interchanging.

Traditionally, loop interchanging is not possible when array stacks are present
because current data dependence tests cannot handle irregular arrays. However,
as in the privatization test, array stacks cause no loop carried dependences. If
the index variables of array stacks are not used in any statements other than
stack access statements, then the data dependence test can safely assume no
dependence between the stack access statements. The loop interchanging test
then can ignore the presence of array stacks and use traditional methods to test
other arrays. By using array stack analysis, we have extended the application
domain of loop interchanging.

4 Related Work

There are two closely related studies done by two groups of researchers.
M. Wolfe [21] and M. Gerlek, E. Stoltz, and M. Wolfe [10] presented an al-
gorithm to recognize and classify sequence variables in a loop. Different kinds
of sequence variables are linear induction variables, periodic, polynomial, geo-
metric, monotonic, and wrap-around variables. Their algorithm is based on a
demand-driven representation of the Static Single Assignment form [7,6]. The
sequence variables can be detected and classified in a unified way by finding
strongly connected components of the associated SSA graph.

R. Gupta and M. Spezialetti [18] have extended the traditional data-flow
approach to detect “monotonic” statements. A statement is monotonic in a loop
if, during the execution of the loop, the statement assigns a monotonically in-
creasing or decreasing sequence of values to a variable. They also show the appli-
cation of their analysis in run-time array bound checking, dependence analysis,
and run-time detection of access anomalies.

The major difference between both these studies and ours is that we focus
on arrays while they focus on index variables. While both of their methods can
recognize the index variable for a consecutively written array as a monotonic
variable, if the array is defined in more than one statement, then none of them
can detect whether the array itself is consecutively written. For example, Ger-
lek, Stoltz and Wolfe’s method can find that the two instances of variable k
in statements (1) and (2) in Fig.9 have a strictly increasing sequence of values.
Gupta and Spezialetti’s method can classify statements (1) and (2) as monotonic.
However, neither can determine whether the access pattern of the array z() is
consecutively written. As for array stack analysis, as the index variable does
not have a distinguishable sequence of values, both Gerlek, Stoltz and Wolfe’s
method and Gupta and Spezialetti’s method treat the index variable as a gen-
erally irregular variable. Without taking the arrays into the account in their
analysis, they can do little in detecting array stacks.

The authors believe it is often important to consider both index variables
and arrays. While both of the two other methods can recognize a wide class
of scalar variables beyond the variable used as the subscript of single-indexed
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doi=1,n
if ( .. ) then

x(k) = ..
k=k+1 (¢D)
else if ( .. ) then
x(k) = ..
k=k+1 (2)
end if
end do

Fig.9. Both array z() and index k should be analyzed to know that z() is
consecutively written.

arrays in our method, they are not necessarily more powerful in analyzing the
access pattern of the arrays.

5 Case Studies

In this section, we show how consecutively written array analysis and array
stack analysis can be used to enhance the automatic parallelism detection in
three real-world programs.

These three programs are summarized in Table 5. Column 3 in Table 5 shows
the loops that can be parallelized only after the techniques presented in this pa-
per have been used to analyze the arrays shown in Column 4. Figure 10 shows
the difference in speedups when these loops are parallelized. We compare the
speedups of the programs generated by our Polaris parallelizing compiler, with
and without single-indexed array analysis, and the programs compiled using
the automatic parallelizer provided by SGI. The experiments were performed
on an SGI Origin2000 machine with 56 195MHz R10000 processors (32KB in-
struction case, 32KB data cache, 4MB secondary unified level cache) and 14GB
memory running IRIX64 6.5. One to thirty-two processors are used for BDNA
and TREE. One to eight processors are used for P3M. “APO” means using
the “-apo” option when compiling the programs. This option invokes the SGI
automatic parallelizer. “Polaris without STA” means using the Polaris compiler
without the single-indexed array analysis. “Polaris with SIA” means using the
Polaris compiler with the single-indexed array analysis. As we have not yet im-
plemented array stack analysis in our Polaris compiler, for TREE we show the
result of manual parallelization. For all three codes, the speedups of the versions
in which the single-index array analysis had been used are much better than
those of the other versions.

5.1 BDNA

BDNA is a molecular dynamics simulation code from the PERFECT bench-
mark suite [3].
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Table 3. Three real-life programs

|Program Name|Lines of Codes| Major Loops |Single-indexed Arrays|% of Exe. Time|

BDNA 4000 act for_do_240 xdt() 31%
P3M 2500 pp-do-100 ind0(), jpr() 74%

subpp_do_100 ind0(), jpr() 14%
TREE 1600 accel _do10 stack() 70%

The do 240 loop in subroutine ACTFOR is a loop that computes the in-
teraction of biomolecules in water. It occupies about 31% of total computation
time. The main structure of this loop is outlined in Fig.11

Consecutively written array analysis is used in the do j2 loop to find that
elements in [1, k] of ind() are written in this loop. Furthermore, this loop is
recognized as an index gathering loop; thus, the values of the elements in ind[1, k]
defined in this loop are bounded by [1,¢—1]. This information is used to privatize
array ind() and zdt() in the do i loop, which is then determined to be parallel.

5.2 P3M

P3M is an N-body code that uses the particle-mesh method. This code is from
NCSA.

Most of the computation time (about 88% after using vendor provided FFT
library) is spent in subroutine pp and subpp, whose structures are very similar.
The core is a three-perfect-loop nest, which can be parallelized. Before par-
allelization, several single-indexed arrays in the loop must be privatized. The
outline of the core loops is shown in Fig. 12. The simplified loop pattern is simi-
lar to that in Fig. 11. The difference is that both x() and ind() are consecutively
written arrays here.

5.3 Barnes & Hut TREE Code

The TREE code [4] is a program that implements the hierarchical N-body
method for simulating the evolution of collisionless systems [3].

BDNA TREE

Speedups

Speedups
Speedups

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

7
Number of Processors

Fig. 10. Comparison of Speedups
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do il =1, n
do i2 =1, n
do i3 =1, n
doi=2,n p= sptr = 1
do j1 =1, i-1 repeat stack(sptr) = root
xdt(j1) = .. p = p+l while (sptr .gt. 0) do
end do x(p) = .. q = stack(sptr)
k=0 until (..) sptr = sptr - 1
do j2 =1, i-1 k=0 if (q is a body) then
if (..) then do j2 =1, p process body-body interaction
k = k+1 if (..) then elseif (q is far enough from p) then
ind(k) = j2 k = k+1 process body-cell interaction
end if ind(k) = j2 else
end do end if do k = 1, nsubc
do j3 =1, k end do if (subp(q,k) .ne. null) then
. = xdt(ind(j3)) do j3 =1, k sptr = sptr + 1
end do . = x(ind(j3)) stack(sptr) = subp(q,k)
end do end do end if
end do end do
end do end if
end do end while

Fig.11. BDNA Fig. 12. P3M Fig. 13. TREE

The core of the program is a time-centered leap-frog loop, which is inherently
sequential. At each time step, it computes the force on each body and updates
the velocities and positions. About 70% of the program execution time is spent in
the force calculation loop. Each iteration of the force calculation loop computes
the gravitational force on a single body p using a tree walk method that is
illustrated in Fig.13.

In the tree walk code, single-indexed array stack is used as a stack to store
tree nodes yet to be visited. Variable sptr is used as the stack pointer. As dis-
cussed in Sect.3.2, array stack can be privatized for the force calculation loop.
As there is no other data dependence in the loop, the loop can be parallelized
(i.e., the force calculation of the n bodies can be performed in parallel).

6 Conclusion

In this paper, we introduced the notion of irregular single-indexed array access.
We described two common patterns of irregular single-indexed array accesses
(i.e., consecutively written and stack access) and presented simple and intu-
itive algorithms to detect these two patterns. More importantly, we showed that
array accesses following these two patterns exhibit very important properties.
We demonstrated how to use these properties to enhance a variety of compiler
analysis and optimization techniques, such as the dependence test, privatization
test, array property analysis, loop interchanging, and array bound checking. In
the case study, we showed that, for three real-life programs, the speedups of the
parallelized versions generated by the Polaris compiler with single-index array
access analysis are much better than those of other versions.
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Abstract. One task of all Fortran 90 compilers is to scalarize the array
syntax statements of a program into equivalent sequential code. Most
compilers require multiple passes over the program source to ensure cor-
rectness of this translation, since their analysis algorithms only work on
the scalarized form. These same compilers then make additional subse-
quent passes to perform loop optimizations such as loop fusion. In this
paper we discuss a strategy that is capable of making advanced scalar-
ization and fusion decisions at the array level. We present an analysis
strategy that supports our advanced scalarizer, and we describe the ben-
efits of this methodology compared to the standard practice. Experimen-
tal results show that our strategy can significantly improve the runtime
performance of compiled code, while at the same time improving the
performance of the compiler itself.

1 Introduction

Fortran 90 and High-Performance Fortran (HPF)[7] are increasingly becoming
the language of choice for creating high-performance applications targeted for
today’s high-end architectures, no matter whether those architectures are par-
allel, vector or superscalar. The array constructs of these languages have raised
the level of abstraction from the strictly scalar constructs of Fortran 77, thus
making them more expressive. Unfortunately, few compilers have taken advan-
tage of this heightened level of abstraction. Instead they prefer to scalarize the
array constructs into familiar scalar constructs which they then optimized by
standard analysis and transformations.

In this paper we present a methodology for performing data dependence
analysis directly on Fortran 90 array-section references. We show how direction
vectors can be extended to include the dependence information. We then show
how this dependence information can be used to perform advanced scalarization
and loop fusion transformations. We conclude with a brief look at some pre-
liminary performance results obtained by incorporating these methods into Sun
Mircosystem’s f90 compiler.

2 Standard Scalarization and Optimization

At some point during the compilation of a Fortran 90 program, array assignment
statements must be translated into serial DO-loops. This process is known as

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 219-231, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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DO I=1, 256
X(1:256) = X(1:256) + 1.0 X(I) = X(I) + 1.0
END DO
(a) array statement (b) scalarized code

Fig. 1. Scalarization example.

DO I=2, 255

X(2:255) = X(1:254) + X(2:255) X(I) = X(I-1) + X(D)
END DO

(a) array statement (b) naively scalarized code

Fig. 2. Invalid scalarization example.

scalarization [2,11,15]. The transformation replaces each array assignment state-
ment with a loop nest containing a single assignment statement in which all
array references contain only scalar subscripts.

For example, consider the array assignment statement shown in Figure 1(a).
Scalarization translates the statement into the code shown in Figure 1(b), which
iterates over the specified 256 elements of the array X.

Unfortunately, the naive translation of array statements into serial loops is
not always safe. The Fortran 90 semantics for an array assignment statement
specify that all right-hand side array elements are read before any left-hand
side array elements are stored. Thus a naive translation of the code shown in
Figure 2(a) into the code shown in Figure 2(b) is incorrect, since on the second
and subsequent iterations of the I loop the reference X(I-1) accesses the new
values of the array X assigned on the previous iteration. This violates the “load-
before-store” semantics of the Fortran 90 array assignment statement.

Fortunately, data dependence information can tell us when the scalarized
loop is correct. Allen and Kennedy [2] have shown that a scalarized loop is
correct if and only if it does not carry a true dependence. Using this fact, most
compilers perform scalarization in the following manner:

1. Perform a naive scalarization of the array statement into a scalar loop nest.

2. Compute the data dependences of the resulting code.

3. While a scalarized loop carries a true dependence, perform code transforma-
tions to either eliminate the dependence or change it into an antidependence.

The code transformations that can be applied to handle the loop carried true
dependences include loop reversal, loop interchange, prefetching, and as a last
resort the generation of array temporaries and copy loops. In the example above,
loop reversal can be used to change the loop-carried true dependence into a loop-
carried antidependence, thus creating a valid scalarization. The interested reader
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is referred to Allen and Kennedy [2] for a complete discussion. It is noted that
the Allen and Kennedy algorithm requires two passes over the code: one pass
to perform the naive scalarization followed by dependence analysis and another
pass to perform code transformations to restore the semantics of the program if
the initial scalarization is invalid.

After scalarization, a program will consist of many loop nests, each contain-
ing a single assignment statement. If the goal of a Fortran 90 compiler is to
produce code for array expressions that is competitive with code produce for
scalar programs by Fortran 77 compilers, it is critical that the Fortran 90 com-
piler do a good job of fusing these loops when possible. Loop fusion [3,16] not
only reduces the total amount of loop overhead, but more importantly it can
significantly increase the possibility of data reuse in a program. The importance
of loop fusion in the compilation of Fortran 90 array statements cannot be over
emphasized [9].

In previous work on loop fusion [5,14,16] two adjacent loops are candidates
for fusion if their headers are conformable and no fusion-preventing dependences
exist. Two loop headers are conformable if they specify the same number of
iterations. A data dependence between two loops is fusion-preventing if after
fusion the dependence becomes loop-carried and its direction is reversed [14].

By using loop fusion, in conjunction with other transformations such as state-
ment substitution and array contraction, it is possible for a Fortran 90 compiler
to generate code for a block of array assignments that is equivalent to the code
produced by a Fortran 77 compiler for a corresponding hand-coded loop nest.

3 Advanced Scalarization and Loop Fusion

In this section we will describe an advanced scalarizer that performs dependence
analysis at the array syntax level, directly scalarizes array statements in a single
pass, and is capable of directly generating fused loops during the scalarization
process.

3.1 Array Section Dependence Analysis

Before beginning a discussion on dependence analysis, it is important to clarify
some terminology that is used in this section. An array reference is a subscripted
variable reference. A subscript is one element from a subscript list. A triplet, as
seen in Figure 1(a), is one type of subscript. It is assumed that Fortran 90 whole
array references, array references without a subscript list, are represented inter-
nally within the compiler to include a subscript list containing the appropriate
number of null triplets.

Data dependences are often represented using direction vectors and/or dis-
tance vectors [15]. The direction vector is an ordering vector, containing <, =,
>, or *, that specifies the relation of the source and target iterations involved in
the dependence. The distance vector contains the vector difference of the source
and target iterations. These vectors are convenient methods for characterizing
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DOI =1, N-1
Si: A(I,2:N-1,1:N)
Sa: B(I,2:N-1,1:N)
END DO

A(T,1:N-2,1:N) + A(I,2:N-1,1:N)
A(I,3:N,1:N) + A(I+1,2:N-1,1:N)

Fig. 3. Fortran 90 code fragment.

the relationship between the values of the loop indices of the two array refer-
ences involved in the dependence. In this work we discuss only direction vectors,
although the algorithms discussed could easily be adapted to work with distance
vectors.

Direction vectors are useful in determining if a dependence is loop-carried
or loop-independent [1]. For loop-carried dependences, the direction vector also
tells us which loop carries the dependence and in which direction. The vectors
contain an element for each loop which encloses both statements involved in the
dependence. The positions in the vectors from left to right correspond to the
surrounding loop indices from outermost to innermost.

