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Chapter 1

Customizing Soft w a re

Lib ra ries fo r P erfo rmance

P o rtabilit y

1.1 Intro duction

Soft w are libraries are widely used, particularly in scien ti�c computing, b ecause they

pro vide a con v enien t metho d of encapsulating and reusing collections of domain-

sp eci�c co de. Th us, for example, scien ti�c programmers can use linear algebra

libraries [7, 8, 18 ] to lev erage the exp ertise of others. The problem with libraries

is that they are t ypically designed to b e general so that they can b e reused in as

man y situations as p ossible. This generalit y represen ts a p erformance p enalt y , as

there is great b ene�t to sp ecializing a program for its sp eci�c calling con texts. The

p erformance b ene�t of sp ecialization migh t seem unimp ortan t since most scien ti�c

libraries are designed b y exp erts and carefully co ded to b e as e�cien t as p ossible,

but Section 1.2 will sho w that sp ecialization can impro v e b y sev eral h undred p ercen t

the p erformance of programs written with a high p erformance parallel dense linear

algebra library .

In previous w ork, w e ha v e describ ed the Broadw a y compiler system, whic h

optimizes the use of soft w are libraries b y exploiting library-sp eci�c information that

is expressed in the form of an annotation language [11 , 13 ]. This pap er describ es

ho w the Broadw a y system can b e augmen ted to pro vide impro v ed p erformance

p ortabilit y b y exploiting a simple form of dynamic optimization that w as in tro duced

b y Diniz and Rinard [6 ]. W e b egin b y reviewing the Broadw a y system and its

b ene�ts. W e then explain ho w p erformance p ortabilit y can b e di�cult to ac hiev e

for certain parallel library routines. W e then brie
y describ e our prop osed approac h.

Finally , w e conclude b y con trasting our w ork with previous researc h and pro viding

concluding remarks.

1.2 The Broadw a y Compiler

Figure 1.1 sho ws our system arc hitecture for p erforming library-lev el optimiza-

tions [11 ]. In this approac h, annotations capture seman tic information ab out li-

brary routines. These annotations are pro vided b y a library exp ert and placed in

1
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2 Chapter 1. Customizing Soft w a re Lib ra ries fo r P erfo rmance P o rtabilit y

a separate �le from the source co de. This information is read b y our compiler,

dubb ed the Broadw a y compiler, whic h p erforms source-to-source optimizations of

b oth the library and application co de. The resulting in tegrated system of library

and application co de is then compiled and link ed using con v en tional to ols. Our cur-

ren t implemen tation of the Broadw a y compiler tak es ANSI C as input and pro duces

ANSI C as output.

In addition to supp orting the dev elopmen t of new libraries, this arc hitecture

is sp eci�cally designed to supp ort existing libraries. In particular, b y separating the

annotations from the library source, our approac h applies to existing libraries and

existing library applications.

Integrated and optimized
source codeBroadway Compiler

AnnotationsHeader Files + Source Code + 
Library:

Application
source code

Figure 1.1. A r chite ctur e of the Br o adway Compiler system

The annotations describ e the library only , and not the application. While

information ab out the application w ould certainly b e useful, this restriction mak es

the system more usable, as applications programmers do not need to learn the

annotation language. In fact, the annotations can b e completely hidden from the

library user, who only needs to compile with the Broadw a y compiler instead of a

standard C compiler.

Moreo v er, there are sev eral reasons wh y it is more b ene�cial to describ e li-

brary information rather than application information. First, as men tioned in the

In tro duction, libraries are built to b e general, but there is great b ene�t to sp ecializ-

ing them for sp eci�c con texts. Applications, on the other hand, are t ypically not as

concerned with generalit y . Second, libraries are mec hanisms for reuse, so the cost

of creating annotations for libraries can b e amortized o v er man y uses of the library .

Third, libraries t ypically encapsulate a coheren t set of domain-sp eci�c abstractions,

whic h increases the lik eliho o d that a small set of annotations can describ e a useful

set of information. Finally , libraries t ypically em b o dy a ric h amoun t of domain-

sp eci�c kno wledge, and these annotations encapsulate and exploit information that

library writers already kno w and that is otherwise w asted.

