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Abstract

We apply the notion of design patterns to optimizations performed
by designers of software libraries, focusing especially on object-oriented
numerical libraries. We formalize three design patterns that we have ab-
stracted from many existing libraries and discuss the role of these for-
malizations as a tool for guiding compiler optimizers. These optimizer
operate at a very high level that would otherwise be left unoptimized by
traditional optimizers. Finally, we discussthe implementation of a design

pattern-based compiler optimizer for C++ abstract data types.



1 Intro duction

Design patterns have been widely accepted as an invaluable tool for the de-
sign of software systems. They represent abstract notions of the behavior of
code without collapsing under the weight of implementation details, and there-
fore sere as an excient method of communicating design. Design patterns are
not synthesizedbut instead are abstracted from commonalitiesin designfound
amongst many successfulsoftware systems. As abstractions, these design pat-
terns must be customizedfor any speci ¢ task at hand, but any instanceretains
the properties of the design pattern(s) applied.

Design patterns need not be limited to high-level design. Tecniques em-
ployed by designersof high-performance software libraries to enable code opti-
mizations alsoconstitute designpatterns. Especially in object-oriented libraries,
there are standard ways for example to minimize the number of temporaries,
to manipulate the evaluation of an expression,or to chooseamong functionally
equivalent expressions.lt is essetially becauseof these optimization patterns
that libraries in higher level programming languagessuc as C++ or Java have
becomecompetitiv e with those written in C or Fortran. Often, however, the
price for using these patterns is code clarity.

In an object-oriented numeric library, for example, it is often possibleto di-
rectly expressmathematical formulae by using operators on user-de nedtypes,
but theseoperator expressionsare known to causea large number of extraneous
temporary valuesto be computed and stored. While these temporaries may
be inexpensive for fundamental integer or °oating-p oint types, or even small
user-de nedtypes,sudc ascomplex numbers, temporariesfor large user-de ned
types,suc asarbitrary-length integers, arbitrary-precision °oating point num-
bers, or matrices, can becomevery costly. Programmers have reacted to these
extra costs by reverting from the more natural operator-certric represenation
of mathematical expressionsto the use of procedure calls that require fewer
temporaries and result in better overall performance.

Design patterns for optimization provide a new perspective on the ways in



which library authors design code for maximal performance. These optimiza-
tion patterns o®erthe samebenets astraditional designpatterns in that they
succinctly communicate design, but have additional value in that they can be
directly transformed into optimization opportunities for compilers. They are
basedon the obsenation that the transformation of, e.g., an operator-certric
expressionto an equivalent procedural form is a largely medanical task for the
programmer, which, however, cannot be automated as long as the programmer
cannot communicate to the compiler the kind of transformation it should per-
form. What is neededfor automation is an optimization schemea programmer
canreferto and a categorization of related optimizations, including the sematriic
conditions under which they can be applied.

Optimization patterns help make the processof specifying suc transfor-
mations manageableby de ning an abstract form that these transformations
may be derived from. Assuming a compiler supports a particular optimization
pattern, a user(i.e., library designer)can refer to this pattern and identify the
characteristics that make a given transformation an instance of this designpat-
tern. Conversely an optimization that is given in the form of an optimization
pattern has beenproved to be applicable acrossse\eral libraries, and thus has
establisheditself as an optimization methodology. It is therefore worthwhile
to develop compiler optimizers basedon design patterns. Our Simplicissimus
project [15] has already produced one such compiler optimizer that can handle
optimization patterns; we hope that other open compilation ervironments will
follow.

We have surveyed seweral C++ object-oriented numerics libraries and ab-
stracted design patterns that are common amongst these libraries. In this
paper we introduce three patterns that are important, but not restricted to
numerical applications: the Replacemen pattern, the Assignmen Replacemer
pattern, and the Temporary Removal pattern. As it turns out, the Assignmert
Replacemen pattern can be understood as a direct re nement of the Replace-
mernt pattern, while the Temporary Removal is a subpattern of the Replacemert

pattern that adapts instancesof the Assignmern Replacemen pattern.