To extend direction vectors for array-section references, we add vector ele-
ments to account for the implied loops of the triplets. The number of elements
added to a vector corresponds to the number of triplets that the two array refer-
ences have in common. In most cases these vector elements are only considered
when the two array references are conformable, in which case they have the same
number of triplets. These new direction vector elements appear to the right of
those elements corresponding to surrounding loops. We order the elements from
left to right as they appear in the subscript list, although any consistent order-
ing will do. In fact some people may want to use the opposite ordering since
they want the rightmost direction vector position, corresponding to the inner-
most loop, to be associated with the leftmost subscript due to the column-major
storage layout of Fortran arrays. We chose the left to right ordering for its ease
of understanding since it matches the order in which the triplets appear in the
program text.

Consider the code fragment shown in Figure 3. Any dependences among
statements S and S due to the references to array A would have an associated
direction vector containing three elements: the first corresponding to the I loop,
the second corresponding to the first triplet, and the third corresponding to the
second triplet. This fragment of code contains the following four dependences:
S16(=,> —)S1, S10(= = —)S1, S10(= > —)S2, and S26(<,— _)S1, where § indicates

a true (or flow) dependence, and § indicates an antidependence.

3.2 Scalarization Dependences

Given this extension to the concept of a direction vector, there is a subclass of
dependences that deserve some special attention: those dependences which have
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an “=" in all non-triplet direction vector positions. We call these dependences
scalarization dependences [11]. Since scalarization dependences arise from par-
allel constructs in the Fortran 90 program, they do not have the same behavior
as non-parallel dependences. Note that it is valid for any of the three direction
specifiers to appear in the triplet-related vector positions. Thus for scalarization
dependences, it is no longer the case that a true dependence with a “>" as the
first non-“=" direction is equivalent to an antidependence with the direction
reversed, as has been previously noted by others [2,4].

By definition, scalarization dependences are loop-independent with regard to
surrounding loops. This has several implications. First, any such dependence of
a statement on itself is always an antidependence (ignoring input dependences).
Secondly, all inter-statement scalarization dependences flow in lexicographical
order, from the earlier statement to the later statement. Next, scalarization de-
pendences have no effect on the parallelization of surrounding loops, regardless
of what direction the triplet-related positions contain. Finally, it is especially im-
portant to point out that such dependences do not affect the ability to parallelize
the DO-loops that get generated during the scalarization of the Fortran 90 code.
This is due to the fact that the array-section subscripts are explicitly parallel
constructs.

However, this does not mean that we can ignore scalarization dependences.
These dependences play an important role when the compiler scalarizes the
Fortran 90 program into its Fortran 77 equivalent. This aspect of the dependences
is addressed in more detail in the next subsection.

Consider again the code in Figure 3. This fragment of code contains three
scalarization dependences: 515(:,>,:)Sl, 515(:,:,:)51, and 51(5(:’>’:)52. The
code also has the dependence 523(<’:’:)Sl which is carried by the I loop.

The actual dependence testing algorithms used to test array syntax references
are described in previous works [10,11] and are not presented here.

3.3 One-Pass Scalarization

As described in Section 2, the typical scalarizer requires two passes over the code
to produce a valid scalarization: one to perform a naive scalarization and a second
to apply code transformations to restore program semantics when necessary.
Using the dependence information described in the preceding subsection, we
propose a new algorithm that eliminates the need for the first pass and is able
to determine a valid scalarization before attempting any transformations.

Our new scalarization algorithm begins by performing dependence analysis
directly on Fortran 90 array statements. When attempting to scalarize an array
statement, we only need to be concerned with the scalarization dependences of
that statement on itself. As discussed in the preceding subsection, such depen-
dences are always antidependences and may contain any of the three direction
specifiers in triplet positions. If we perform naive scalarization on a triplet that
has a forward (<) or loop independent (=) antidependence, the resulting loop
has an equivalent dependence. However, if we naively scalarize a triplet that
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carries a backward (>) antidependence, the resulting loop carries a forward true
dependence indicating an incorrect scalarization. Thus we must be careful to
address the antidependences that contain an “>” in the position corresponding
to a triplet we are scalarizing.

Our algorithm proceeds to scalarize the statement one triplet at a time, pay-
ing particular attention to those triplets that carry backward antidependences.
There are several methods we can use to handle these dependences; basically
the same methods that the two-pass algorithm uses to address loop carried true
dependences.

First we can choose the order in which the triplets are scalarized. If we choose
a triplet position that contains only “<” and “=" elements in the scalarization
dependences, we can perform a naive scalarization of that triplet and know
that it is correct. Afterward we can eliminate from further consideration those
dependences which contained an “<” in that position, since those dependences
are carried by the scalarized loop. This is advantageous when the eliminated
dependences contained non-“=" elements in other positions.

Second, if all dependences contain either a “>” or “=" in a given position,
the corresponding triplet can be correctly scalarized with a reversed loop. Again,
those dependences that were carried at that triplet position can be eliminated.
Failing these, we can continue to attempt all the transformations that the two-
pass algorithm utilized, including prefetching.

If there are triplets remaining that cannot be scalarized by any of the trans-
formations, we generate a temporary array whose size equals the remaining array
section. We then create two adjacent loop nests for the remaining triplets. The
first nest performs the desired computation and stores it in the temporary array,
and the second copies the results from the temporary array into the destination
array.

As an example, consider the statement in Figure 4(a) and its corresponding
scalarization dependences in Figure 4(b). After scanning the dependences, we
see that the second triplet can safely be scalarized using the naive method. This
eliminates the first two dependences from further consideration since they both
contain an “<” in the position corresponding to the second triplet. That leaves
us with a single dependence of (>, =) and only the first triplet to scalarize. The
direction vector quickly tells us that the remaining triplet can safely be scalarized
by generating a reversed loop. The resulting code is shown in Figure 5.

3.4 Scalarization Plus Loop Fusion

As discussed in Section 2, loop fusion is an important optimization associated
with scalarization. After scalarization, a program will consist of many loop nests,
each containing a single assignment statement. The duty of loop fusion is to
combine these loop nests when possible to reduce loop overhead and to increase
the possibility of data reuse. As prevously discussed, loop fusion is safe when the
loop headers are conformable and no fusion-preventing dependences exist.
These criteria can be non-trivial to verify in the general case of fusing For-
tran 77 loops; although the task can be easier for scalarized loops since the
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A(2:N-1,2:N-1) = A(1:N-2,3:N) >,
+ A(3:N,3:N) (<,
+ A(1:N-2,2:N-1) .=
(a) array statement (b) dependence vectors

Fig. 4. One-pass scalarization example.

DO J = 2, N-1
DO I =N-1, 2, -1
A(I,J) = A(I-1,J+1)
+ A(I+1,J+1)
+ A(I-1,0)
END DO
END DO

Fig. 5. Generated scalar code.

structure of the loop headers is completely under the control of the compiler.
Unfortunately, in many Fortran 90 compilers, scalarization and loop fusion are
far removed from one another, the former occuring in the compiler front end
while the latter occurs in the compiler back end. This seperation has several
drawbacks. First, each must compute the necessary data dependence informa-
tion anew, since it is not likely to remain valid given the transformations are so
distant from each other. Secondly, intermediate transformations that alter the
loops may impede fusing the scalarized loops.

To address this problem, we have combined scalarization and fusion into a
single integrated optimization. The goal of this unified optimization is to scalarize
multiple array statements into a single loop nest, while maintaining program
semantics and avoiding the generation of array temporaries at all costs .

The fusing scalarizer depends upon scalarization dependences, just as our
single-statement scalarizer did. However, we are now considering inter-statement
dependences along with the intra-statement dependences. As with scalarizing
a single statement, we must pay special attention to triplets that carry back-
ward (>) dependences, whether they are true dependences or antidependences.
If two statements that have an inter-statement, backward-carried dependence are
naively scalarized and fused into a single loop nest then the dependence becomes
forward-carried in the opposite direction and its meaning becomes inverted (e.g.,
true becomes anti and vice versa).

As an example, consider again the code in Figure 3. This fragment of code
contains the inter-statement scalarization dependence S19(— ~ —)Sa. If the two

! The cost of allocating and freeing array temporaries far outweighes any possible
benefits of loop fusion, and thus temp arrays should be avoided whenever possible.
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statements were naively scalarized and fused, the dependence relationship of the
resulting code would be SQS(:7<7:)51, indicating that the transformation did not
maintain program semantics. However, just as in scalarizing a single statement
that had backward dependences, it is possible to use loop reversal to maintain
the dependence relationship and program semantics.

Our fusing scalarizer has the following general outline. First, all array state-
ments requiring scalarization are identified. Each array statement is then consid-
ered in lexicographical order. Dependence analysis is performed on the statement
to identify all intra-statement scalarization dependences. If the dependences in-
dicate that an array temporary is required for valid scalarization, the statement
is scalarized by itself (with an array temp) and we move onto the next statement.

However, if the statement can be scalarized without an array temporary,
we begin considering fusing subsequent array statements. This is accomplished
by seeding a fusion group with the given statement. The purpose of the fusion
group is to identify those array statements that can be scalarized and fused as
a single group. Subsequent array statements are then considered for inclusion in
the fusion group. To be included, an array statement must satisfy the following
requirements:

1. The array statement must be adjacent to the last statement in the fusion
group.

2. The statement must be conformable with the other statements in the group.
Since all statements already in the group are known to be conformable, it
is only necessary to test the candidate statement against any one represen-
tative of the group. Note that due to the typically regular nature of array
syntax used in practice, this criteria is usually quite easy to verify, unlike
determining conformance of general Fortran 77 loop headers.

3. The candidate statement must be scalarizable without a temporary array.
This is determined by performing dependence analysis on the candidate
statement and examining all intra-statement scalarization dependences as
described in the preceding subsection.

4. Finally, the entire fusion group must be scalarizable into a single loop nest
without a temporary array if the candidate is included. This can be deter-
mined by performing dependence analysis between the candidate statement
and each statement in the fusion group, adding all inter-statement depen-
dences to the set of dependences already present in the fusion group. The
intra-statement dependences identified in the preceding step are also in-
cluded. Then the entire set of dependences is examined to determine if a
valid scalarization exists.

Statements are added to the fusion group in this manner, one at a time,
until a statement is encountered which violates one of the above criteria. At
that point, the entire fusion group is scalarized into a single loop nest, with
the scalarization dependences dictating the order and format of the loops. The
strategy is the same as that used in scalarizing a single statement as described in
the preceding subsection. After the fusion group has been scalarized the process
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S1: A(2:N-1,2:N-1)
So: B(2:N-1,2:N-1)

A(1:N-2,3:N) + A(3:N,3:N) + A(1:N-2,2:N-1)
A(2:N-1,2:N-1) + A(2:N-1,1:N-2) + B(1:N-2,2:N-1)

Fig. 6. One-pass scalarization plus fusion example.

DO J = 2, N-1
DO I =N-1, 2, -1
A(I,J) = A(I-1,J+1) + A(I+1,J+1) + A(I-1,])
B(I,J) = A(I,J) + A(I,J-1) + B(I-1,1)
END DO
END DO

Fig. 7. Generated scalar code.

begins again, starting with the last statement that was not added to the fusion
group.

As an example, consider the two statements in Figure 6. Statement S;
has the following set of intra-statement scalarization dependences: Slg(>7<)Sl,
Slg(<7<)51, and Slg(>7=)51. Statement S has this intra-statement scalarization
dependences: Sgg(>7=)52. And finally, the inter-statement scalarization depen-
dences are: 516(:,:)52, and 51(5(:’<)52.

As was shown in the preceding subsection, our algorithm easily determines
the S can be scalarized without an array temporary. It would thus start a fusion
group. Next S is considered. Since S5 has only one intra-statement dependence,
we know we can scalarize it without the aid of a temporary array. We must
next consider all the scalarization dependences between S; and Ss, both inter-
statement and intra-statement dependences. These dependences indicate that
the second triplet can directly be scalarized with a naive loop. After eliminating
all dependences that are carried by that naive loop, the remaining dependences
indicate that the final triplet can be safely scalarized by generating a reverse loop.
Since scalarization is possible without an array temporary, statement Sy will be
added to the fusion group, and the scalarization process continues. If there were
no more statements to be considered, code for the fusion group containing Sy
and Sy would be generated as seen in Figure 7.

4 Experimental Results

The algorithms and scalarization/fusion strategy presented in this paper have
been partially implemented in Sun Microsystem’s f90 compiler. Previously, the
compiler had a very simple scalarizer that always generated a compiler temporary
array and multiple loop nests per array statement. The compiler still uses the
simple scalarizer at lower optimization levels.
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To measure the performance improvements attained with the new advanced
scalarizer, we collected a set of Fortran 90 benchmarks that make heavy use
of array syntax statements. The benchmarks collected include three from the
NAS Parallel Benchmark suite (EP, SP, and BT)?, and six benchmarks from
the Quetzal Suite (Channel, Gas_Dyn, Monte_Carlo, Scattering, Fatigue, and
Capacita). Each test case was compiled twice, once with the existing simple
scalarizer and once with the new advanced scalarizer. All test cases were compiled
at -04, regardless of which scalarizer was used, so that the compiler’s optimizing
backend would attempt a full compliment of scalar optimizations, including loop
fusion, after scalarization was performed.

The nine benchmarks contained 557 array statements requiring scalarization.
The simple scalarizer generated an array temporary and multiple loop nests for
each of these array statement. In contrast, the advanced scalarizer was able to
scalarize all but two without the need for an array temporary and multiple loops.
In addition, the loop fusion capability of the advanced scalarizer was able to fuse
326 of the remaining 555 array statements into 83 separate loop nests; that is a
reduction of 44% in the total number of loop nests generated. The average fused
loop contained 4 array statements, while the maximum number of statements
fused into a single loop nest was 8.

The run-time performance results are shown in Figure 8. As can be seen, the
speed-ups attained on the nine benchmarks ranged from 1.2 all the way up to a
factor of 21.8 for the Capacita benchmark ®. The average speed-up, disregarding
the Capacita number, was 2.3. The following are the primary reasons for the
significant improvements in runtime performance:

1. The advanced scalarizer generated an array temporary for only two of the
557 array statements scalarized. Whereas the simple scalarizer generated an
array temporary and multiple loop nests for each statement.

2. The advanced scalarizer was successful in fusing multiple array statements
into single loop nests while the nests were being generated. Due to the pres-
ence of the array temporaries, the optimizing back end was not able to fuse
many loops produced by the simple scalarizer.

3. The advanced scalarizer generated in-line code for several array reduction
intrinsics (e.g., SUM/PRODUCT, MINVAL/MAXVAL, and ANY/ALL), as well as
the DOT_PRODUCT intrinsic function. The simple scalarizer depended upon
library routines to handle all such intrinsics.

4. The advanced sclarizer produced code that looks exactly like the code the
compiler front end would produce for equivalent Fortran 77 code. This assists
the backend since it is geared toward optimizing standard Fortran 77 loop
nests.

2 We used the HPF version of the NAS Parallel Benchmarks, as produced by The
Portland Group.

3 The dramatic improvement for the Capacita benchmark is the result of extremely
poor code generated by the simple scalarizer for a single statement that combined
an array reduction intrinsic with a whole array operation.
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Fig. 8. Run time performance speed-ups

We now consider the affects of the advanced scalarizer on compile time. One
might expect that the analysis required to perform advanced scalarization and
fusion to come at a high cost. However, just the opposite is true. Performing
dependence analysis at the array statement level is generally inexpensive, since
the array syntax used in practice tends to be very regular in nature. And since
the fusing scalarizer produces fewer loop nests, there is less work to be done by
all subsequent compiler phases.