Philosophicall y , our arc hitecture attempts to pro vide a clean separation of

concerns among the compiler writer, the library writer, and the applications pro-

grammer. The compiler encapsulates all compiler analysis and optimization ma-

c hinery , but do es not include an y library-sp eci�c information or library-sp eci�c

optimizations. Th us, the compiler is built to b e as general as p ossible and is only

con�gured for sp eci�c libraries through the annotation language. By con trast, the

annotations describ e library kno wledge and domain exp ertise, but do not require

deep compiler exp ertise to create. This separation of compiler exp ertise and library

exp ertise is critical, b ecause it is unreasonable to exp ect an y one to p ossess b oth
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1.2. The Broadw a y Compiler 3

t yp es of exp ertise. Finally , the annotations and compiler together free the applica-

tions programmer to fo cus on application design rather than on p erforming man ual

library-lev el optimizations [12].
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Figure 1.2. A nnotation-b ase d optimizations impr ove PLAP A CK p ar al lel

pr o gr ams fr om 10% to 180% for lar ge pr oblems, and fr om 36% to 622% for smal l

pr oblems.

Figure 1.2 sho ws the results of applying our tec hniques man ually to four pro-

grams written with the PLAP A CK parallel dense linear algebra library [18 ]. W e

see that signi�can t p erformance impro v emen ts w ere obtained. F or example, the

lo w est curv e (rank-k up date) indicates a p erformance impro v emen t of 10% for large

problem sizes and 180% for small problem sizes. The highest curv e (triangular solv e

with m ultiple righ t hand sides) sho ws a p erformance impro v emen t of 36% for large

problem sizes and 622% for small problem sizes. In these cases, small problem sizes

b ene�t more b ecause the sp ecializations tend to remo v e o v erhead. This o v erhead,

suc h as comm unication, is signi�can t b ecause it limits, for a �xed problem size,

scalabilit y to large n um b ers of pro cessors. In summary , these results illustrate the

b ene�t of sp ecializing library routines for sp eci�c calling con texts, ev en for libraries

lik e PLAP A CK that ha v e b een carefully designed to pro vide high p erformance.

1.2.1 Lib ra ry-Level Optimizations

W e no w describ e an example of the t yp e of optimization that w as used to pro duce

the results sho wn in Figure 1.2. T o understand the optimizations, w e need to �rst

understand that PLAP A CK programs manipulate matrices through ob jects kno wn

as views , whic h represen t the indices of a submatrix. PLAP A CK th us pro vides

routines for creating and manipulating views. During the course of a program's

execution, these views can assume di�eren t prop erties. In the most general case,

a view represen ts a matrix that is distributed across m ultiple pro cessors. In some

cases a view resides wholly on a single pro cessor, in whic h case the view is said to
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4 Chapter 1. Customizing Soft w a re Lib ra ries fo r P erfo rmance P o rtabilit y

b e local , and in other cases the view represen ts the empt y matrix, in whic h case

w e sa y the view is empty .

These prop erties of views are signi�can t b ecause they can b e used to impro v e

p erformance. Application programs t ypically in v ok e PLAP A CK routines that w ork

on an y matrix view, as this greatly simpli�es the programming, but routines are

a v ailable that op erate on sp eci�c t yp es of views. F or example, PLA Gemm() p erforms

matrix m ultiplication and mak es no assumptions ab out the input matrices' views,

but PLA Local Gemm() w orks only if the views are local . PLA Local Gemm() is the

more e�cien t of the t w o routines, b ecause it do es not include an y of the o v erheads

required to deal with parallel ob jects. When a view is kno wn to b e empty ev en

greater sa vings can b e obtained, as man y PLAP A CK calls on empty views simply

b ecome no-ops.

One optimization, then, is to determine at eac h call site whether a view has

one of the sp ecial prop erties, and if so to substitute the in v o cation of the gen-

eral PLAP A CK routine for an in v o cation of the appropriate sp ecialized routine.

This optimization requires a data
o w analysis that trac ks the prop erties of views

throughout the execution of the program. Our annotation language supp orts this

t yp e of library-sp eci�c analysis b y allo wing a library exp ert to de�ne prop erties on

views as follo ws:

property Distribution : map_of< object, {general, local, empty} >;

This annotation declares a prop ert y of matrices (a 
o w v alue in data
o w analysis

terms [16 ]) that has three v alues: general , local , and empty . Other annotations

then describ e transfer functions [16 ] that describ e ho w the v arious PLAP A CK rou-

tines a�ect the prop erties of views. That is, the transfer functions indicate whic h

routines create views, whic h ones shrink them, and so forth. Collectiv ely , these an-

notations con�gure the Broadw a y compiler to p erform a data
o w analysis on views.