We begin the presenation with examples of optimizing designsgathered
from C++ object-oriented numerics libraries in Section 2 that motivate the ab-
straction that underlies eat pattern. In sections3 and 4 we formalize, discuss,
and illustrate the Replacemen pattern and the two subpatterns Assignmert
Replacemen and Temporary Removal. Section 5, nally, summarizesthe im-
plemenrtation of optimization patterns within the Simplicissimus framework and
brie’y show its integration into the GNU C++ compiler. The emphasisof the
paper, however, is on the conceptof a design pattern for optimization, and the
main purpose of the paper is to initiate the identi cation and re nement of

these patterns.

2 Optimization Metho ds used by Library De-
signers

We surveyed se\eral object-oriented numerics libraries, including LiDIA [16],
the Matrix Template Library (MTL) [14, 13], the Number Theory Library
(NTL) [12], and the Basic Linear Algebra Subprograms (BLAS) [9], seard-
ing for designpatterns commonly usedto facilitate optimizations that could be
leveraged by a compiler optimizer instead of relying on the library user. The
most common technique is the use of proceduresor functions in lieu of oper-
ator expressions. These functions can be placed into roughly three categories:
shorthand functions, operations that write their result directly to a target, and
functions that combine se\eral operations into onecall. Each of thesecategories
will be further described with examplesfrom the aforemerioned libraries.
Throughout this paper, by semantic equivalene of two expressionsve mean
equivalence of the obsenable behavior of the expressions. Expressionse; and
e, have the sameobsenable behavior if replacing an instance of one with the
corresponding instance of the other will not change a program barring excep-
tional conditions (e.g., memory allocation failure). We denote this relation by

e’ e.



In addition to standard mathematical notation, we use the in'x copy as-
signmert operator “:=' that replacesthe value of the left-hand operand with the
result of computing the right-hand operand. The result of this operation is the

left-hand operand.

2.1 Shorthand Functions

Shorthand functions often encapsulateoperations that are expressibleby com-
mon operations but may be computed more exciently within a single function.
Sud operations include complex conjugation, inverses,and taking the square
of a value. Figure 1 illustrates examplesof shorthand functions in NTL and
LiDIA.

Library Op eration Semantics
NTL InverseXx) 1=x
LiDIA x:AssignZerq) x:=0
LiDIA x:EqualsOng) x=1

Figure 1: Shorthand operations

2.2 Targeted Op erations

The return value of an operation is often the causeof unwanted temporaries.
Evenin simple assignmetts, such asy := a£ x, atemporary is generatedby the
multiplication a£ x and must be copiedinto y. As a reaction to this, library
authors create proceduresthat store the result directly into one of its operands.

Figure 2 illustrates someexamplesof this pattern.

2.3 Comp osite Op erations

Certain sets of operations are often usedin conjunction. Library authors have
usedthis as an opportunity to introduce new functions that perform all oper-

ations in one step without the creation of temporaries and with exciency that



Library Op eration Semantics
LiDIA add(x, vy, 2) X=y+z
LiDIA multiply(x, Y, 2) | X=yEz
NTL Sub(x, vy, 2) X=Yyjz
NTL Inverse(X, V) X = 1=y
MTL transpose(A, B) B:= AT

Figure 2: Targeted operations

Library Op eration Semantics
MTL mult(A, X, Yy, 2) z:=AEX+y
MTL mult(A, B, C) C=AEB+C
BLAS AXPY(a, X, V) y=a£ x+y

C:= af A’ B%+ bE C°,
BLAS | GEMM(aA, B, b, C)

wherex®= x; x'; or x"

Figure 3: Composite operations. The BLAS library's GEMM subroutine has

beensimpli ed from its original thirteen argumerts for brevity.

would otherwise not be achieved using separate functions. The most obvious
implementation of this technique is in the BLAS libraries, where operator ex-
pressionsare not included but instead complicated general-purposeroutines are

supplied. Someexamplesof composite functions are listed in Figure 3.