For all nine benchmarks discussed previously, the compiler actually ran faster
with the advanced scalarizer than without it. Figure 9 summarizes the com-
pile time speed ups obtained when the advanced scalarizer was used. Speed-ups
ranged from 1.2 to 7.8; the average was 3.2.

5 Related Work

Many people have recognized the need to fuse loops generated by the scalar-
ization of Fortran 90 array statements [2,6,13,16]. However, all of these only
consider fusion after array statements have been scalarized.

The ZPL compiler [8] is an exception. In a manner similar to the work pre-
sented here, the ZPL compiler performs array-level analysis to determine a valid
strategy for scalarization and fusion prior to making any code transformations.
It aggressively rearranges array statements to promote loop fusion for the pur-
pose of array contraction. It is closely related to our previous work on com-
piling HPF [12]. However, in both of these cases the target architecture was
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Fig.9. Compile time performance speed-ups

a distributed-memory parallel machine. For that reason, neither of these prior
works would perform any fusion if there were inter-statement loop carried de-
pendences, since such dependences would entail the addition of interprocessor
communication into the scalarized loop nest, resulting in slower performance.
For example, neither compiler would have performed the fusion displayed in
Figure 7.

6 Conclusion

In this paper we have presented a strategy for combining scalarization and loop
fusion into a single integrated algorithm. The strategy relies upon advanced anal-
ysis and transformations performed at the level of Fortran 90 array statements.
The strategy has been implemented in a commercial compiler, and preliminary
performance results show a significant improvement in both compile time and
run time over the naive strategy previously implemented.

Future work on this scalarization strategy would include the analysis to per-
mit statement reordering so as to promote additional loop fusion, as well as
applying this strategy to the scalarization and fusion of array statements in
WHERE-blocks.
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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. As parallelizable loops arise fre-
quently in practice, we have introduced a novel framework for their iden-
tification: speculative parallelization. While we have previously shown
that this method is inherently scalable its practical success depends on
the fraction of ideal speedup that can be obtained on modest to moder-
ately large parallel machines. Maximum parallelism can be obtained only
through a minimization of the run-time overhead of the method, which
in turn depends on its level of integration within a classic restructuring
compiler and on its adaptation to characteristics of the parallelized ap-
plication. We present several compiler and run-time techniques designed
specifically for optimizing the run-time parallelization of sparse applica-
tions. We show how we minimize the run-time overhead associated with
the speculative parallelization of sparse applications by using static con-
trol flow information to reduce the number of memory references that
have to be collected at run-time. We then present heuristics to speculate
on the type and data structures used by the program and thus reduce the
memory requirements needed for tracing the sparse access patterns. We
present an implementation in the Polaris infrastructure and experimental
results.

1 Run-Time Parallelization Requires Static Compiler
Analysis

To achieve a high level of performance for a particular program on today’s su-
percomputers, software developers are often forced to tediously hand—code opti-
mizations 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. The large human effort that is involved in
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parallelizing code makes parallel programming a task for highly qualified scien-
tists and has kept it from entering mainstream computing. The only avenue for
bringing parallel processing to every desktop is to make parallel programming as
easy (or as difficult) as programming current uniprocessor systems. This can be
achieved through good programming languages and, mainly, through automatic
compilation.

Restructuring, or parallelizing, compilers address this need by detecting and
exploiting parallelism in sequential programs written in conventional languages
as well as parallel languages (e.g., HPF). Although compiler techniques for the
automatic detection of parallelism have been studied extensively over the last
two decades (see, e.g., [10,19]), current parallelizing compilers cannot extract a
significant fraction of the available parallelism in a loop if it has a complex and /or
statically insufficiently defined access pattern. Typical examples are complex
simulations such as SPICE [9], DYNA-3D [18], GAUSSIAN [7], CHARMM [1].

In previous work [14] we have shown that a viable method to improve the re-
sults of classic, static automatic parallelization is to employ run-time techniques
that can trace 'relevant’ memory references and decide whether a loop is parallel
or not. 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 most
often because the necessary information is just not available, i.e., the access
pattern is a function of the input data. For example, compilers usually con-
servatively assume data dependences in the presence of subscripted subscripts.
Although more powerful analysis techniques could remove this last limitation
when the index arrays are computed using only statically-known values, noth-
ing can be done at compile-time when the index arrays are a function of the
input data [5,16,20].

In [12] we have presented the general principles of run-time parallelization
implementation. Briefly, such run-time parallelization can be effective, i.e., ob-
tain a large fraction of the available speedup, by reducing the associated run-
time overhead. This can be achieved through a careful exploitation of all or
most available partial static information by the compiler to generate a minimal
run-time activity (for reference tracing and subsequent analysis). To achieve sig-
nificant performance gains both compiler and run-time techniques need to take
into account the specific characteristic of the applications. While it is difficult
and may be, for now, impractical to specialize the compilation technology to
each individual code, we have found two important classes of reference patterns
that need to be treated quite differently: dense and sparse accesses.

In our previous work we have mostly discussed how to efficiently implement
the LRPD test for the dense case. In this paper we will emphasize the com-
piler and run-time techniques required by sparse applications. As we will show
later, the run-time disambiguation of sparse reference patterns requires a rather
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different new implementation and presents serious challenges in obtaining good
speedups.

We will first present some generally applicable techniques to reduce the run-
time overhead of run-time testing through shadow reference aggregation. More
specifically we will show how we can reduce the number and instances of memory
references traced during execution by using statically available control- and data-
flow information. Then we will present specific shadow structures for sparse
access patterns. Finally we will present experimental results obtained through
implementation in the Polaris infrastructure to illustrate the benefits of our
techniques.

2 Foundational Work - The LRPD Test for Dense
Problems

We have developed several techniques [13,14,15] 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). In this paper we will mostly refer to the
LRPD test and how it is used to detect fully parallel loops. To make this paper
self-contained we will now briefly describe a simplified version of the speculative
LRPD test.

2.1 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 in a safe manner, e.g., sequentially. To qualify more parallel loops, array
privatization and reduction parallelization can be speculatively applied and their
validity tested after loop termination.! For simplicity, reduction parallelization is
not shown in the example below; it is tested in a similar manner as independence
and privatization.

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, A,, and the read accesses, A;, and an array Anp, for
flagging non-privatizable elements. The loop is augmented with code (Fig. 1(b))

L 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 [6,17,8].
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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 A, is marked. If, during any
iteration, an element in A is read, but never written, then the corresponding
element in the read shadow array A; is marked. Another shadow array A is
used to flag the elements of A that cannot be privatized: an element in Ay, 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(A,(:) A A:(:))? 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.

doi=1,5 . Ve
z=A(K(i)) ) Operation  [——=—=——
if (B1(i) .€g. .true.) then doi=15 )
A(L) =z +C(i) markread(K(i)) Aw 01010
endif z= AK() Ar 11110
enddo if (B1(i) .eq. .true.) then Anp 11110
By — markwrite(L (i)
Eé-lé)s)-_(ilzoslfl)l) A(L®) =z +C(i) AW() AAIG) [0 1 0 10
L(L5)=(22442) en%"g(')f Aw()Mnp()[ 0 1 0 10
Atw 3
@ (0) © Atm 2

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.

2.2 Overhead of the LRPD Test for Dense Access Patterns

The overhead spent performing the LRPD test scales well with the number of
processors and data set size of the parallelized loop. For dense access patterns
the best choice for the shadow structures are shadow arrays conformable to the
arrays under test because they provide fast random access to its elements and can
be readily analyzed in parallel during the post-execution phase. The efficiency

% any returns the “OR” of its vector operand’s elements, i.e., any(v(1 : n)) = (v(1) V

v(2) V...V v(n)).
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of the algorithm will be high because (almost) all allocated shadow space will
be used. We can break down the time spent testing a loop with the LRPD test
into the following components:

1. The initialization of shadow structures - takes time proportional to the di-
mension of the shadow structures (arrays).

2. Checkpointing the state of the program before entering speculation takes
time proportional to the number of distinct shared data structures that may
be modified by the loop. The work involved is approximately equal to saving
all modified shared arrays and thus very program dependent.

3. The overhead associated with the execution of the speculative loop is equal to
the time spent marking (recording) the references to the arrays under test,
i.e., proportional with their dynamic count.

4. The final analysis of the marked shadow structures will be, in the worst case,
proportional to the number of distinct memory references marked on each
processor and to the (logarithm of the) number of processors. For dense
access patterns this phase is equivalent to the parallel merge of p shadow
arrays.

5. If the speculation fails, the safe re-execution of the loop may cost as much as
the restoration of the checkpointed variables and a sequential re-execution
of the original loop.

Each of these steps is fully parallel and scales with the number of proces-
sors. Another important measure of performance of run-time parallelization is
its relative efficiency. We define this efficiency as the ratio between the speedup
obtained through our techniques and the speedup obtained through hand-paral-
lelization. In case hand-parallelization is not possible due to the dynamic nature
of the code then we measure an ideal speedup. Another measure of performance
is the potential slowdown, i.e., the ratio between sequential, un-parallelized exe-
cution time and the time it takes to speculate, fail, and re-execute. Our goal is
to simultaneously maximize these two measures (equal to 1) and thus obtain an
optimized application with good performance.

While we do not consider increasing efficiency and reducing potential slow-
down as being orthogonal, in this paper we will present, to a large extent, av-
enues to improve relative efficiency, i.e., how to increase speedups obtained for
successful speculation.

2.3 Some Specific Problems in Sparse Code Parallelization

The run-time overhead associated with loops exhibiting a sparse access pattern
has the same break-down as the one described in the previous section. However
the scalability and relative efficiency of the technique is, for practical purposes,
jeopardized if we use the same implementation as the one used for dense problems

The essential difficulty in sparse codes is that the dimension of the array
tested may be orders of magnitude larger than the number of distinct elements
referenced by the parallelized loop. Therefore the use of shadow arrays can be-
come prohibitively expensive: In addition to allocating much more memory than
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necessary (causing all the associated problems) the work of the initialization,
analysis and checkpointing phases would not scale with data size and/or num-
ber of processors. We would have to traverse many more elements than have
been actually referenced by the loop and thus drastically reduce the relative
efficiency of our general technique.

For these reasons we have concluded that sparse codes need a compacted
shadow structure. However, such data structures (e.g., hash tables, linked lists,
etc) do not have, in general, the desirable random, fast access time of arrays. This
in turn will increase the overhead represented by the actual marking (tracing)
of references under test, during the execution of the speculative loop.

Another important optimization specific to the sparse codes is the paral-
lelization of reductions. This is a very common operation in scientific codes and
has also to be specialized for the case of sparse codes. We have developed such
techniques [3] but they will not constitute the focus of this paper.

Sparse codes rely almost exclusively on indirect, often multi-level addressing.
Furthermore, such loops may traverse linked lists (implemented with arrays) and
use equivalenced offset arrays to build C-like structures. These characteristics,
as we will show later, result in a statically completely un-analyzable situation
in which even the most standard transformations like loop distribution and con-
stant propagation, cannot be performed (all statements end up in one strongly
connected component). It is therefore clear that different, more aggressive tech-
niques are needed. We will further show that a possible solution to these problems
is the use of compiler heuristics to speculate on the type of data structures used
by the original code, which can be verified at run-time.

A representative and complex example can be found in SPICE 2G6, a well
known and much used circuit simulation code, in subroutine BJT. The unstruc-
tured loop (implemented with goto statements) traverses a linked list and evalu-
ates the model of a transistor. Then it updates the global circuit matrix (a sparse
reduction). All shared memory references are to arrays that are equivalenced to
the same name (value) and use several levels of indirection. Because almost all
references may be aliased, no classic compiler analysis can be directly applied.

3 Overhead Minimization

Our simple performance model of the LRPD test gives us general directions for
performance improvement. To reduce slowdown we need to improve the probabil-
ity of successful parallelization and reduce the time it takes to fail a speculation.
The techniques handling this problem are important but will not be detailed in
this paper. Instead, we will now present several methods to reduce the run-time
overhead associated with run-time parallelization: First we will present a gener-
ally applicable technique that uses compile time (static) information to reduce
the number of references that need to be traced (marked) during speculative
execution. Then in Section 4 we will present a method for sparse codes that
speculates about the data structures and reference patterns of the original loop
and customizes the shape and size of the shadow structures.
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3.1 Redundant Marking Elimination

Same-Address Type Based Aggregation While in previous implementa-
tions we have traced every reference to the arrays under test we have found that
such an approach incorporates significant redundancy. We only need to detect
attributes of the reference pattern that will insure correct parallelization of loops.
For this purpose memory references can be classified, similar to [1] as: (1) Read
only (RO), (2) Write-first (WF), (3) Read-first-write (RW), (4) Not referenced
(NO).

NO or RO references can never introduce data dependences. WF references
can always be privatized. RW accesses must occur in only one iteration (or pro-
cessor) otherwise they will cause flow-dependences and invalidate the speculative
parallelization. The overall goal of the algorithm is to mark only the necessary
and sufficient sites to unambiguously establish the type of reference: WEF,RO,RW
or NO by using the dominance (on the control graph) relationship.

Based on the control flow graph of the loop we can aggregate the marking
of read and/or write references (to the same address) into one of the categories
listed above and replace them with a single marking instruction. The intuitive
and elementary rule for combining Reads and Writes to the same address is
shown in Figure 2.

The algorithm relies on a DFS traversal of the control dependence graph
(CDG) and the recursive combination of the elementary constructs (elementary
CDG’s) shown in Figure 2. First all Read and Write references are initialized to
RO and WF respectively. Then, at every step of the CDG traversal we attempt
to aggregate the siblings with the parent of the subgraph, remove the original
marks and add the new one at the root of the subgraph. When marks of siblings
cannot be directly replaced with a mark of the parent (because they are not of the
same type) then references (marks) and their predicates are OR’ed together and
passed to the next level. Simplification of boolean expressions will enhance the
chance of success. The final output of the algorithm is a loop with fewer marks
than the number of memory references under test. Of course, the effectiveness of
this method is program dependent and thus does not always lead to significant
improvement (fewer marks).

It is important to remark that if predicates of references are loop invariant
then the access pattern can be completely analyzed before the loop execution in
an inspector phase. This inspector would be equivalent to a LRPD test (or sim-
pler run-time check) of a generalized address descriptor. Such address descriptors
have been implemented in a more restricted form (for structured control-flow
graphs) in [11].