Once the analysis is p erformed, a third t yp e of annotation indicates ho w the library

in v o cations can b e sp ecialized b y through pattern matc hing:

pattern PLA_Gemm(...)

{

when ((Distribution[viewA] == Local) &&

(Distribution[viewB] == Local) &&

(Distribution[viewC] == Local))

replace { PLA_Local_Gemm(...)

...

}

In these examples w e elide details due to space limitations, but the full annotation

language is describ ed elsewhere [13 ].

The k ey p oin ts from this example are that library-sp eci�c analyses are needed

to exploit library-sp eci�c abstractions suc h as views, and that our annotation lan-

guage pro vides a mec hanism for describing suc h analyses and abstractions.
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1.3 Optimizing fo r P erfo rmance P o rtabilit y

This section describ es ho w the Broadw a y system can b e extended to pro vide im-

pro v ed p erformance p ortabilit y . W e �rst argue that man y optimizations on parallel

programs require information that is di�cult to obtain statically . W e then explain

the notion of dynamic feedbac k [6] and sho w ho w w e can supp ort this notion with

annotations.

1.3.1 Classes of Optimizations

Broadw a y optimizations can b e classi�ed in to three categories: (1) optimizations

that the compiler assumes will alw a ys impro v e p erformance; (2) otimizations that

apply to particular target mac hines but not to others; and (3) optimizations whose

b ene�t dep ends on in teractions b et w een the application and the target mac hine,

p ossibly requiring run-time information. Broadw a y's annotation language curren tly

supp orts the �rst t w o t yp es of annotations. In particular, class (2) mac hine-sp eci�c

optimization can b e turned on or o� b y man ually including or excluding the relev an t

annotations for a particular target mac hine. New mec hanisms are needed, ho w ev er,

to supp ort class (3) optimizations and to pro vide an added degree of p erformance

p ortabilit y .

Man y optimizations fall in to class (3), including t w o t yp es of optimizations

that are fundamen tal to parallelism: optimizations that deal with gran ularit y of

parallelism, and optimizations that deal with the degree of parallelism.

Most parallel programs m ust b e tuned for their gran ularit y of parallelism. F or

example, the gran ularit y of PLAP A CK programs is guided b y the concept of a blo ck

size . Larger blo c k sizes pro vide larger units of comm unication, whic h reduces the

o v erhead of comm unication. Smaller blo c k sizes, ho w ev er, tend to pro duce b etter

load balance. Th us, there is a mac hine-sp eci�c tradeo�. Moreo v er, the c hoice of

blo c k size can in teract with the algorithm, so the issue of gran ularit y is sensitiv e to

the comm unication c haracteristics of the target mac hine, as w ell as to application-

sp eci�c and algorithmic c haracteristics.

The degree of parallelism is also mac hine-sp eci�c. F or an y giv en computation,

there is a tradeo� b et w een computing it sequen tially or computing it in parallel.

The parallel approac h has the b ene�t of splitting the task across m ultiple pro cessors,

whic h will ideally decrease the computation time. Ho w ev er, the parallel approac h

t ypically requires comm unication that is not required for a sequen tial computation,

so parallelism is not alw a ys a win. With PLAP A CK, an application programmer

can often c ho ose to distribute a computation across all pro cessors at the exp ense

of added comm unication, or to p erform the computation on a subset of pro cessors

at the cost of increased load im balance. This tradeo� is tigh tly coupled to the

program's gran ularit y . F or example, it is probably b etter to c ho ose full parallelism

when there is a large amoun t of w ork to do, while it is b etter to compute on the

subset of pro cessors if the amoun t of w ork is small compared to the o v erhead of

re-distributing the w ork. This tradeo� can b e complex. W orse, this tradeo� can

c hange dynamically as the amoun t of w ork to p erform often v aries as the algorithm

progresses.
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6 Chapter 1. Customizing Soft w a re Lib ra ries fo r P erfo rmance P o rtabilit y

1.3.2 Dynamic F eedback

The idea of dynamic feedbac k is simple. When optimization decisions cannot b e

made statically due to lac k of information, the compiler creates m ultiple v ersions of

the co de and uses dynamic sampling to determine whic h is b est. The b est co de is

then executed for some duration, kno wn as the pro duction phase, whic h is t ypically

m uc h longer than the sampling p erio d. T o supp ort situations where the relativ e

p erformance of the di�eren t v ersions can v ary dynamically , this cycle is rep eated

un til the program completes.