3 The Replacement Pattern

Shorthand, targeted, and composite operations often have semartics that are ex-
pressedvia mathematical formulas. In the majority of object-oriented numerics
libraries, thesemathematical formulas are alsodirectly expressible,but comeat
a costin exciency. The programmeris expectedto transform the mathematical
formulas into a set of function or procedurecalls to evaluate them. Informally
speaking, the Replacemen pattern is a natural abstraction of this expression

transformation for optimization and canbelikeneddirectly to arewriting system



where the left-hand side of a rewrite rule denotesthe mathematical expression
and the right-hand side denotesthe equivalert, more e+cient, procedure call.
In the rest of this sectionwe formalize the Replacemen pattern in terms of sets

of rewrite rules.

3.1 De nitions and Notation

Expressionsare nite tree structures built from a given nite set F of function
symbols and a denumerably in nite setV of variable symbols; the setof all such
expressionsis denoted T(F; V). An equation is a pair of such expressions,say
(t1;uq), usually written t; = u;, and the equality rules of inferenceare captured
in the notion of rewriting a subexpressionof an expressionusing an equation as
a rewrite rule. Speci cally, a pair of expressiong(l;r) is a rewrite rule if | is not
just a variable and the variablesthat appear in r also appearin |. We usually
write the rule asl! r, and | is called the left-hand side and r the right-hand
side of the rule. Note that in somecasesan equationt = u could be usedas a
rewrite rule aseithert! uoru! t.

A substitution is a mapping ¥afrom expressionsto expressionsthat is de-

termined ertirely by its value on a nite number of variables; a substitution is

Vi, ..., tx for vi." The k , 0 variable symbolsvy;:::; vk must be distinct, and
the casek = 0 is the identit y substitution {sudc that {(t) = t for all expressions
t. Following convertion we write an application of a substitution as t¥% rather
than 3t).

To de ne rewriting precisely we also need some notion of position of an
occurrenceof a subexpressions within an expressiont. One way to do this to
intro duce an extra variable symbol & and the concept of a box expression an
expressionin T(F;V [ fog) with a single occurrenceof @. Then an ordinary
expressiont in T(F;V) can be described as some box expressiont; with a
subexpressions replacing the box, which we make preciseas an application of

a substitution: t = t;fs=ag.



For a given rewrite rule | ! r, arelation on pairs of expressionst rewrites
to u, canbe de ned as: for somesubexpressions of t and box expressiont; such
that t = t,fs=o g, there is a substitution ¥sud that s= I3%and u = t;fr¥eag.
We write this ast! uusingl! r, overloading the useof the symbol! . For a
given set of rewrite rulesR, wesayt! uusingR if t! u for somerule!|! r
in R.

These de nitions can be extended to conditional rewriting: a conditional
rewrite rule is a triple of expressions(l;r; p) where(I;r) is a rewrite rule and p
is a predicate expressionwhosevariables also appear in |. We usually write the
rule asl ! r (if p). For a setof such conditional rules R the rewriting relation
t! uusingR isdenedbyt! uifthereisarulel! r (if p)in R suc that
t! wuusingl! r and p%is true, where %is the samesubstitution usedin the
rewrite.

The nature of the condition on a rewrite rule dependspartly onthe program-
ming languageusedand its type system, partly on the program transformation
in which the expressione takesplace. Conditions include conceptual or type re-
quiremerts aswell asthe speci cation of computational behavior, e.g.,freedom
from side-e®ectof a functional expression,or anti-aliasing of pairs of variables.
We want to emphasize,howewer, that especially in the exampleslisted the va-
lidit y of a condition cannot (etciently) be deducedin an automated way. What
can be automatically cheded, however, are assertionsof properties, including
the logical implications of these assertions. We therefore assumethat the pat-
tern designerassertscertain properties of variables and other subexpressions,
and that a condition is then cheded against these declarations. Likewiseis it
the pattern designer,and not a program, that claims the semariic equivalence

of two expressions.

3.2 The Replacement Pattern

We assumethere is a cost function available from expressionsto reals (or any

totally ordered domain) sothat costsof expressionscan be compared. We also



recall the relation of semariic equality, * , asintroducedin Section 1.