Grouping of Related References We say that two memory addresses
are related if they can be expressed as a function of the same base pointer. For
example, when subscripts are of the form ptr +affine function, then all addresses
starting at the pointer ptr are related. For example, in SPICE, we find many
indices to be of the form ptr 4+ const, where const takes values from 1 to 50.
In fact they are constructed through offset equivalence declarations for the
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NO-->RO NO-->WF NO-->RW RW/WF-->RW/WF
@] @] O @) O O @] @]
RO-->NO  RO-->NO WF-->NO  WF-->NO RW-->NO  RW-->NO ANY-->NO  ANY-->NO
A B C D
RO-->RO RO-->WF RO-->RW RO-->RW
@] O @] O O O @] @]
RO-->NO  NO-->NO WF->NO  WF-->NO RW-->NO  RW-->NO WF-->NO  RW-->NO
E F G H

Fig.2. Simple aggregation situations. The currently visited node is root of an ele-
mentary cdg. XX before aggregation is transformed into YY after aggregation. ANY
denotes R or W. In (D), if the root is RW or WF, then it remains that way and the
previous marks of the children, if any, are removed.

purpose of building C-like structures (struct). The ptr takes a different value
at every iteration.

Intuitively, two related references of the same type can be aggregated for the
purpose of marking if they are executed under the same control flow conditions,
or more aggressively, if the predicates guarding one reference imply the other
reference.

More formally, we will define a marking group as set of subscript expres-
sions of references to an array under run-time test that satisfies the following
conditions:

e The addresses are derived from the same base pointer.

e For every path from the entry of the considered block to its exit all related
array references are of the same type (same attribute from the list WF, RO,
RW, NO).

The grouping algorithm tries to find a minimum number of disjoint sets of
references of maximum cardinality (subscript expressions) to the array under
test. These groups can then be marked as a single abstract reference. The net
result is:

e A reduced number of marking instructions (because we mark several individual
references at once) and

o A reduced size (dimension) of the shadow structure that needs to be allocated
because we map several distinct references into a single marking point.

Algorithm Outline A. CDG and colorCDG construction. We represent
control dependence relationships in a control dependence graph, with the same
vertices as the CFG and an edge (X — ¢d — YY) whenever Y is control dependent
on X. Figure 4(a) shows the CDG for the loop example in Figure 5. In Figure 4(a),
each edge is marked as a predicate expression. For multiple nodes that are control
dependent on one node with the same predicate expression, (e.g., Node S2, S3,
S4 are control dependent on node S1 with predicate expression A) we put a
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branch node between S1 and S2, S3, S4 with label A. We name the resulting
graph a colorCDG: The white node is the original CDG node and the black
node is a branch node. The corresponding colorCDG for example in Figure 5 is
shown in Figure 4(b), where node S1 represents an IF statement which leads
two branch nodes. Each of these two nodes leads to multiple cdg nodes which
are control dependent on the edge (S1,A) and (S1,NOT A).

B. Recursive Grouping. For each CDG node, in DFS order, the extract_grp
function returns the group sets of the current child colorCDG. Siblings are visited
in control flow order. In our example, the grouping heuristic is applied in three
places: S1, S2; S3. Since references in one CDG node have the same predicate,
the compute_local _grp function only needs to put subscripts with same base
pointer and access type into one group. In grp_union, we do the same work
as that in compute_local_grp except the operators are groups of subscripts.
When two groups with common elements (same subscript expressions) cannot
be combined, we compute their intersection (a set operation) which can generate
three new groups:

out_groupl = groupl — group2

out_group2 = groupl N group?2

out_group3d = group2 — groupl

The access type and predicate properties of out_groupl and out_group3 re-
tain those of groupl and group2. The access type and predicate properties
of out_group2 are the union of that of groupl and group2. This algorithm is
sketched in Figure 3.

Begin
S1 localGrp = compute_local_grp(N, Bcond)
if (N leads branch nodes) then

for (each branch node B leaded from N)

extract_grp (N, Bcond) Grouping branchGrp
Predicate new_Bcond = Bcond AND
Input: (Predicate of branch B)
CdgNode N for (each cdg node N1 rooted in B) do
Predicate Bcond subGrp = extract_grp(N1, new_Bcond)
Output: S2 branchGrp = grp_union(branchGrp, subGrp)
Grouping localGrp end
S3 localGrp = grp_intersect(localGrp, branchGrp)
end
return localGrp
End

Fig. 3. Recursive grouping algorithm

C. Marking the Groups. In this step, we simply mark the groups where the
first element of a group is referenced.

Global Reference Aggregation With the same rules as before we can even
group references to addresses formed with different base pointers. In other words,
we need not analyze references to each array individually but can group them
together as long as they follow the same access pattern. This straight forward
extension will not lead to smaller shadow structures (because we have to collect
all pointer values) but may reduce the calls to marking routines.
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@ (b)
Fig.4. CDG and colorCDG of the loop example

Before marking
After grouping and marking

SO DO i =1,N
S1 IF (A) THEN SO DO i=1,N
S2 AB()+1) = ... S1 IF (A) THEN
S3 A(B(i)+2) = MARK_WRITE( grpl )
sS4 A(B(i)+3) = ... S2 AB(i)+1) = ...
ELSE MARK_WRITE( grp2 )
S5 ..o= ABG+2) S3 AB@+2) = ...
S6 = A(B(1)+3) sS4 A(B(i)+3) =
s7 .. = A(B(D)+4) ELSE
ENDIF MARK_READ( grp2 )
S8 IF (A) THEN S5 .. = AB)+2)
sS9 A(B(i)+5) = S6 .. = AB@)+3)
S10 A(B(i)+6) = ... MARK_READ( grp3 )
ENDIF S7 .. = A(B(i)+4)
ENDDO ENDIF
S8 IF (A) THEN
Groups: S9 A(B(i)+5) =
S10 A(B(i)+6) =
grpl: {B(i)+i | i=1,5,6} ENDIF
grp2: {B(i)+i | i=2,3} ENDDO
grp3: {B(i)+i | i=4}

Fig.5. Example of loop, obtained groups and resulting loop marked for speculative
execution

A different possibility is that different base pointer groups follow the exact
same reference pattern, e.g., two completely different arrays are traversed in the
same manner. In this case only one of the arrays will be marked, the tracing of
the second one being redundant.

For example, in the program SPICE this global aggregation is made some-
what more difficult because the different base pointers point into the same global
array. So even if the access to different base pointers can be marked at the same
time we cannot merge their shadow representation. Each pointer will have its
own stride even if they can be marked together. Still, this optimization can lead
to performance improvements.

The situation is more favorable in P3M where several arrays under test have
the same access pattern and are referenced under the same conditions. The dif-
ferent arrays can be mapped to a single shadow array that, when analyzed after
loop execution, can qualify the correctness of the parallelization. Furthermore,
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even if only some of the references to different arrays can be grouped together
we can still significantly reduce the run-time overhead.?

4 Shadow Structures for Sparse Codes

Many sparse codes use linked structure traversals when processing their data
structures. The referenced pointers can, in principle, take any value (in address
space) and give the overall 'impression’ of being very sparse and random. For
example, in SPICE 2G6 the device evaluation loops (in subroutine load and
its descendants, e.g., BJT) traverse linked lists and process C-like structures
pointed to by each node in the list. Because the program does its own memory
management out of a large statically allocated array, all pointers index into
the same space (the code uses different array names but they are overlaid). This
makes the task of efficiently shadowing and representing memory references seem
extremely difficult.

However a static analysis reveals a single statement strongly connected com-
ponent, a recurrence between address and data, that is initialized before the loop
and whose values are used as indices in the loop body. It is of the form loc =
NODPLC(loc). Furthermore, we can find more such recurrences in the loop body,
with the difference that they are initialized within loop.

After this type of static analysis we can speculate with a high degree of
confidence that the code traverses a linked list and that the addresses it references
are in some ’advantageous’ order which is amenable to optimization.

We have therefore identified the base-pointers used by the loop (the various
names of overlaid names) and classified their accesses as:

(A) monotonic accesses with constant stride, (B) monotonic accesses with
variable stride and (C) random access patterns.

1 2 3 4 5 6

A: nodplc(22+tmp_loc(ij)) + Ix0 O.0 O O O OO0 O0O0OOO0OO0 O OO0 @)
1 2 3 4 5 6

B: nodplc(3+tmp_loc(ij)) + lvnim1 @ OO0 O0OO0O0OpOOLO O O OO O\S//’O O O

12,6 5 34
C: nodplc(1+nodplc(8+tmp_loc(ij))) C OO O0OO0OO0O0 OO0OO0OO0O0O0 OO0OO0O000O0

Fig.6. (A)access region with constant stride, (B) access region with non-constant
stride but monotonic, (C) access region with non-constant stride and not monotonic
(random). Examples are from the BJT loop in SPICE.

Figures 6 and 7 show examples of such accesses. For each of these possible
reference patterns we have adopted a specialized representation.

3 This part of the algorithm has not yet been implemented.
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A @ @ @ O+ base_pointerl(i)+1,+2,+3+6

e S
B HH HH tH Oo—H base_pointerl(()+4:+5:+7
c o/\omo/\o base_pointer2(i)+0
D @@@O base_pointer3(i)+0

Fig. 7. (A) and (B) have the same base pointers, inner span, and stride. Actual array
reference indices are different, because they are in two groups. To verify no overlap
between A and B, only check whether ’stride > inner span’; (A) and (C) have different
base pointers, and C doesn’t have constant stride. To verify for no overlap between A
and C, merge A and C and check for collisions; (C) and (D) To verify for no overlap
between C and D, compare ranges. Examples have been abstracted from loop BJT in
SPICE.

— monotonic constant strides can be recorded in a triplet [offset,stride,count]

— monotonic addresses with variable stride can be recorded in an array with
the additional fields [min,max] of their value

— random addresses can be stored in hash tables (if we expect a large number
of them) or simple lists which are to be sorted later. Range information will
also be maintained and recorded.

The run-time marking routines are adaptive, i.e., they will verify the class
of the access pattern and use the simplest possible form of representation. Ide-
ally all references can be stored as a triplet, dramatically reducing the space
requirements. In the worst case, the shadow structures will be proportional to
the number of marked references. The type of reference, i.e., WF, RO, RW
and NO will be recorded in a bit vector which could be as long as the number
recorded references.

After loop execution the analysis of the recorded references will again use
algorithms that range from the simplest to the most time consuming. We will
test the data dependence conditions by detecting if pointers (and their associ-
ated groups, as defined in Section 3.1) collide through the following hierarchical
procedure:

— Check for overlap of address ranges traversed by the base pointers (linked
lists) using min/max information.

— If there is overlap then check (analytically) triplets for collisions; Check col-
lision of monotonic stride lists by merging them into one array

— Sort random accesses stored in lists (if they exist) and merge into other the
previous arrays. (Self collisions will be detected during sorting)

— Merge hash tables (if they exist) into the previous arrays. (Self collisions will
be detected at insertion time)
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When (if) a collision is detected, then the type of reference will be read from
the bit vector for that particular address and any possible data dependence will
be detected.

This scheme uses shadow data structures that are, in general, more expensive
(no random access) to access and analyze than the shadow arrays used in dense
problems. However, if the speculation about the code’s reference pattern is cor-
rect then storage requirements are minimized and only inexpensive operations
will be performed. Of course, should the speculation fail then the only advantage
of this technique is its compact storage. As we will show in Section 5.1, we have
devised reasonably accurate compile time heuristics for a successful speculation.

5 Experimental Results

5.1 Run-Time Overhead Reduction

We have implemented the previously presented method of reducing marking
points in a program through the grouping algorithm in the POLARIS compiler
infrastructure [2].

The grouping algorithm has been implemented as part of our run-time par-
allelization pass, the last optimization/transformation step before the code gen-
eration pass in Polaris. We ran it on several important loops from the Perfect
Benchmarks (SPICE2G6, Ocean), SPEC (TFFT2) and a N-body code from
NCSA (P3M). In Figure 8 we compare the number of references to the arrays
under run-time test in the original code, the number of references that were
marked in a previous implementation of the LRPD test (that already had some
optimizations based on simple dominator relation between references) and the
resulting number of static marking after applying the grouping technique. The
reduction is significant in all cases and does indeed contribute to improved perfor-
mance. The actual performance improvement is more impacted by the dynamic
counts of the marking code and is also quite significant.

Static Dynamic
# of | # of | # of |[reduc-| # of | # of |reduc-
Program : Loop refe- |marks|marks| tion | marks |ma rks| tion
rences|before| after | % | before | after %
group | group group | group
SPICE2G6:BJT _do 259 | 150 13 [91.3%| 68 11 |83.88%
P3M:PP_do100 24 24 12 | 50% | 5081 | 3020 |40.57%
OCEAN:Ftrvmt_do9109| 18 6 3 50% |258/128(129/64| 50%
TFFT2:Cfftz_do#1 18 18 8 55% | 98304 | 30720 |68.75%

Fig. 8. Reduction of static/dynamic marking points using the grouping al gorithm

We have applied the technique to several loops from SPICE, OCEAN (PER-
FECT codes), P3M (an NCSA benchmark) and TFFT2, a SPEC benchmark.
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Performance Improvement(8 processors)
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Fig.9. Performance improvement through redundant marking elimination using
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grouping. Speedup Ratio = Exzecution—time—of—loop(after—grouping)

We will now use the main loop in subroutine BJT from SPICE as our case study
and give statistical results for all the other loops.

A Case Study: SPICE 2G6 We have chosen as the target of our detailed
experiment the loop in subroutine BJT of the SPICE 2G6 code. This loop has
an almost identical access pattern as most of the device evaluation step and
represents between 31% and 57% of the total execution time of the code. The
SPICE2G6 program is a very sparse code and thus offered us the opportunity to
evaluate both our grouping methods (which are also applicable to dense codes)
as well as the choice of shadow structures and sparse reduction validation and
optimized parallelization.

The unstructured loop has first been brought to a structured do loop form (a
separate pass we have developed in Polaris). Then, through a different technique
we have recently developed, we have distributed the dominating recurrence out-
side the loop: This is in fact the loop containing the linked list traversal that
controls the traversal of all data structures of the loop and has the form LOC =
NODPLC(LOC). This first loop is executed sequentially and all pointers are col-
lected in a temporary array of pointers that is used by the remainder of the BJT
loop (and has random access).

Then we have used the run-time pass of the compiler to instrument the min-
imal number of reference groups for run-time marking. The loop invariant part
of the marked addresses has been hoisted outside the loop and set up as an
inspector loop. It represents the flow insensitive traversal of all base pointers
(13 of them) that the loop can reference. These are the base pointers of all
marking groups. The predicates guarding their actual execution are loop variant
and had to be left for marking inside the loop itself. The traversal and analysis
of the inspector loop gives us a conservative result about the existence of any
cross-processor collisions (overlaps) between the references. The shadow data
structures used by our Run-time library for reference tracing are triplets for 7
pointers, list of values for 3 other the pointers and hash tables for the reduction
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Fig. 10. The input data is extended from a 8 bits adder. the execution time of loop
BJT is about 31% of total execution time of SPICE.

operand addresses. Had our ’guess’ been incorrect, then our adaptive run-time
library would have automatically ’"demoted’ the triplets (for linked lists with con-
stant, monotonic stride) to lists and then hash tables. The run-time library also
collects range information on the fly (min/max values of specific base pointers).
Then we have generated four versions of the loop that represent a combination
of four situations:

1. Conservative test (inspector) is sufficient to qualify the loop as parallel

2. Speculative execution is needed in order to mark the dynamic existence of
the groups (based on the actual control flow) and qualify /disqualify the loop
as parallel after execution

3. The reduction parallelization needs to be verified (not described in this pa-
per)

4. The parallelization is known to be valid because it has been proven in a
previous instantiation and no modifications of addresses has been found in
the outer loop.