Minor mo di�cations to our annotation language can b e made to supp ort dy-

namic feedbac k. In particular, the select k eyw ord can b e in tro duced to instruct

the compiler that m ultiple optimizations are p ossible for di�eren t situations. In the

follo wing example, select is used to indicate that there are three w a ys to sp ecialize

a Broadcast op eration in MPI [10 ].

pattern {

MPI_Bcast(...);

}

{

when (Distribution[A] == ColumnPanel)

select {

{ /* Bucket implementation */ ...}

{ /* MST implementation */ ...}

{ /* Scatter-gather */ ...}

}

}

Annotations can also b e used to guide p olicy decisions, suc h as ho w long

the sample p erio ds should b e and ho w long the pro duction p erio d should b e. F or

example, the follo wing annotation fragmen t indicates that samples should b e tak en

ev ery 20 times that the routine is called.

select every 20 { ...

}

Annotations can b e used to customize the feedbac k pro cess in more sophis-

ticated w a ys b y indicating ho w the adaptivit y dep ends up on v arious asp ects of

the library implemen tation. F or example, the follo wing annotation states that the

adaptivit y dep ends on the v alue of the program v ariable blocksize, whic h tells

the compiler that adaptivit y is not needed in areas where the v alue of blocksize

do es not c hange.

select on blocksize { ...

}

The Broadw a y compiler system greatly simpli�es the pro duction of dynami-

cally adaptiv e library routines. The library implemen tation need not c hange. In-

stead, the annotations that describ e them c hange, and these c hanges only express

a few k ey bits of information. The remaining details are hidden in the Broadw a y
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compiler, whic h creates and optimizes the v arious co de v ersions, and whic h inserts

co de in to the application to sample the di�eren t v ersions and to select the most

e�cien t v ersion.

1.4 Related W o rk

Our researc h extends to libraries a considerable b o dy of previous w ork in dynamic

optimizations [6], partial ev aluation [2, 4 ], abstract in terpretation [5, 14], and pat-

tern matc hing [17 ]. This section relates our w ork to other e�orts that pro vide

con�gurable compilation tec hnology .

The Genesis optimizer generator pro duces a compiler optimization pass from

a declarativ e sp eci�cation of the optimization [20 ]. Lik e Broadw a y , the sp eci�cation

uses patterns, conditions and actions. Ho w ev er, Genesis targets classical lo op opti-

mizations for parallelizati on, so it pro vides no w a y to de�ne new program analyses.

Con v ersely , the P A G system is a completely con�gurable program analyzer [15 ] that

uses an ML-lik e language to sp ecify the 
o w v alue lattices and transfer functions.

While p o w erful, the sp eci�cation is lo w-lev el and requires an in timate kno wledge of

the underlying mathematics. It do es not include supp ort for actual optimizations.

Some compilers pro vide sp ecial supp ort for sp eci�c libraries. F or example,

semantic exp ansion has b een used to optimize complex n um b er and arra y libraries,

essen tially extending the language to include these libraries [1 ]. Similarly , some C

compilers recognize calls to malloc() when p erforming p oin ter analysis. Our goal

is to pro vide con�gurable compiler supp ort that can apply to man y libraries, not

just a fa v ored few.

Meta-programming systems suc h as meta-ob ject proto cols [3], programmable

syn tax macros [19 ], and the Magik compiler [9], can b e used to create customized

library implemen tations, as w ell as to extend language seman tics and syn tax. While

these tec hniques can b e quite p o w erful, they require users to manipulate AST's and

other compiler in ternals directly and with little data
o w information.

1.5 Conclusions

Soft w are libraries are designed for seman tic reuse and seman tic p ortabilit y , but not

for p erformance p ortabilit y . This pap er has explained ho w the Broadw a y compiler

framew ork can b e extended to use dynamic optimizations to pro vide impro v ed p er-

formance p ortabilit y . In particular, a simple mec hanism of dynamic feedbac k [6]

allo ws m ultiple v ersions of optimized co de to b e dynamically selected. W e ha v e ex-

plained wh y this approac h is an ideal extension of annotation-based optimization.

F urthermore, the necessary extensions to our annotation language are minimal. W e

are curren tly conducting exp erimen ts to quan tify the b ene�ts of our prop osed idea,

and w e are in the pro cess of completing our compiler implemen tation so that w e

can obtain fully automated results.

Ackno wledgments. This w ork w as supp orted in part b y NSF CAREER Gran t

A CI-9984660, D ARP A Con tract #F30602-97-1-0150 from the US Air F orce Re-
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