De nition. Let L and R be expressionsand P be a predicate expression. A

Repla@ment pattern is a triple
(LiR;P)
sud that
1. L " R whenewr P holds
2. cost(R) - cost(L)

Operationally speaking, a Replacemei pattern can be implemented in a
framework of conditional rewrite rules. Somepatterns can be implemented as
a single conditional rewrite rule, L ! R (if P). This is the case,for example,

with the shorthand operation Inversein Figure 1, with the rewrite rule
1=x! Inversek)

where there is no condition required. Similarly, the Replacemen patterns for
the other two shorthand operations in Figure 1 can eat be implemented with
a singerule. More generally the implemertation of a Replacemen pattern can
require seweral rules if there are expressiongthat are semarically equivalert to
L that are not instancesof L in the strict syntactic senseof matching de ned by
the rewrite system. Consider, for example, the Replacemen pattern instance
that targets the BLAS AXPY routine in Figure 3, which is commonly usedfor

manipulation of vectors. Formally, this instanceis
(y:=af x+y;, AXPYa;x; y);P(a;x;y))

(To simplify the discussionin this section we do not spell out the constraints
represened by the predicate P; details of such constraints in seweral examples
are however discussedin Section’5.) We can usethis triple “rst of all to form

the rewrite rule

(y:=a£ x+y)! AXPYa;x;y) (if P(a;x;y));
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but if we want the sameoptimization in the casea = 1 we also needthe rule

(y:=x+y)! AXPYLxy) (if P(1;xY));

sincey := x + y doesn't syntactically match y := a£ x + y (becauseit lacks an
occurrence of the multiplication operator, £). Similarly, to re°ect the role of
commutativit y of + in semaric equivalenceof expressions,we needtwo more

rules

(y=y+aEx)! AXPRaxy) (if P(axy);

(y:=y+x)! AXPELXY) (if P(Lxy):

(We could get by without sudh additional rules if we wereimplementing in terms
of a more powerful form of rewriting, suc as so-calledassaiative-commnutativ e
rewriting.)

Thus, in general,to implemernt the Replacemen pattern (L; R; P) werequire

a setof n rewrite ruleslj ! r; (if pj)) sudhthat I; © r;i © L% andp; = P3% for

Given that pattern designersare responsible for determining the semartic
equality of left- and right-hand side as well as for identifying the constraints
that hold for instancesof L, the rewrite framework is left with three tasks.
First, it performsthe syntactic match betweenan actual subexpressions and a
left-hand side, I, of one of the rewrite rules| ! r (if p), obtaining a substitution
Yasudh that 13%= s. Second,it cheds the constraints p¥by inferring whether
or not declaratively assertedproperties of the actual subexpressions presene
the constraints. If the constraints are satis ed, it applies the rewrite rule and
replacess with the corresponding instancer %

Note that for a setof rewrite rules and a given actual expressionthe selection
of an appropriate rewrite rule is not necessarilyunique: the actual expression
can match, and satisfy the conditions, of more than one left-hand side. The
cost function assaiated with ead rule canthen be usedto compute the locally

optimal selection.
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All exampleswe have seenso far can be consideredas instancesof the Re-
placemen pattern. Someshareadditional characteristics, however, and further-
more refer to expressionschemesthat occur suxciently frequertly to establish
patterns on their own, or, more precisely: submtterns of the Replacemen pat-
tern. A subpattern inherits all properties of its superpatterns but may add
properties, both to the left-hand side of its superpattern and to its right-hand
side. Any optimization for a given pattern is valid for any subpatterns of that
pattern, and the subpattern relationship is necessarilytransitive. The next

section presens two examplesof subpatterns.

4 Assignmen t Replacement and Temporary Re-
moval

As the survey in Section2 hasshawn, a great deal of emphasiswithin numerical
computing is placedon the remaoval of temporaries. Therefore, many instancesof
the Replacemen pattern within numericslibraries are designedspeci cally to re-
move extraneoustemporaries. In this sectionwe rst introducethe Assignmert
Replacemen pattern, an abstraction from the targeted operation discussedear-
lier, then the Temporary Removal adaptor that further eliminates temporaries
by adding appropriate expressions.While the Assignmen Replacemer pattern
is a syntactic re nement of the Replacemen Pattern, the Temporary Removal
adaptor applies to Replacemen patterns and generatesnew instances of As-
signmert Replacemen patterns (which are then eligible for optimization with

existing pattern instances).