Finally we have instrumented (with the help of the same grouping algorithms)
the remainder of the loop containing BJT to flag any shared integer variable
(potential address modification). Depending on the dynamic situation, simple
code generated by the compiler decides which version to run.

In our experiments with two different input sets we have had to run the
conservative inspector and and validate the reduction parallelization only three
times: The first time and two other times when address modification outside the
loop have been flagged. (For the reduction validation it was sufficient to show
that the range of the reduction operand addresses did not overlap with the rest
of the references.)

The experimental setup for our speedup measurement consisted of a 16 pro-
cessor HP-V class system with 4Gb memory, running the HPUX11 operating
system.

Figure 10(a) reports overall actual obtained speedup. The results seem to
scale up to 8 processors. We have not reported numbers for larger number of
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processors because our input set was fairly small. (Forking overhead is 5% of the
serial time - very significant). Execution time breakdown per phase is presented
in this Figure 10(b).

6 Conclusion

The paper presents several techniques to increase the potential speedup and effi-
ciency of run-time parallelized loops. Great emphasis has been put on efficiently
applying the run-time parallelization for sparse codes. The detailed case study,
SPICE, is one of the most difficult codes and our techniques have proven them-
selves to be quite useful. We believe that other sparse codes will behave similarly
or better. SPICE is an interesting case study because it requires all the above
methods (and more) and - more importantly - is the most similar to the prob-
lems arising in C codes: memory management, extensive use of pointers, linked
structure traversals, etc. So by parallelizing SPICE we hope to gain valuable
experience applicable to C programs.
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Abstract. Mode-Automata have been proposed in [11]. They introduce,
in the domain-specific data-flow language Lustre for reactive systems, a
new construct devoted to the expression of running modes. The idea is to
associate data-flow programs with the states of an automaton, represent-
ing modes. We define flat automata first, and then several composition
operators, such as parallel composition and hierarchic composition, which
give the language a state structure reminiscent from Statecharts. The se-
mantics of this extension may be defined by describing the translation
of Mode-automata into pure Lustre. However, the translation scheme is
complex and it gives poor code; we study here the translation of mode-
automata into the declarative format DC, used as an intermediate form
in the compilers of several synchronous languages (Lustre, Esterel, ...).
DC can be compiled into C, Java or Ada code. This allows to take ad-
vantage of the imperative mode-structure of a mode-automaton in order
to improve the final sequential code.

1 Introduction

We are interested in reactive systems, which interact continuously with their
environment. The synchronous approach [6] to the programming of reactive sys-
tems is represented by imperative languages like Esterel [2] and Argos [10], or
by declarative data-flow languages like Signal [3] or Lustre [7]. In the field of
reactive system programming, engineers who have to design control laws and
their discrete form were used to block-diagrams. Lustre and Signal offer a struc-
ture and even a graphical syntax similar to that of block-diagrams. They have
a formal semantics and can be efficiently compiled into C code, for instance.
Lustre has been defined and implemented at the Verimag laboratory. Recently,
the users expressed their need to specify part of a design as a state graph. Dis-
cussions about typical examples they had, led us to the following conclusion :
there is a need for the expression of running modes in Lustre — and it would be
the case for any other data-flow language. Stategraphs were used, more or less,
in order to represent the mode structure of the system.

In a data-flow language for reactive systems, both the inputs and outputs of
the system are described by their flows of values along time. Time is discrete
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and instants may be numbered by integers. If x is a flow, we will note x,, its
value at the nth reaction (or nth instant) of the program.

A program consumes input flows and computes output flows, possibly using
local flows which are not visible from the environment. Local and output flows
are defined by equations. An equation “x =y + z” defines the flow x from the
flows y and z in such a way that, at each instant n, x, = y, + 2.

A set of such equations describes a network of operators. One should not write
sets of equations with instantaneous loops, like : {x =y + 2,z =+ 1,...}. This
is a set of fix point equations that perhaps has solutions, but it is not accepted
as a data-flow program. For referencing the past, the operator pre is introduced :
Vn >0, (preX), = Xp—1. One typically writes T = pre(T) + i ; , where T is
an output, and i is an input. It means that, at each instant, the value of the
flow T is obtained by adding the value of the current input i to the previous
value of T. Initialization of flows is provided by the -> operator. The equation
X = 0 -> pre(X) + 1 defines the flow of integers.

In such a language, the notion of running mode corresponds to the fact that
there may exist several equations for the same output, to be used in distinct
periods of time. For instance, the coordinates of a robot arm are computed with
some equations when it moves right, and as soon as it reaches an obstacle, it
begins moving left and the equations of the coordinates are entirely different.

Designing a system that clearly exhibits such “independent” running modes is
not difficult since the mode structure can be encoded explicitly with the available
data-flow constructs. Typically, some Boolean flows model, mode2 are used to
identify the current mode, and all other variables computed by the system may
have definitions of the form: X = if (model) then ... else if (mode2) then ... .

However the mode structure of the system is no longer readable in the re-
sulting program, and modifying it is error-prone, because it is hidden in the
conditionals and the code for one mode is mixed up with the code dedicated
to mode changes. This is exactly the same motivation as for the state design
pattern [5] proposed for object-oriented designs; this pattern is used for allowing
an object to alter its behavior when its internal state changes.

In object-oriented designs, the motivation for modes leads to a pattern, i.e. a
recipe for writing a structured, modifiable and readable code, using the available
constructs of the language. It is not compiled in a specific way. On the contrary, in
the domain of safety-critical reactive systems, we would like the code we produce
to benefit from the quite imperative structure implied by modes. Encoding modes
with data-flow conditionals, even if it can be done in a structured and readable
way, forbids efficient compilation. We need a new language feature, treated in a
specific way by compilers, not only a pattern.

Starting from these ideas, we proposed the mathematical model of mode-
automata [11], which can be viewed as a discrete form of hybrid automata [1].
In [11] we gave detailed motivations and related work on the notion of mode.

The present paper investigates implementation issues. First, we augment the
formalism presented in [I1] with a simple notion of hierarchic composition of
mode-automata. Second, we define the semantics of mode-automata and their



MATOU: An Implementation of Mode—Automata 251

compositions in terms of activation conditions, a notion available in the format
D¢ [3] (for “declarative code”), used as an intermediate code in the compilers of
several synchronous languages (Lustre, Esterel, Signal, Argos...).

Section 2 illustrates Lustre, flat mode-automata, bc and C for the same ex-
ample. Section 3 recalls parallel composition, and defines hierarchic composition.
In section 4, we show how to translate correct programs into DC, in a structural
way. We give criteria for evaluating the quality of the generated code, and sketch
the formal proof of the compilation scheme. Section 5 concludes, and draws some
directions for further work.

2 An Example

2.1 Lustre, Mode-Automata and C

Figure 1 shows a simple Lustre program, a C program and a mode-automaton
that have the same input/output behavior, illustrated by the timing diagrams.
The reactive system inputs an integer i and outputs two integers X and Y. The
Lustre program uses a Boolean memory M that commutes according to some
conditions on X, and we can see that X and Y are updated depending on the
value of M. This is a typical case where a mode-automaton can be useful.

The mode-automaton we give here has two states, and equations attached to
them. The transitions are labeled by conditions on X. The important point is that
X and its memory are global to all states. The only thing that changes when the
automaton changes states is the transition function; the memory is preserved.
Hence, by construction, the behavior attached to the target state starts with the
value of X that had been reached applying the equations attached to the source
state. This gives the timing diagram of figure 1.

The C program is an infinite loop: this is the typical form of a sequential
program produced from a synchronous language. However the code inside the
loop has not been obtained automatically from the Lustre program. Indeed, in
the example above, it could not: the IF conditional structure is strict in Lustre,
as in a number of data-flow languages; the C program that corresponds to the
Lustre program would compute both C expressions corresponding to pre (X) +Y+1
and pre (X)-Y-1 before choosing between the two for assigning a new value to X.

On the contrary, the C program we give here is relatively close to the one we
would like to obtain from the mode-automaton. We would like the assignments
to x and y to be guarded by an imperative conditional structure. Pieces of code
attached to inactive modes should not be computed.

2.2 Clocks and States

In all data-flow synchronous languages, there exists a mechanism that allows to
restrict the instants in which some flows are defined; this mechanism is usually
called clock [4]. Associating clocks with the flows is an indirect way of controlling
the instants in which the operators are indeed computed. For instance, in order
to avoid a dynamic error like a division by zero, one has to use clocks.
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Fig. 1. Example: Lustre, C, and Mode-Automata. The three programs have the same

input /output behavior, described by the timing diagram (the horizontal axis is

the discrete time; the values of the input ¢ are chosen arbitrarily.)
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The execution of the Lustre program X = if Y != 0 then U/Y else U
gives a dynamic error when Y=0, because the expression U/Y is computed be-
fore the choice that depends on Y being zero or not. Using clocks, one may
write: X = if Y !'= 0 then U/(Y _when Y !=0) else U; but this is a kind of
typing error: all the operands of an operator should have the same clock. One
then writes: X = if Y != 0 then (U when Y !'=0)/(Y when Y !=0) else U.
Then the same holds for if, which can be corrected by writing: X = if Y I=
0 then current ((U when Y !'=0)/(Y when Y !=0)) else U ; current is
the oversampling operator; in this case, it gives values to the flow X even in
the instants when Y=0. The semantics of sampling (when) and oversampling
(current) ensures that the expression U/Y will be computed only when Y is not
zero, which guarantees that there will be no dynamic error.

We were not happy with the translation of mode-automata into pure Lustre
without clocks because we would like the states of a mode-automaton to be-
have as clocks, not as strict conditional structures. Hence we should translate
mode-automata into Lustre with clocks, applying transformations like the one
needed for the division, systematically. However, the semantics of clocks does
not guarantee that the Lustre compiler be able to produce in all cases the ideal
C program of the form if (Y !'=0) { X = U/Y ; } else { X =U ; }.

2.3 The Intermediate Format DC

DC [3] has a declarative style, and provides an imperative mechanism called acti-
vation condition. Such conditions are Boolean flows that may be associated with
basic operators or sub-networks, and allow to specify when things are computed.
The Lustre-to-DC front-end translates clocks into activation conditions, and
they are used in the back-end compilers (e.g. from DC to C), where they are
translated into conditionals, guarding a set of assignments.

The two following constructs define the flows X and Y, both initialized with
value i and computed, at each instant, depending on the value of the activation
conditions al, ... ak, whose evaluation is sequential.

Equation defining X : X (init i) equcase: el@al, ..., ek@ak
Memorization defining Y : Y (init i) memocase: el@al, ..., ek@ak
For equations: |For memorizations:
Yo=1i
Xo = Xn>o0 = YO _
el if alg el, if al, e”flif u
e2q if —alg A a2g €2, if —al, A a2, " "

€2, if —al, A a2,

eko if ~(alg Vv ...) Naky |ek, if =(al, V ...) A aky,

iif =(alo V... Vaky) | Xn_1if ~(al, V...V aky) ekn if 2(alnV..) A akn

Y, if =(al, V...V aky,)

We give below a DC program that has the same input/output behavior as the
Lustre program and the mode-automaton of figure 1. Moreover, the equations
attached to a state are computed only when necessary. The Boolean variable M
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is used to encode the states of the mode-automaton, and serves as activation
conditions. For instance, the flow X as a definition of the form:

X equcase: 0@first; (MX+Y+1)@M; (MX-Y-1)@true. Since the evaluation of
activation conditions is sequential, @true means: @(not M). The C program
obtained from this DC program contains the following line, in which we recog-
nize the structure of the ideal C program presented above: if (first) {X=0;}
else if (M) {X=MX+Y+1;} else {X=MX-Y-1;}. This form is guaranteed by the
semantics of DC activation conditions.

inputs: i int outputs: X int Y int
locals: M bool ; first bool ; MX int MY int
definitions:

first (init true) memocase: false®@true;

MX (init 0) memocase: X@true;

MY (init 0) memocase: Y0@true;

M (init true) memocase: (X<=20)G@M; (X<0)@true;

X equcase: O@first; (MX+Y+1)@M; (MX-Y-1)@true;

Y equcase: Oefirst; (i+MY)@M; (i-MY)@true;

2.4 Implementing Mode-Automata on Top of Lustre

For implementing Mode-Automata, either we translate them into Lustre with
clocks, and then use the existing chain (Lustre to DC to C); or we translate
them to DC (for translating them directly to C, we would have to rewrite part
of the Lustre compiler, for the equations attached to states). Obtaining a Lustre
program with clocks from a mode-automaton implies that the quite imperative
structure of the mode-automaton be translated into the very declarative clock
structure of Lustre... that has to be translated back to the imperative notion of
activation condition. It is theoretically possible, but cumbersome to implement,
especially when mode-automata are composed (see section 3.2 below). Moreover,
keeping track of the interesting information about states along this path seems
hard. We chose to translate mode-automata to DC. Producing DC code is simpler,
and allows to use all the tools available for this format (formal verification,
testing, debugging, etc.) without adding the Lustre intermediate form: source
recovery is simpler. Moreover, DC is close to the internal formats of SCADE (the
commercial version of Lustre, sold by Verilog S.A.), and the algorithms we give
in this paper will be easy to reuse.

3 The Mode-Automata Language

3.1 Flat Mode-Automata: Formal Definition and Semantics

Definition 1 (Mode-automata). Consider a set of variables V taking their
values in a domain D, and a partial function T :V — D, used to define the
initial value of some wvariables. We will note V, = dom(I) the set of output
variables, and V; =V — dom(I) the set of input variables. A mode-automaton
onV is a tuple (Q, qo, f,T) where:
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— @ s the set of states of the automaton part and gy € Q is the initial state

— T C QxC(V) xQ is the set of transitions, labeled by conditions on the
variables of V

— f:V — (Q — EqR(V)) is a partial function ; a variable in V (typically
an output) may be associated with a total function from @Q to the set EqQR(V)
of expressions that constitute right parts of the equations (not all variables
are defined, but if a variable has an equation in one state, it has an equation
in all states).

EqR(V) has the following syntaz: e == ¢ | x | op(e,...,e) | pre(z)  where c
stands for constants, x stands for a name in V, and op stands for all combina-
tional operators. The conditions in C(V) are Boolean expressions of the same
form, but without pre operators. The set of mode-automata is denoted by M.

Note that Input variables are intended to be used only in the right parts of the
equations, or in the conditions. Qutput variables may be used everywhere. In
the sequel, we use the domain D = B U Z of Boolean and integer values, and
we assume that all the expressions are typed correctly. We also assume that the
equations attached to a state do not hide a cyclic dependency (like X = Y ;
Y = X ; ); this is the usual Lustre criterion, which is used independently for
each mode here. We require that the automaton part of a mode-automaton be
deterministic, i.e., for each state g € @, if there exist two outgoing transitions
(¢,c1,q1) and (g,c2,q2) and 1 # g2, then ¢; A ¢a is not satisfiable. We also
require that the automaton be reactive, i.e., for each state ¢ € @, the formula
\/( g.eqyer € 18 true (however we usually omit some loops in the concrete syntax
of mode-automata, as we did on the example of figure 1: the mode-automaton
should show the loops (A, X <20,A4) and (B, X >0, B)).

Finally, the Lustre programs attached to states should not make use of the
following operators: initialization (the initial value of variables is given globally),
sampling and oversampling (states behave as implicit clocks). The conditions
that label transitions do no make use of the pre operator.

Definition 2 (Trace Semantics of Mode-automata). Consider a set of
variables V and a partial initialization function T. A input/output/state trace of
a mode-automaton M = (Q, qo, f,T) on'V is an infinite sequence oy, n € [0, +00]
of tuples ay, = (in,y On, Sn)-
Vn, i, (resp. on) is a valuation of the variables in V — dom(I) (resp. dom([)),
i.e. a total function V —dom(I) — D (resp. dom(I) — D) ; s, € Q. A trace
o of such tuples is indeed a trace of M if and only if:
so=¢qo N Yz €dom(I) op(z)=ZI(x)
(1) A ¥(n>0) Ve e dom(l)
00 (@) = £(2)(50)lin(2),/2llin-1(2) /5re(2))[on (1) /][00 1 () [pre(y)]
(15) AV(n>0) I(sn,C, spt1) € T such that: Clin(2)/z][on(y)/y] = true

In (i) and (i7) above, substitutions (denoted by []) are done for all variables z
in ¥V —dom(I), and all variables y in dom(I). Hence the occurrences of variable
names are replaced by the current value of the variable, and the occurrences of
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sub-expressions of the form pre(x) are replaced by the previous value of the
variable. For all n > 0, this yields a circuit-free set of equations, of which the
valuation of variables at instant n is the unique solution.

3.2 Compositions

Figure 2 gives an example with parallel and hierarchic compositions. Their se-
mantics can be given by showing how to obtain a trace-equivalent flat mode-
automata from a composition of several flat automata. The compilation scheme
does not follow this idea, however (see section 4).

Given two mode-automata M1 and M2 on a set V, with the initialization
function Z, and provided dom(f!) N dom(f?) = (), we denote their parallel com-
position by M1 x M2. Its set of modes is the Cartesian product of the sets
of modes of M1 and M2. The set of equations attached to a composed mode
A1A2 (where Al is a mode in M1 and A2 is a mode in M2) is the union of the
equations attached to Al in M1 and those attached to A2 in M2. The guard
of a composed transition is the conjunction of the guards of the component
transitions. The parallel composition of two mode-automata is correct if all the
Lustre programs attached to the flat modes are correct: there is no instantaneous
dependency loop, and each variable has exactly one equation.

The other composition is the hierarchy of modes. The sets of variables defined
by the various mode-automata of the program are pairwise disjoint. In particular,
a given variable X may not be defined at several levels (see comments in the
conclusion). This composition is described by the operation >, applied to a mode-
automaton (not necessarily reactive) used as the overall controller, and a set of
refining mode-automata: > : M x2M — M.

The equations attached to the refined state are distributed on all the sub-
states; the transitions sourced in a refined state also apply to all the states inside;
a transition that enters a refined state should go to the initial state (among all
the states inside); a transition between two states inside may happen only if
no transition from the refined state is firable (the outermost transitions have
priority).

3.3 A Simple Language and Its Semantics

The set £ of mode-automata expressions is defined by the following grammar,
where NIL is introduced to express that a state is not refined and M stands for
a mode-automaton: FE == FE|E | Ru(Ro,...,Rn) R:=FE|NIL

The semantics of such a mode-automaton expression is a flat mode-automa-
ton, obtained by applying the operations x and > recursively ; since not all
compositions are allowed, the semantic function may return the special error
value L ; if there is no composition error, the function returns a flat mode-
automaton, which is both deterministic and reactive: § : £ — M U {_L}. The
recursive definition is given below (null, appearing below for NIL, is the function
whose definition domain is empty).
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Fig. 2. A composition of mode-automata: parallel composition is denoted by a dashed
line; hierarchic composition involves the main mode-automaton (with states
A and B) and two refining sub-programs: the parallel composition in A, and
nothing (NIL) in B. The states C, D, E and F are also “refined” by NIL. Y and Z
are shared: they are computed by one of the mode-automata, and used as an
input by another. The signals ¢ and j are inputs. The corresponding expression
is: Rar, (Raz, (NIL, NIL)||Razy (NIL, NIL), NIL), where M; is the mode-automaton
with states A and B, M> is the mode-automaton with states C and D, M3 is the
mode-automaton with states D and F.

1 inputs: i,] : bool ;

2 outputs: X, Y, Z : int ;

3 locals: first, kA, A, B, C’, D’, E’, F’, C, D, E, F : bool ;

4 MX, MY, MZ int ;

5 definitions:

6 first (init true) memocase: false Q@true;

7 X equcase: O @first; MX+1 @A; MX-1 @B;

8 Y equcase: O @first; MY+1 @C; MY-1 @D;

9 Z equcase: O @first; MZ+Y QE; MZ-Y @F;

10 MX (init 0) memocase: X Q@true;

11 MY (init 0) memocase: Y Q@true;

12 M (init 0) memocase: Z Q@true;

13 kA (init false) equcase: (((Z>100 and i) or j) or false) @A;

14 A (init true) memocase: not ((Z>100 and i) or j) @A; (X=0)@B;

15 B (init false) memocase: not (X=0)@B; ((Z>100 and i) or j)@A;

16 C’ (init true) memocase:true @(kA or not A);not(¥Y=10) @C; (Y=0)@D;
17 D’ (init false) memocase:false@(kA or not A);not(Y=0) @D; (Y=10)@C;
18 E’ (init true) memocase:true @(kA or not A);not(Z>100)@E; (Z<50)CQF;
19 F’ (init false) memocase:false@(kA or not A);not(Z<50) @F;(Z>100)CE;
20 C equcase: false@not A; c’ Qtrue;

21 D equcase: false@not A; D’ Qtrue;

22 E equcase: false@not A; E’ Qtrue;

23 F equcase: false@not A; F’ Qtrue;

Fig. 3. The DC program obtained for the program of figure 2
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[ Lif S(E1) =L or S(E2) =L or dom(S(E1).f) Ndom(S(EL).f) #0
S(En||Ez) = {S(El) x S(E2) otherwise
S(Ri) =

L if 3i € [0,n] s.t. { or dom(S ( 3.F) 1 dom(M.£) £ 0

or 3i,5 € [0,n].i # j Adom(S(R;).f) Ndom(S(R;).f) # 0
M (S(R1),...S(Rx)) otherwise
S(NIL) = ({NIL}, NIL, null, {(NIL, true, NIL)})

SRum(Ro, ..., Rn)) =

A Mode-automaton program is a tuple (V,Z, E') where V is a set of variables,
Z : V. — D an initialization (partial) function, and F a mode-automaton
expression as defined above, composed from mode-automata on V. V and Z play
the role of a set of global variable declarations, for all variables appearing in
the mode-automata of the expression E. The set of mode-automata programs is
denoted by P. A mode-automata program (V,Z, F) is said to be correct if and
only if S(E) # L and dom(S(E).f) = dom(I), i.e. there are no internal conflicts
in E and the declarations are consistent with the use of the variables in E.

4 Implementation by Translation into DC

A DC program is a tuple (I,0,L, Mm, Eq) where I, O and L are the sets of
input, output and local variables, Mm is the set of memorizations and Eq is the
set of equations. Each memorization or equation is a tuple < v,4,0 > where v is
the name of the variable being defined, i is the initial value and o is a sequence
(denoted by []) of (expression@activation)s. The set of DC programs is denoted
by DC. Our translation is defined in order to guarantee the following:
Property 1(Form of the DC code)
The DC code corresponding to the equations attached to a global state X, and
to the conditions of the transitions sourced in X, are computed exactly when
this state X is active.

For the typical programs we have in mind (a few modes, and big programs
attached to modes), this is our notion of good code.

4.1 The Translation Algorithm

The Translation Function I' : P — DC is the function translating main
mode-automata programs into DC programs. It is defined on top of the v function
(to be defined later). For a correct (see paragraph 3.3) program (V,Z, E):

I'(V,Z,E)) = let (L,Eq,Mm)=~(Z,E,false,true)
in (V—dom(I), dom(I), LU {first}, Eq,
MmU{ < first, true, [false@true| > })

Figure 3 gives the DC program obtained for the example of figure 2. It al-
ways contains the Boolean variable first, which is true at the first instant,
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and then false forever. It 1is defined by the the memorization
< first, true, [false@true] > (line 6). It is used as an activation condition
for the encoding of other variables.

~ is the interesting function. It takes an initialization function Z, a mode-
automaton expression E and two DC Boolean expressions k (for “kill’) and a
(for “alive”), and it gives a tuple (L, Eq, M'm), where L is a set of fresh variables
needed for encoding the expression F into DC, Fq and Mm are the equations
and memorizations obtained by encoding E. The variables in L are intended to
become local variables of the DC program.

The two expressions k and a are used to encode a sub-expression depending
on its context ; they are inherited parameters in the recursive definition of -,
starting from the root of the expression tree with values k = false (the main
program is never killed) and a = true (the main program is always alive).

Since the parameter Z of « is transmitted unchanged through the recursive
calls, we omit it as an explicit parameter, in the following definitions.

NIL and Parallel Composition There is little to do in order to encode the
NIL leaves. k and a are transmitted unchanged to the operands of a parallel
composition, and the global DC program is obtained by gathering the sets of
fresh variables, equations and memorizations introduced for encoding the two
operands:

~v(NIL, k,a) = (0,0,0)
Y(E1||E2, kya) = let (Ly, Eqr, Mmy) = v(FE1, k,a)
(L27Eq27Mm2) = ’Y(Eg,k,(l)
in (Li1ULs, Eq UEqg, MmqU Mms)

Hierarchic Composition The interesting (and difficult) case is the hierarchic
composition: we encode the states and transitions of the main automaton, and
the kill and alive parameters transmitted to the refining mode-automata are
built according to the Boolean DC variables encoding the states of this main
mode-automaton.

The idea is the following: we introduce 3 fresh Boolean variables (s;, s}, k;)
per state of the refined mode-automaton. € is a set of equations defining the s;
variables. s; means: “the global program is currently in the state s; and in all
of its ancestors’ ; it is defined as being false when the context says that the
automaton is not alive, otherwise it copies the value of the other state variable
s}. si is defined by a memorization in p, which corresponds to the classical
encoding of an automaton, adapted to the DC style with activation conditions.
Moreover s is set to its initial value whenever k V —a, i.e. when the automaton
is being killed, or is currently not alive (see Figure 3, lines 14-23. the example
is optimized a little: for the states belonging to the upper level, we do not need
two state variables, and we use only one).

e ={ <si, 7, [false@(—a), sj@true] > }icion)
p=A{< 527 0, [De(k V —a), (_'\/(qi,C,qj)eT C)es; | >}i6[0,n]
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(“?” means any value may be chosen, because it is never used; O is “true” if
i =0 (initial state) and “false” otherwise).

k; means “the mode-automaton refining state number i has to be killed’ and
is defined by an equation in y ; its definition shows two cases: either the global
program is killed (k), or the state 4 is left because one of the outgoing transition
conditions is true (see Figure 3, line 13).

x = {< k;, false, [ (kV \/ C)es; | >}icjon)
(¢:,C,q;)€ET
Encoding the refining program R; with s; as the alive parameter and k; as the
kill parameter, gives the (rL;, rEq;,rMm;), and encoding the equations attached

to the states of the refined mode-automaton, gives the (X Eq;, X Mm;, X L;). All
the sets of fresh variables, equations and memorizations are then gathered.

Y(R(Q,q0,1.7) (R0, -, Bn) k a) =
let 2 = {So; vy Sns 36,. Y n’ ko, ...,kn}, €= oy X = ey b= ... (see above)

(rLi,rEq;,rMm;) =|v(R;, si ki) |, i€ [0,n] (refining programs)
(XEqi, XMm;, XL;) = ‘ 4(Q, f,dom(f)) ‘ (refined mode-automaton)

in (Uicpon ™Li UUiciom XLiU2, Uscton "B U Ui XEai UeUx,
Uie[om] rMm; U UzE (0,n] XMm; U p)

Encoding Lustre Equations ¢ takes the set @ of states of the main automa-
ton, the function f that associates definitions of variables with the states, and
the set dom(f) of variables for which we need to generate DC definitions.

For each variable v € dom(f), § gathers the DC expressions e;,i € [0,n] ob-
tained by translating (with the function 6 given below) the Lustre
equations attached to states (f(v)(g;),i € [0,n]) into a single equation
< v, [Z(V)efirst,en@so, ..., ,0s,] >, adding a case for the initial instant (see
Figure 3, lines 7-9). The order of the cases is irrelevant, since the s; Boolean
variables are guaranteed to be pairwise exclusive (they encode the states of the
main automaton).

8(Q, fi{v} UV) =let (e;, Mm;, L;) = 0(f(v)(g:)), i€ [0,n]
(Eq Mm/ L')_ (@, 1, V)
in (B¢ U{<v,?,[Z(V)efir
mUUZeOn]Mmz, L'u
5(Qaf7®):(®5 7(2))

€0@sg, ..., @8y, | >},

st),
U'LE[O,n] L)

Translation of Lustre Into DC The 6 function translates the Lustre ex-
pressions attached to states of the mode-automata into DC expressions, possibly
creating variables and memorizations (for the pre sub-expressions); it returns a
tuple (e, M'm, L) where e is a DC expression, Mm is a set of memorizations and L
is a set of new variables, to be added to the set of local variables of the global
DC program. We define 6 for binary operators (expr; op expr,), variables (v),



MATOU: An Implementation of Mode—Automata 261

constants (cst) and pre sub-expressions. Lustre constants and operators have a
counterpart in DC.

O(expry op expry) = let (e1, Mmy, L1) = 6(expry), (e2, Mma, La) = 6(exprsy)
in (e; op ea, MmyUMmgy, Ly U Ly)
0(v) = (v,0,0) O(cst) = (cst, 0,0)
O(pre(v)) = let Mwv be a fresh variable
in (Mv, {< Mv,Z(v), [vetrue] >}, {Mv})

The last line means that Mv is the memory of v, initialized as required in
the global function Z of the program, and always computed (@true). If there are
several occurrences of pre (v), the variable Mv and its definition are created only
once (see Figure 3, lines 10-12).

4.2 Correctness of the Translation Scheme

Both mode-automata and DC have a formal trace semantics, i.e. there exists
a mathematically defined function f,, from mode-automata to input/output
traces, and another function f; from DC programs to input/output traces. Traces
are sets of sequences of input/output tuples. We have to prove that :

VP =WV,Z,E). [m(S(P))= fa(v(Z,E,false,true))

where P = (V,Z, E) is a mode-automaton program as defined in section 3.3.

However, since the translation algorithm does not perform complex optimiza-
tions like minimizing the automaton structure, S(P) and (Z, E, false, true)
are more than trace-equivalent: they are isomorphic, which is easier to prove.