4.1 The Assignment Replacement Pattern

As motivation we again considerthe Replacemen pattern for the BLAS routine,
(y := ax+ y; AXPYa;x; y); P). We considerherejust the rst of the four rewrite

rules that implemert this pattern as discussedin the previous section.
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(C:=a£ AEB+DbEC) ! GEMM;A;B;b;C)
(C:=A£B+bEC) I GEM A; B;b;C)
(C:=af AE£ B) I GEMM:; A; B;0;C)
(C=C+aft AEB) I GEMM;A;B;1,C)

Figure 4: Rewrite systemfor optimizing to the GEMKuinction

(y:=aE£ x+y)! AXP¥a;x;y) (if P):

If we considerthe naive computation of the expressiony := a£ x + vy, three
loops are required for evaluation: one for the scalar multiplication, one for the
vector addition, and one for the vector copy. For ead of the two temporaries
created by this expression,memory for the vector's storage must be allocated
and later freed by the destruction of the temporary. On the other hand, the
procedurecall AXPYa; x; y) requiresno temporariesand a singleloop. Sincethe
discussionof targeted expressionsin Section 2.2 has shawvn that copy assign-
merts are a frequernt sourceof temporaries (seeFigure 2) the introduction of a

separateoptimization pattern for copy assignmeis seemsto be appropriate.

De nition. An Assignment Replaement pattern is a Replacemen pattern
(L; R; P) such that the root of L is a binary function (operator) that represens

an assignmet to its left operand.

As with the Replacemen pattern, instancesof the Assignmert Replacemen
pattern may vary greatly in generality and scope. The LiDIA routine add may
only be useful for the expressionlisted in Figure 2, whereasthe BLAS routine
GEMM hasmany possibleinstances,asis illustrated in the form of rewrite rules
in Figure 4.

What, however, happensif an actual expressiondoesnot quite match, even

semartically, the left-hand side of an Assignmen Replacemen pattern?



13

4.2 The Temporary Removal Adaptor

Consideran expressionz := a£ x+ y that is similar to the semariic speci cation
of AXPYbut is not semariically equivalert. In this case,two temporaries will
be generated. It is possible, however, to remaove one of these temporaries by
executing z := y followed by the procedure call AXPYa;x; z). Similarly, the
expressiona £ x + y may be optimized into a call to AXPYdepending on the
nature of y. If y is a temporary value, overwriting it with another temporary
value is reasonableassumingthat y is not reused. In fact, the semarics of
most programming languagesdoesnot support the direct reuseof temporaries,
making this a reasonableassumption. An expressionsuch asa£ x + b y
can therefore be optimized into t ;= b£ y followed by a call to AXP¥a;Xx; t).

Generalizing the two examples,we intro duce the Temporary Removal adaptor.

De nition. Let (L; R;P) be an Assignmert Replacemen pattern wherelL is
of the form y := e for somevariable y and expressione. We further assume
that e = efy=ag and R = R;fy=xg for somebox expressionse; and Rj.
From this pattern the Temprary Removal adaptor producesthe following new
Replacemen patterns:

(z:=¢€ (z:=y; Rifz=ag); P);

G (var t=y; Rift=ng); P):
wherevar t = y denotesthe declaration of a temporary variable t (local to the

expressionsequence)and its initialization to the value of y.

Applied to the just discussedAXPYAssignmert Replacemem, for example,
the Temporary Removal adaptor generatesthe following two Replacemen pat-

terns:
(z=af x+y; (z:=y AXP¥ax2));  P);

(af x+y; (var t=y; AXPYa;x;t)); P):
In the sameway the Assignment Replacemem usedin the MTL library (see
Figure 3)
(C:=A£B+C;mult(A;B;C);P)
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generatesthe two patterns

(D=A£B+C; (D:=C; mult(A;B;D)); P);
(AE£ B+ C; (var t= C; mult(A; B;t)); P);

and the GEMMssignmert Replacemen (seeFigure 4)
(C:=C+af A£ B;GEMM;A;B;1,C);P)
the two patterns

(D:=C+af A£B; (D:=C; GEMM4;A;B;1,D)); P);
(C+ af A£ B; (var t= C; GEMM; A; B; 1;1)); P):

5 Implemen tation

The implementation of an optimizer for the Replacemen pattern and its sub-
patterns essetially requiresthe implementation of an expressionrewrite system
with rewrite rules supplied by the user. An immediate requiremert of such a sys-
tem is that the implementation of expressionmatching must be genericenough
to support any form of expression,including user-de nedoperators (in the form
of overloaded operators or function calls). Additionally, the user must be able
to examine an expressionto determine the semarics of the expressionand its
subexpressionsto ensurecorrectnesswhen applying a rewrite rule. Finally, the

user must be able to construct new expressionsto complete the rewriting step.