We extend the semantics of mode-automata to input/output/state traces,
and that of DC to input/output/local traces. We then exhibit a one-to-one func-
tion A relating a global state of a mode-automaton program with a configuration
of the local Boolean variables used for encoding states in the DC program. Then
we have to prove that: first, S(P) and v(Z, E, false, true) have the same initial
state (via \); second, if we start from a global state (of the mode-automaton
program) and a configuration of the variables (of the DC program) related by A,
and take the same input into account, then the two objects produce the same
output and evolve to a new global state and a new configuration of DC vari-
ables that are, again, related by A. This is sufficient for proving that S(P) and
v(Z, E,false, true) have the same sets of input/output traces.

4.3 Quality of the Translation Scheme

We already said that the typical systems we have in mind have a few modes,
and big programs attached to modes (this is not the case in our example, for
sake of simplicity, but imagine that we replace X = pre(X) — 1 by a one-page
program). Our criterion for good code is the property 1, page 258. Our translation
scheme guarantees it, due to the careful encoding of states with two variables s
and s’ (except at the upper level which is never killed).
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We could also take the number of variables into account, for this is the main
parameter that plays a role in the complexity of the static analysis algorithms
that could be applied at the DC level. Reducing the number of variables was not
our main aim but, yet, the encoding is not so bad: a log encoding of the states
of a single mode-automaton into Boolean DC variables would make the transi-
tions very complex for a very little gain, because the automaton components are
supposed to be small. The structural encoding of composed programs ensures
that global states are encoded in an efficient way. Since there exist optimizations
techniques at the DC level, we should concentrate on the optimizations that can
be performed only at the mode-automaton level. For instance, we could use the
hierarchic structure of a mode-automaton program in order to reuse some DC
variables used for the encoding of states.

5 Conclusions and Future Work

The algorithm presented in this paper has been implemented in the tool MA-
TOU by Yann Rémond, on top of the DRAC set of tools for the DC format,
developed at Verimag by Y. Raoul, and part of the SYRF project [12]. MATOU
has been used for several case studies, among which: a simplified temperature
control system for an aircraft, submitted by SAAB and already studied in the
SYRF [12] project; the production cell [9] that was proposed at FZI (Karlsruhe)
as a test bench for several languages and proofs tools; an operational nuclear
plant controller submitted by Schneider Electric. These three examples fall in
the category we are interested in: a little number of modes, and quite complex
programs for each mode. The code we obtained is satisfactory, but we still need
to run MATOU on a test-bench, for determining where optimizations should be
applied.

Concerning the language constructs, the equations attached to states are
written using a very small subset of Lustre, sufficient for demonstrating the
interest of mode-automata, and for which we can perform the compilation into bc
in a simple way. Our notion of hierarchic composition is also simple; in particular,
we reject programs in which the same variable is defined at several levels. We are
working on more permissive definitions of the hierarchic composition, inspired
by some medium-size examples, in which such a situation is allowed, and treated
like some special case of inheritance. However, as far as the translation into DC is
concerned, the algorithm described in this paper will continue to be the basis of
the implementation. For the moment, it seems that the more advanced versions
of the constructs will be implemented by some transformations of the abstract
tree, before generating DC code.

Further work on the definition and implementation of mode-automata in-
cludes some easy extensions (variables local to a state and its outgoing transi-
tions; priorities between transitions sourced in the same state, importing objects
from a host language like C, ...) and some extensions of the subset of Lustre we
allow to label states (calling nodes with memory, using Lustre clocks, ...) that
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require a careful study of the interaction between the automaton structure and
the Lustre constructs.

Finally, concerning the translation scheme, we managed to take the mode-
structure into account fully: we avoid unnecessary computations. DC turns out to
be the appropriate level for studying the introduction of an imperative construct
into a data-flow language: the format is still declarative and equational, but the
notion of activation condition gives a pretty good control on the final C code.
Moreover, although the implementation is particular to the precise structure
of DC code, we think that the ideas developed in the paper can be reused for
translating modes into a wide variety of formats; for instance, we plan to study
the translation of Mode-Automata into other target codes like VHDL or VERILOG.
The method can also be used to introduce modes in other data-flow languages.
Moreover, DC is close to SCADE and the translation of mode-automata into one
of the SCADE internal formats does not bring new semantical problems.
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Abstract. An adaptive program is an object-oriented program which
is abstracted over the particular class structure. This abstraction fosters
software reuse, because programmers can concentrate on specifying how
to process the objects which are essential to their application. The com-
piler of an adaptive program takes care of actually locating the objects.
The adaptive programmer merely writes a traversal specification deco-
rated with actions. The compiler instantiates the specification with the
actual class structure and generates code that traverses a collection of
objects, performing visits and actions according to the specification.
Earlier work on adaptive programming merely stated but never verified
that compilation of adaptive programs is nothing but partial evaluation.
We employ an algebraic framework based on derivatives of traversal spec-
ifications to develop an interpretive semantics of adaptive programming.
This semantics is naturally staged in up to three stages. Compilation
can be achieved using a standard partial evaluator. Slight changes in the
binding-time properties yield several variants of the compiler, by trading
compile-time computations for run-time computations.

Keywords: object-oriented programming, semantics, compilation

1 Introduction

An adaptive program [16,18,15,19] is an object-oriented program which is ab-
stracted over the particular class structure. Adaptive programming moves the
burden of navigating through a linked structure of objects of many different
classes from the programmer to the compiler. The key idea is to only specify the
landmarks for navigation and the actions to be taken at the landmarks, and leave
to the compiler the task of generating traversal code to locate the “landmark”
classes and to perform the actions.

This abstraction fosters software reuse in two dimensions. First, the same
adaptive program applies unchanged to many similar problems. For example,
consider the adaptive program Awverage that visits objects of class Item and
computes the average of the field amount therein. This program can be compiled
with respect to a class structure for a company, instantiating Item to Employee
and amount to salary, to compute the average salary of the employees. But the

A. Watt (Ed.): CC/ETAPS 2000, LNCS 1781, pp. 264-279, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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same program can also be compiled by instantiating Item to Inventoryltem and
amount to price. This instance computes the average price of all items in stock.

Second, adaptive programming is attractive for programming in an evolving
environment. Here, “evolving” means that classes, instance variables, and meth-
ods are added, deleted, and renamed, as customary in refactoring [17,5,8]. In this
situation, many adaptive programs need merely be recompiled without change,
thus alleviating the tedious work of refactoring considerably.

An adaptive program consists of two parts: a traversal specification and wrap-
per (action) specifications. The traversal specification mentions classes whose
objects must be visited in a certain order and the instance variables that must
be traversed. A wrapper specification links a class to an action that has to be
performed when the traversal enters an object of that class or when it finally
leaves the object.

Although a traversal specification only mentions names of classes and in-
stance variables that are relevant for the programming task at hand, the ac-
tual class structure, for which the adaptive program is compiled, may contain
intermediate classes and additional instance variables. The compiler automati-
cally generates all the code to traverse or ignore these objects. Likewise, wrapper
specifications need only be present for classes whose objects require special treat-
ment. Hence, the programmer writes the important parts of the program and
the compiler fills in the boring rest.

Contribution The starting point of this work is a notion of traversal specifi-
cation (slightly extended with respect to [23]), which generalizes earlier work on
adaptive programming [15,19,18]. In our framework, compiling and running an
adaptive program has three stages,

1. normalization of the traversal specification and generation of the set of iter-
ated derivatives;

2. generation of the traversal code from the set of derivatives and the class
graph;

3. running the traversal code on an object graph.

Initially, we develop an interpretive semantics of adaptive programs that
implements these three stages. In stage one, the compiler normalizes the traversal
specification and precomputes a “state skeleton”, that is, the set of states of a
finite automaton which directs the traversal of an object graph. In stage two, the
compiler constructs the traversal code from the class structure. In stage three,
the object graph becomes available and the actual traversal takes place. These
stages correspond to binding times in a multi-stage partial evaluation system [22]
(for Scheme [11]). We have employed our system to obtain a staged compiler as
outlined above. Thus, we have substantiated the claim of Palsberg et al [18] that
“To get an executable program, an adaptive program has to be specialized, in
the sense of partial evaluation [10], with a complete description of the actual
data structures to be used.”

Of course, we reap the usual benefits of partial evaluation. Once the interpre-
tive semantics has been verified, the compiler is correct due to the correctness of
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the partial evaluator. Variation of the staging inside the interpreter yields either
a static compiler or a dynamic compiler. Variation of the interpreter allows for
experimentation with different notions of traversal specifications and so on. In
any case, partial evaluation supplies compilers at the push of a button.

Overview Section 2 establishes preliminaries and defines a semantics of adap-
tive programs. Section 3 defines semantic functions on traversal specifications
and wrapper specifications. Finally, it defines the semantics via an interpreter.
Section 4 explains the steps to specialize this interpreter and how to achieve
static as well as dynamic compilation. T'wo variants of the semantics are read-
ily implemented by modifying the interpreter. Section 5 considers variations,
extensions, and further work, Section 6 discusses related work, and Section 7
concludes.

The papers assumes some knowledge of the Scheme programming language.

2 Semantics of Adaptive Programs

This section first recalls the basic concepts of class graphs and object graphs
used to define the semantics of adaptive programs. Then, we define traversal
specifications and wrapper specifications and use them to define a semantics of
adaptive programs.

2.1 Graphs

A labeled directed graph is a triple (V, E/, L) where V is a set of nodes, L is a set

of labels, and £ C V x L x V is the set of edges. Write u L. v for the edge
(u,l,v) € E; then u is the source, [ the label, and v the target of the edge.

Let G = (V,E,L) be a labeled directed graph. A path from vy to v, is a
sequence (v, l1,v1,l2,...,l,,v,) where n > 0, vo,...,v, € V, l1,...,1l, € L,
and, for all 1 < ¢ < n, there is an edge v;_ LN v; € E. The set of all paths
in G is Paths(G).

If p = (vo,l1,...,0,) and p’ = (v{,l},...,v,) are paths with v, = v} then
define the concatenation p - p’ = (vo,l1,...,vpn,14,...,v},). For sets of paths P
and P'let P-P' ={p-p' |p€ P,p' € P',p-p is defined}.

2.2 Class Graphs and Object Graphs

Let C be a set of class names and A/ be a set of instance names, totally ordered
by <. A class graph is a finite labeled directed graph Go = (C,Ec, N U {O}).

There are two kinds of edges in the class graph. A construction edge has
the form u — v where [ € A (I # <©). It indicates that objects of class u
have an instance variable [ containing objects of class v. There is at most one
construction edge with source u and label [. Each cycle in G¢ involves at least
one construction edge.
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formal

rand

rator

Fig. 1. Example class graph [1§] Fig. 2. Example object graph

An edge u 2, v is a subclass edge, indicating that v is a subclass of wu.
Without lack of generality [3,19,16] we assume that class graphs are simple, i.e.,
every class is either abstract (all outgoing edges are subclass edges) or concrete
(all outgoing edges are construction edges).

Figure 1 shows an example class graph with an abstract class Exp and five
concrete classes ProcExp, AssignExp, AppFExp, LitExp, and Variable. Dashed
arrows indicate subclass edges, solid arrows indicate construction edges. Class
Ezxp has the remaining classes as subclasses. Class ProcExp has two instance
variables, formal of class Variable and body of class Fxp. Class AssignExp also
has two instance variables, var and val of class Variable and Ezp, respectively.
AppFExp has two instance variables rator and rand of class Fxp.

Let 2 be a set of objects. An object graph is a finite labeled graph (£2, €0, N)

such that there is at most one edge with source u and label [. The edge u Ly
means that the instance variable [ in object u holds the object v.

Figure 2 shows an example object graph corresponding to the class structure
in Fig. 1. The object procExpl has class ProcExp, appFxpl has class AppFExp,
and variablel, variable2, and variable3 all have class Variable.

A class map is a mapping Class : 2 — C from objects to class names of
concrete classes. The subclass map Subclasses : C — P(C) maps a class name to
the set of class names of all its subclasses, including itself. Subclasses(A) is the
set of all B € C such that there is a path (A, <, ..., <, B) in the class graph.

2.3 Traversal Specifications

A traversal specification determines the continuation of a traversal of an object
or class graph. Hence, a traversal specification, p, is either a path to an object
of class B, a path leading through an instance variable [, a concatenation of
specifications, or an alternative of specifications.

p=DB simple path to B
| {l}p paths vial
| p-p concatenation
| p+ p alternative
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The semantics of a traversal specification, p, is specified relative to a starting
node A. It is a set of paths in a class graph.

RPathSet(A4,B) = {(4,l1,A1,...,ln, An) € Paths(Ge) | Ay, € Subclasses(B)}
RPathSet(A, {i}p) ={(Ali,...,ln, An) € RPathSet(A,p) |l € {l1,...,ln}}
RPathSet(A4, p1 - p2) = UBeTarget(pl) RPathSet (A4, p1) - RPathSet(B, p2)
RPathSet(A4, p1 + p2) = RPathSet(A, p1) U RPathSet(A, p2)

The function Target yields the set of possible target classes of a traversal.

Target(B) = {B}
Target(p1 - p2) = Target(p2)
Target(p1 + p2) = Target(p1) U Target(p2)

The definition of the semantics naturally adapts to object graphs, by replacing
occurrences of class names with objects of the respective classes:

RPathSetg,, (A, B) = {(00,11,01,...,ln,0,) € Paths(Go) |
Class(og) € Subclasses(A), Class(o,,) € Subclasses(B)}

2.4 Declarative Semantics

An adaptive program is a pair (p, W) of a traversal specification p and a wrapper
map W. The map W maps a class name A € C to an action to be executed when
visiting an object of class A. Given an object graph Go, the semantics of (p, W)
with respect to some initial object o is completely determined by listing the
objects in the order in which they are traversed. Formally,

Trav(p,0) = Seq(o, RPathSetg,, (Class(0), p))

where Seq(og, IT) = 00Seq(o1,I11) ...Seq(on, ITy,)
where {l1,...,l,} ={le N | Avlw € I,v € (OC)*} 1; <lit1

1II; ={w e C(NC)* | Avlw € II,v € (OC)*}
{o;} ={0' | 0o - o € Eo}

To see that Trav(p, o) is well-defined, observe that

1. the definition of 4, ...,l, works because of our restriction to simple class
graphs, specifically, it is not possible that the traversal misses a construction
edge in a superclass because every superclass is abstract;

2. the o; are uniquely determined in every recursive expansion of Seq() because
the construction edges of the object graph are deterministic.

To run the adaptive program on o means to execute the wrappers specified
by W in the sequence prescribed by Trav(p, o).

The semantics is quite subtle because the properties of the class graph de-
termine the traversal of the object graph. That is, a traversal continues in the
object graph as long as there is a successful path in the class graph.
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Comparison In the work of Palsberg and others [18], a primitive traversal
specification has the form D = [A, B] and denotes the set of all paths from
class A to class B in the class graph. In order to construct a sensible semantics,
their specifications must be well-formed, which means that a concatenation of D
and D- only makes sense if the target of D1 is equal to the source of Ds. Likewise,
for an alternative, Dy + Da, the targets of D1 and Dy (as well as their sources)
must coincide. Their formal framework lacks via-paths, but their implementation
supports them as well as ours does. It is straightforward to provide a translation
from their well-formed specifications to ours and to prove that the translation
preserves the semantics.

On top of that, our framework accommodates multiple sources and targets,
just like the latest version of adaptive programming [16]. We believe that our
approach is as powerful as that but we have not formally investigated the issue.

3 An Interpretive Semantics

The interpretive semantics of adaptive programs takes five inputs, a traversal
specification, a wrapper specification, a class graph, the root of an object graph,
and a list of parameters for the adaptive program. We develop representations
and algorithms for each of these in the Scheme language. Finally, we discuss the
implementation of the traversal.

3.1 Traversal Specification

We will use a traversal specification to denote the current state of a traversal of
a class or object graph. Whenever we track an instance variable or examine the
class of a node in the graph, the state of the traversal changes. This change of
state is captured by two derivative functions which compute the new state.

The function, @ x (p) (pronounced “pis final for X”), determines if the class X
is a target of p. For a simple path A, X must be a subclass of A to qualify as
a final state. A concatenation is final for X if both components are final for X.
An alternative is final for X if at least one component is final for X. A via-path
is never final.

The class derivative, A, defined in Fig. 3 maps a traversal specification p
and a class name X to p/ = Ax(p). The traversal specification p’ is the new
state. In the case of a simple path A, the derivative is the class itself. For a
concatenation pj - po, if p; has become final then the new state is the derivative
of po. Otherwise, the new state is the derivative of p; concatenated with po.
The derivative of an alternative is the alternative of the derivatives. The class
derivative of a via-l-path is simply pushed through the via-I-path.

The label derivative, Al/(p), maps a traversal specification and a label to
a new traversal specification. A simple path A is not affected by traversal of
label 1. In a concatenation, the label can only affect the first component. In a
union, the label can affect both components. In a via-l-path, the label [ removes
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Dx(A) = X € Subclasses(A)
Dx(p1-p2) = Px(p1) N Px(p2)
Px(p1+ p2) = Px(p1) V Px(p2)
Dx({l}p) = false
Ax(4) =4
_ ) Ax(p2)  if x(Ax(p1))

Ax(p1-p2) = {Ax(;) - p2 otherwise ’
Ax(p1+ p2) = Ax(p1) + Ax (p2)
Ax({lyp)  ={l}Ax(p)
A'(4) =A
Al: (pr-p2) = Al:(pl) p2
A (p1 +p2) = A (51) + A (p2)

/ A (p) ifl=V
SR {{Z}Al (p) otherwise

Fig. 3. Derivative of a traversal specification

itself from the traversal specification, recursively. Any other via-path remains in
the specification.

The relation of these three functions to the sets of paths upon which the
semantics is based is easily stated and proved.

Proposition 1. If (Ag,l1, A1,...,A,) € RPathSet(Ao, p) then (Ay,...,4A,) €
RPathSet(Ay, p') where p' = Aa, (A (p)). Furthermore, if n =1 then @4, (p').

3.2 Wrapper Specification

Figure 4 shows an example of a concrete specification building on Figures 1
and 2 [19]. It defines an adaptive operation print-free-vars which traverses
an object of class Exp and prints all the bound variables.

The line (traverse variable) is the traversal specification: visit all objects
of class Variable. There are two wrapper specifications, one for class ProcEzp
and another for class variable. The ProcExp wrapper declares a prefix method,
which must be executed whenever the traversal enters an object of class ProcFExp,
and a suffix method, to be executed whenever the traversal of an object of class
ProcExp is finished. The Variable wrapper defines only a prefix method.

The bodies of the methods show a few particulars from our simple object
system. Each method can access the current object through this. The pa-
rameter of the operation is visible and is updated destructively. The function
value-of-field takes an object and the name of an instance variable and re-
turns its current value in the object.
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(define-operation
(print-free-vars bound-vars)
(traverse variable)
(wrapper procexp
(prefix
(set! bound-vars
(cons (value-of-field (value-of-field this ’formal) ’id)
bound-vars)))
(suffix
(set! bound-vars (cdr bound-vars))))
(wrapper variable
(prefix
(let ((name (value-of-field this ’id)))
(if (not (member name bound-vars))
(display name))))))

Fig. 4. An adaptive program

The wrappers of a ProcExp object are executed regardless whether any Vari-
able object is reachable through its instances. This is exactly what the declarative
semantics (see [19] and also Section 2.4) prescribes.

3.3 Traversal Code

The procedure visit in 5 implements a traversal of an object graph. It only
deals with prefix wrappers, the implementation of suffix wrappers is analogous.

The visit procedure accepts three parameters, the current object, this, the
current state of the traversal, state, and a list of the current values of the opera-
tion’s variables, parms. It performs the traversal of the object graph below this
according to state and returns the list the variables’ values after completing
the traversal. In addition, visit refers to the list of names of the operation’s
variables in the specification, formals, and to the wrapper specification to locate
the code for the wrappers, (find-wrapper op-spec this-class).

To traverse an object, visit first determines the class this-class of the
current object. Next, it computes the new state this-state of the traversal
using the derivative function delta. From the class and the state, it computes
a list, children, of names of instance variables to be tracked.

Now visit checks if there is a prefix wrapper for this-class. If so, it con-
structs the text of a function that takes the current object and the current values
of the operation’s variables as a parameter, executes the wrapper, and returns
the final values of the variables. The function wrapper-semantics maps the text
of the wrapper, prefix-body, and the names of the variables, formals to a cor-
responding function, the semantics of the wrapper. It accomplishes this mapping
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(define (visit this state parms)
(let* ((this-class (class-of this))
(this-state (delta state this-class))
(children (to-visit this-class this-state))
(prefix-body (find-prefix-wrapper op-spec this-class))
(parmsO (if prefix-body
(apply
((wrapper-semantics prefix-body) this)
parms)
parms)))
(let loop ((children children) (parms parmsO))
(if (null? children)
parms
(let* ((field-name (car children))
(edge-state (lab-delta this-state field-name)))
(loop (cdr children)
(visit (value-of-field this field-name)
edge-state
parms)))))))

(define (wrapper-semantics formals body)
(eval ‘(lambda (this)
(lambda ,formals
,@body
(list ,@formals)))
(interaction-environment)))

Fig. 5. Naive traversal code

using a combination of Scheme’s eval and apply primitives!. Visit applies the
resulting function to the current object and the current values of the variables,
thus computing the new values of the variables.

Finally, it visits the children, threading the values of the operation’s vari-
ables through the computation. Whenever visit calls itself recursively, it adjusts
the state using lab-delta which implements Al(p).

Clearly, the function to-visit controls the traversal without using the “fi-
nal” predicate. To do a proper job, the function to-visit checks the class graph
for paths starting from the current class in the current state. Here is the speci-
fication:

to-visit(4,p) ={l e N | (4,l,...) € RPathSetg. (4, )}

This specification is simpler than the one in Section 2.4 because A is the class of
the current object and hence concrete. Clearly, to-visit can be computed by

! The function interaction-environment is predefined in R5RS Scheme and yields

the current top-level variable bindings [11].
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searching for paths in a graph G where each node is a pair of a class name and

a derivative of p and there is an l-edge from (A4, p) to (A’,p') iff A A eegs
and p' = A (Al(p)). With this graph, the specification becomes

to-visit(d,p) ={le N | A A € &,
Jpath in G from (A, Aa/(AY(p))) to (A", p")
where @4 (p")}.

4 Specialization

A partial evaluator for Scheme [22] transforms the interpretive semantics into a
compiler for adaptive programs. The partial evaluator works offline, ie, it relies
on a preceding binding-time analysis which propagates the binding times of the
program’s arguments to every expression. Thus it discovers for each expression
the earliest stage at which it can be evaluated.

In the first stage, only the adaptive program (traversal specification and
wrapper specification) is available and normalization of the traversal specifica-
tion takes place. A companion paper [23] elaborates this normalization. It shows
that a normalized traversal specification leads to a compiled program with a uni-
formly minimal number of specialized variants of the visit function. In addition,
the first stage can precompute a table of all possible derivatives of the traversal
specification. Arguably, this stage might be regarded as a preprocessing step.
No interesting specialized code is generated, the specializer merely performs the
normalization and reconstructs the remaining parts of the program, inserting
the precomputed table.

In the second stage, the class graph becomes available. This stage constructs
the graph G mentioned at the end of Section 3.3 and performs all the necessary
path computations in advance by tabulation of to-visit. At the end, every
node of G is marked whether or not it has a path to a final node. This requires
some reorganization of the code shown, or a more powerful partial evaluator
which memoizes specialization-time computations.

The second stage is the actual compilation step. It creates specialized variants
of the visit procedure according to the state and the class of the visited object.
The specialized code does not mention states and derivatives anymore.

In the third stage, the object graph becomes available and it remains to
traverse it using a suitable entry point to the specialized code.

4.1 Binding-Time Improvements

Quite often, code subjected to specialization must be changed slightly so that
the partial evaluator infers satisfactory binding-time properties. The interpretive
semantics of adaptive programming is no exception.

However, the required changes are minimal and rely on a standard trick,
“The Trick” [10]. The problem is with the following code fragment from Fig. 5:
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(define (visit this class state parms)
(let ((actual-class (class-of this)))
(let loop ((classes (subclasses class)))
(if (null classes)
(error "illegal object graph")
(let ((this-class (car classes)))
(if (equal? actual-class this-class)
(let ((this-state (delta state this-class)))
S
(loop (cdr classes))))))))

Fig. 6. Function visit after application of The Trick

(define (visit this state parms)
(let* ((this-class (class-of this))
(this-state (delta state this-class))
o))

Considering the binding times, the current object, this, and the operation’s
variables, parms, are available in stage 3. The current state, however, is al-
ready available in stage 2, and so should be all state information. Unfortunately,
this-class depends on this, so it belongs to stage 3, and this-state depends
on this-class, so it also belongs to stage 3. This results in the binding-time
analysis annotating almost everything in visit as stage 3 so that no specialization
can happen.

The solution is to apply “The Trick” to this-class as follows. The procedure
visit gets an extra argument class which is a superclass of the class of this.
This class value belongs to stage 2 because it can be easily extracted from the
class graph. With this information we can replace the stage 3 value (class-of
this) with a stage 2 value, as demonstrated in Figure 6. Thus, we are replacing
a single stage-3-test which is known to be a member of (subclasses class)
by a stage-2-loop over this set.

No further modifications are necessary. The partial evaluator even processes
the function wrapper-semantics as it stands (including apply and eval [21]).

4.2 Dynamic Compilation

A later work on compiling adaptive programs [16] has introduced dynamic com-
pilation. In this framework (but translated in the terms of this paper), the com-
piler need not generate different versions of visit, but rather the propagation
of state information is deferred to the actual traversal. Furthermore, it is not
necessary to perform the initial normalization step (it only decreases the number
of variants specialized from visit), so that only the classic two stages remain.
But what is left to specialize in this situation? Considering the code fragment
in Figure 6, we see that only class can be propagated before the actual traversal
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takes place. Therefore, in the specialized program, there will be one variant of
visit for each class. This variant contains the prefix and suffix methods for the
class (if any). It is also possible — using The Trick on children — to hard wire
the references to the instance variables into the code. We did not pursue this
last idea because its outcome did not seem worthwhile.

5 Variations

It is easy to experiment with variants of the semantics, by modifying the in-
terpreter. Partial evaluation yields the corresponding compilers for free. This
section considers two independent variants, one which restricts the execution of
wrappers only to the nodes on successful paths in the object graph, and another
which implements a different semantics of path expressions. Finally, we list some
possible extensions.

A Variation on Wrappers It would be desirable to change the semantics of
adaptive programs so that wrappers are only executed on paths that reach a
final state. As it stands, a traversal continues in the object graph, executing
wrappers, until there is no path in the class graph to a final state. While the
traversal cannot be avoided, the execution of the wrappers can be avoided in
our approach. The corresponding change in the semantics (Sec. 2.4) is to replace
the class graph by the object graph, ie, to use RPathSetg, (0, p) to control the
traversal instead of RPathSetg,, (Class(o), p).

The implementation defers the execution of wrappers until it is clear that the
current path reaches a final state. To this end, the procedure visit gets one more
parameter wrapped and it returns an indication whether or not the traversal has
reached a final state, besides the new values of the operation’s variables. The
parameter, wrapped, is the composition of all prefix wrappers since the last
final state encountered in the traversal. Whenever the traversal enters an object,
visit composes the prefix wrapper (if any) with the accumulated wrappers in
wrapped.

(let ((new-wrapped
(lambda parms
(apply ((wrapper-semantics prefix-body) this)
(apply wrapped parms)))))
»

The newly constructed wrapper contains a “partially applied” use of the wrap-
per’s semantics to the current object this. The resulting function maps a list of
the variable’s old values to their new values.

If the current state is final, visit applies new-wrapped to the values of
the variables. The wrapped parameter for traversing the children is the identity
function (lambda parms parms). Before returning from a final state, the suffix
wrapper (if any) is executed and the result is paired with “true” because the
traversal has encountered a final state.
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If the current state is not final, visit passes the composed wrapper
new-wrapped down to the traversal of the instances. If any of these traversals
returns “true”, indicating that it has found a successful path, the suffix wrapper
is executed. Moreover, as soon as a traversal has returned “true”, the remaining
instances must be traversed with the identity function as the wrapped param-
eter. Otherwise, the prefix wrapper of the current state (and the accumulated
wrappers in wrapped) would be executed more than once.

The actual code is more complicated since prefix and suffix wrappers are
optional.

A Variation on Traversal Specifications The current semantics of traversal
specifications has a few glitches. For example, the traversal specification A - A
is satisfied by the one-element path (A). Therefore, it is not possible to specify
that, eg, three instances of A are encountered before a traversal is successful.
Likewise, it is not possible to specify a traversal that reaches A so that it first goes
through label [ and then continues through label I. The semantics prescribes that
{I}{l'}A is equivalent to {I'}{l} A. Changing the derivative function implements
such a variation.

Further Extensions Our framework is not restricted to single source and
target classes. Our traversal specifications do not mention source classes and
multiple target classes arise naturally (see Sec. 2.4).

A traversal specification might have further operators like negation and inter-
section by extending the derivative function. In the database community [1,12,2],
more expressive path expressions have been considered, including [=! (find an
object o so that the current one is the value of instance variable o.l) and u(l)
(find the closest reachable object with instance variable ) [24]. These would also
be interesting to investigate.

It would also be easy to admit cyclic object graphs, by introducing a suitable
machinery into the traversal code and by supplying hooks to deal with back arcs.
However, this has not been implemented.

6 Related Work

Due to the high-level programming style of adaptive programs, their compilation
is an interesting problem. Palsberg et al [19] formalize the semantics of Lieber-
herr’s adaptive programs [15] and identify a number of restrictions. A subsequent
paper [18] removes the restrictions and simplifies the semantics, but leads to a
compilation algorithm which runs in exponential time in the worst case. Both
papers rely on standard results about finite automata.

Finally, Lieberherr and Patt-Shamir [16] introduce further generalizations
and simplifications which lead to a polynomial-time compilation algorithm. How-
ever, whereas the earlier algorithms perform “static compilation”, which pro-
cesses all compile-time information at compile time, their polynomial-time algo-
rithm performs “dynamic compilation”, which means that a certain amou