5.1 Internal Representation

Simplicissimus' internal represenation consistsertirely of C+ expressiontem-
plates, a set of classegepreseiting unary, binary, ternary, and other operations
that are parameterized by the operators and operands, in a form similar to
functional pre x form. Expressiontemplates were discovered as an optimiza-
tion technique for numerical computing [19] but have also beenusedfor delayed
evaluation and functional composition [8, 4]. Simplicissimus' expressiontem-

plates di®er from most in that they have no run-time componerts: distinct
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variables and literal values are modeled as types, so that C+ expressionscan
be fully expressedas C++ typesand manipulated at compile time.

Compile-time manipulations of expressionsusing expressiontemplates have
seweral advantages. They do not exist at run-time, so they incur no run-time
overhead. They are also natural to work with within C++, using well-known
template metaprogramming techniques[17] and especially partial specialization
for rule matching, which is further described in Section 5.2. Finally, they are
platform- and compiler-independert becausethey represen C++ with C++; this
will be further discussedin Section5.5.

The form of an expressiontemplate is similar to that of function pre x form.
An expressionx + y oz can be expressedin pre’x form as(+ x (@y z)) and,
similarly, asthe expressiontemplate
Expr<BinaryExpr<Add, X, Expr<BinaryExpr<Mul, Y, Z> > > > Hereweuse
the type namesAdd and Mul to represert addition and multiplication, respec-
tively. Each operator or function will have a unique type (generally an empty
class) that represerts it in an expressiontemplate. Expressionsare wrapped
in classtemplates that contain the operator name and its operand(s), and are
named basedon the arity of the operation (UnaryExpr, BinaryExpr , etc.). The
Expr classis a wrapper around eadh expressiontemplate that makesall expres-
sion templates easily distinguishable from other types.

The leaves of an expressiontree|literal values and variables|are ead
expressedusing unique types. The class template Variable is parameter-
ized by the type of the variable (e.g., int ) and by an integer identi cation
number that is unique to that variable. In our example above, X may be
Expr<Variable<int,0>> whereasY could be Expr<Variable<int,1>> . Sim-
ilarly, a classtemplate Literal cortains literal values, where a literal can be
any C++ literal, but the notion hasbeenextendedslightly to include user-de ned

literals for abstract data types.
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template<typename ExprT> struct AXPYMatch
{ static const bool valid = false; };

template<typename A, typename X, typename Y>
struct  AXPYMatch<Expr< BinaryExpr<
VectorAdd,
Expr<BinaryExpr<VectorScale, A, X> >,
Y>> >
{ static const bool valid = true; }

Figure 5: Using partial specialization to perform a syntactic match

5.2 Matc hing Expressions

Expressiontemplates naturally lend themselesto pattern-matching via partial
specialization. Partial specialization allows multiple de nitions of classtem-
plates where eat de nition speci es the partial type structure of typesit will
beinstantiated with. Expressiontemplates usetype structure to expressexpres-
sion evaluation, thus partial specialization can trivially be usedto specify and
match expressions.Figure 5illustrates the primary template and onespecializa-
tion of the classtemplate AXPYMatchThe template can match any expression
template via the primary template (the valid member will befalse ) but it can
alsomatch an expressionaax + y where+ is represerted by the type VectorAdd
and o is representied by the type VectorScale , in which casevalid will be true

to signify a match.

5.3 Semantic Constrain ts

Semariic constraints determine whether or not a particular expressionthat
syntactically matchesthe left-hand side of a rewrite rule will be semartically
equivalent if the expressionis rewritten. The ched for semartic equivalencere-
lies primarily on traits that describe the computational behavior of expressions,
including which operands are modi ed, whether an operation has side e®ects
beyond what is re°ected in the operands and return value, and whether the

operation is applicative (i.e., predictable given a set of operandsand regardless
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template<typename Exprl, typename Expr2> struct SameVariable
{ static const bool value = false; };

template<typename T, int ID>
struct SameVariable<Expr<Variable<T, ID> >,
Expr<Variable<T, ID> > >
{ static const bool value = true; };

template<typename ExprT> struct AXPYMatch
{ static const bool valid = false; };

template<typename A, typename X, typename Y>
struct AXPYMatch<Expr< BinaryExpr<

VectorAdd,
Expr<BinaryExpr<VectorScale, A, X> >,
Y>> >
{
static const bool valid = !SameVariable<X, Y>:value
&& 'X::has_side_effects && Y::has_side_effects;
%

Figure 6: Expressing the semariic requiremerts of the AXPYtransformation

using traits

of program state).

We will extend the expressionmatching classtemplate AXPYMatchiescribed
in Section 5.2 to validate the semaric constraints of the AXPYsubroutine in
addition to matching the structure. This dual purposeis reasonablebecause
semairic constraints are generally expressedas predicatesbasedon the variables
bound when matching the expression.

Figure 6 illustrates the validation of the semartic constraints on AXPY Al-
together three constraints on its parameters x and y, logically connected to
the member valid , have to be met. For one, neither the evaluation of x nor
the evaluation of y may have side e®ects,becausethe order of evaluation may
changewhen rewriting an expressionasa function call. The compile-time value
of the member has_side _effects of any expressiontemplate is recursively de-
termined using expressionand user-de nedoperation traits. Additionally , x and

y may not be the samevariable. The SameVariable classtemplate of Figure 6
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determinesif the given expressiontemplates are the samevariable in the sim-
plest case. A completely developed version of SameVariable is more extensive
in that it takesinto accourt user-de nedoperators that return referencesto one

of their argumerts, suc asthe C++ assignmen operator.

5.4 Temporary Removal Adaptor

The optimizations described for temporary removal in Section 4.2 are imple-
mented in Simplicissimus as a class template InPlaceOperationSimp . The
classtemplate InPlaceOperationSimp is instantiated with a classtemplate T
that implements the functionality speci ¢ to an particular instance of the Tem-
porary Removal adaptor. The functionality required by T is implemented by

three members:

2 valid : a boolean value that is true i® the syntactic and semaric con-

straints on the pattern are met;

2 result : the type of the variable that is the target of the assignmei in

the underlying Assignmert Replacemett;

2 rewrite _with _target : a classtemplate that performs a rewrite of the

given expressionto the procedural form using the given target expression.

We completethe optimization of the AXP¥unction in Figure 7 with our nal
implemertation of the classtemplate AXPYMatch This classis to be directly
used with the InPlaceOperationSimp template to generate the rewrite rule
class AXPYSimphat performs three temporary-removing optimizations within
the Simplicissimus system: the AXPYAssignmen Replacemen along with the

two optimizations generatedby the AXPYMatcladaptor.

(y:=af£x+y) | AXPYaxy);
(z:=aE x+y) | (z:=y;, AXPYa;x; 2));
at x+y I (var t=y; AXPYa;x;t)):
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template<typename ExprT> struct AXPYMatch
{ static const bool valid = false; };

template<typename A, typename X, typename Y>
struct  AXPYMatch<Expr< BinaryExpr<

VectorAdd,
Expr<BinaryExpr<VectorScale, A, X> >,
Y>> >
{
static const bool valid = !SameVariable<X, Y>:value

&& 'X::has_side_effects && 'Y::has_side_effects;
typedef Y target;

template<typename Z> struct rewrite_with_target
{ typedef Expr<TernaryExpr<AXPY, A, X, Z> > result; };

3

struct AXPYSimp public InPlaceOperationSimp<AXPYMatch> {};

Figure 7: Optimizations for the BLAS AXPYfunction basedon the Temporary

Removal adaptor

Partial specialization is again used to match AXPY¥ semartic constraints.
The valid menber is true wheneer the expressionis matched, and the target
of the AXP¥unction is identied asY by the target member type. The actual
rewriting into the more excient form using AXPYis performed by the class
template rewrite _with _target , which trivially builds an expressiontemplate

using the ternary operation AXPY

5.5 Integration in the GNU C++ Compiler

Simplicissimus is a stand-alone optimizer written in the C++ template sublan-
guage, and is therefore naturally compiler-neutral. Sud a design allows opti-
mizations basedon Simplicissimus, such asthe implementation of the Replace-
ment and its subpatterns, to be portable aswell.

Integration of the Simplicissimus optimizer with a new compiler requires a
transformation from the compiler's internal represetiation to Simplicissimus's

expressiontemplates for optimization, and then the reversetransformation to



20

utilize the results of the optimization. Within the GNU C++ compiler, approx-

imately 2000lines of C code were required to perform thesetransformations.

6 Related Work

Design patterns [5] have been gaining wide acceptanceas a tool for the con-
struction and documertation of software systems,but their usedoesnot gener-
ally extend beyond that of documertation or guidelinesfor programmers. The
FRED [7] developmert environment, which extendsthis limited view of patterns
to instead aid the programmer in the specialization of patterns for a particular
purpose,thus sharesour view that a designpattern is more than documertation
or guideline. On the other hand, the goalsare radically di®erert from our own.

Tools for applying domain-speci ¢ transformations to optimize code, such
as TAMPR [2] and Draco [10], enable authors of domain-speci ¢ languagesto
introduce optimizations basedon the semariics of a particular domain. How-
ever, these general systemsdo not provide a conceptual framework for gener-
ating transformations that are common acrossmultiple domains and multiple
languages,that is, they do not take a pattern-based approac that describes
optimizations as specializations of well-known, language-and domain-neutral
optimization patterns. Constructing new, domain-speci ¢ languagesthat have
similar optimization opportunities to other domains therefore causesa large
amourt of repetition.

Tools that allow library-speci ¢ optimizations within general purpose lan-
guagessud asthe Broadway [6] opencompilation systemand the CodeBoost [1]
source-to-sourcetransformation system, enable users (library designers)to in-
troduce additional semaric information and optimization opportunities for or-
dinary user code. Like domain-speci ¢ transformation, however, these systems
give userslittle direction regarding optimizations that span multiple software
libraries. Applying design patterns for optimization to any of these transfor-
mation systemswould yield the same bene ts as in our own Simplicissimus

optimizer.
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Work in the construction of active libraries [20], such as Blitz++ [18] and
POOMA [11], has signi cantly narrowed the gap between library and com-
piler. Sud libraries take an active role in the compilation process,tuning the
generated code to speci ¢ tasks or speci ¢ architectures. Design patterns for
optimization|or, speci cally, implementations supporting them|can sene as
a powerful tool for use by active libraries enabling optimizations that are im-
possible without sudch support. The Soptus C++ library [3] integrates with
the aforemerioned CodeBoost transformation systemto apply domain-speci ¢
transformations to C++ code that usesthe Soptus library. The transformations

there are similar to those of the Temporary Removal adaptor.

7 Conclusion

We have surveyed the designof seweral object-oriented numerics libraries with
a strong focus on optimization techniquesemployed. From thesedesignswe ab-
stracted the common structure and semartics to form the Replacemen pattern
and two important subpatterns, the Assignmert Replacemen and the Tempo-
rary Removal adaptor. Additional patterns, sud as the delayed elemert-wise
transformation usedby expressiontemplates in libraries suc as Blitz++ [18]
and POOMA [11], are also known to exist but have not yet beenstudied.

Unlike many design patterns, the Replacemen pattern and its subpatterns
presert optimization opportunities at a very high level of abstraction. Once
instancesof these patterns are identi ed, a compiler optimizer can attempt to
generatebetter code basedon strong, user-suppliedassumptionson the semartic
behavior of abstract data types. We seethese patterns as tools for advanced
usersand library authors to direct the optimization of high-level constructs that
otherwise would be left unoptimized.

The Simplicissimus compiler optimizer implemernts the three patterns dis-
cussedin a compiler-independert manner. By using the strengths of the C++
language,Simplicissimus provides userswith the ability to specify optimizations

for abstract data typeswithout requiring recompilation or additional extension
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of the compiler.
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