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This paper describes a system for using efficiency <nowiedge in program synthesis. The system, cailed LiBRA, uses a
comoination of knowieoge-03sed ruies and aigeoraic cost estimates !0 comoare potential program imoiementations.
Efficiency ' knowledge s used to control the selection of aigorithm ana cata structure mpiementations ang the
aooiication of optimzing transformations. Frototypes of programming constructs and of cost estimation techmaues
are used to simplify the efficiency analysis process and !0 assist in the acauisition of afficiency xnowledge assocrated
with new coging knowiedge. LIBRA has ceen used o guide the seiection of impiementations for several programs
that cliassify, retrieve informaiion, sort, ang generale prime numbers.

{. INTRCOUCTION

tificiency considerations often impose conflicting demands on a
orogram synthesis system. On the one hand, a synthesis system
must oroduce an efficient target language program: on the other,
it must produce that target cods in 3 ressonavle amount of lime
and wilhout runming out of storage. This paoer discusses g
system that takes a middie ground between the sxtremes of |)
constructing ail possible programs that meet the soecification and
picking the most efficient, and 2) using cefault impiementations.
The system, called LIBRA, uses a knowieage basa of efficrency
rufes (0 guide the construction of refstively efficient target
language programs in a2 reasonsble amount of time. LIBRA works
from a more abstract specification and considers a wider range
of target-ianguage imptementations than optimizing compilers.
Many choices must bs made, and making a good decision
depends on a 3ioba view of the program. The target
programs are not guaranieed 0 be optimel, but the
efficiancy knowledge is designed to allow the flexioility of trading
off target-program efficiency for speed and compeciness
in the cynthesis process.

The besic paradigm is heuristic search through a set of more and
more compiete program descriptions.  Estimates of the
execution costs of crogram impiementations are used as
evaluation functions in the sesrch. Symooiic, aigebraic
Erogrm anslvsis is used lo estimate the tion costs.
nowledge about the time and stcrage costs of data
structures and operations s used to choose combinations of
aigorithms ana cata reoresentations and !o control the
aooiication of optimizing transformations. Ruies about
plausitie impiementations are used (0 orune lhe sesrch lree.
LIBRA has oeen been usad lo guide the construction of
several varients ©f! programs thst retrieve information, sart,
classify, and generate prime numbers.

2. BACKGROUNO

LIBRA is an extension of an interactive orogram synthesis system
that generstes imoiemantations in 3 largel ianguage by 2 series
of transtormstions and refinements of program aqescriptions,
called coding ruies. The knowiedge base of coging rules wes
cdeveloped by Sarstow (1] The knowleage base aliows programs
in the ares of symoofic processing {0 be soecifiea in terms of
constructs  including sets, meppings, sel Operations, and

* This resesrch was suoported in part by a Fanmwe and John
Hertz Feundation Fellowsnio, in part oy a Nationsl Science
Foundation Fellowship, in part by Systems Controt, ine, under
the Defense Advancad Resesrch Projecis Agency Oroer 3687,
Contract NOQO18-79-C-0127/4:nd in part by the Slantard
Artificial  Intelligence La under the Cefense
Advanced Resesrch Frojects ency Orcer 2494, Contract
MDA 903-76-C-0206.

enumeration. Tne knowleage 'n both the coaing ruies ana
afficiency rules permits the corstruction af programs using lists,
arrays, nasn taoies, oroperty lists, and several enumeration,
sorting, and searching constructs. The target programs are
written in 3 subset ot INTERLISP.

Most of the rules ars not specific io the target language. For
example, there are 5 or i0 rules that graduaily refine a set inio
a hasn tabie, and then a few language soecific ruies ior refining
the hash taole inte LISP. Although the zenerai paraaigm is
refinement from abstract fo more ce{anea drogram cescriotians,
transformations such as comowwng nestea biocks of coce or
nested loops are aiso ailowea. LIERA deciges wrether or nct io
aoply such a transformastion just as it cecides wmch ot severai
refinements o apoiy, by looxing at he zioba execution cost
estimates or by appiying heuristics.

LIBRA and the coding rules function togetter Goth as the
synthesis phase of the PSI program synthesis system (2] ana as
an incependent syninesis system. Figure | shows a simolified
view of lhe synthesis phase and ils reiation to the rest of PSL
The other modules cf the PSI system ailow the cescriotion of
programs by English diai or oy or traces, and
transiate lhe specification nto a compiete Mgn-ievei 1anguage
description. A specification in this high level ianguage can aiso
be given cirectly to {he synthesis phase.
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Figure 1. A LIBRA's eye view of program tynthesis in PSI
3. PREVIEW

LIBRA chooses from among aooiicadie refinements in the
knowiedge base of cocing ruies througn adaitional sets of ruies
that can be easily mocified. For exampte, rules aooui pianmng,
derived from previous anatyses of how Ic make particuiar
implementation decisions, reauce the effort at exohicitly
constructing .and comparing alernative imoiementations. Retalea
decisions are 3rouped (0 reduce the size of the searcn soace ang
to mane cost tradectfs more obvious. Suies about scneduling ing
resource 3ilocstion set priorities that reflect (he importance ot a
coaing gecision and the effort excenaea in maning the cnowce.
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When approoriaste alernate mplementialions M8 expucilly
comatructed ana mosrea anaivhicaly.  The (amparnsons use
o0 cosl eshimates (O retiect 1he nlerdegendence ot decimions
e 0%l estimalions can De mace al any slage of he relnement
Qe0¢ o mnou.gﬂ eslimales M MOre COMpIele'y “OLNEA Drograms
are Ner Ay Mor acurale VURA compuies upper ana Oower
cunds on 'he  eslimaled evecullon (o8l 4ng uses hem lor
QruMIng Drogram (molemeni slione wilh Dranch and bouna. These
DOV are ais0 uselul ‘N dentitying derts df Ihe drogram !hat
it ‘ead 10 botllenechs. Selinement ‘esources are lhen
concentreled on those derts of The program.

jince  the snowieage-based '3 moduiar, U faciitales he
acauUInLion Of new Drogramawng \nNOwieoge. 'he same prototypes
At Drodramming conetructs ang of cosl estimalion procedures hal
Lmoity (he e11iciency ANEIvHIS Orocess o8 250 qule uselu n
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representad a8 A WaAnDIng 'tOM LIOCER 10 ety Of tevweess
) s 'he Cataoese « reiativety amal, | wui lane Quile some
10 search 'or aill 'he slories (ontaiming 'he jiven seyworo
anag 10 sort thet (st Anather possiowily 8 10 use an acaibonm
representalion 3 Mappings 'rom @y wOros 0 a sorfea sl
o contaiming  'hal seywora ey wOra sesrcnes are
requesied requentiy, (s wOuwd mOrove (he runmng 1pee0, oul
al the expense Of agmilionsl slOrage space.

When more 'hen one dala structure & nvoived, | mav "ot de
DOsuIbie 10 Mare mplementalion Jeci1ons "aependently Siven
wosl cosl 'uNchions, [here will DO (rORs-Oroaucl (erms Avaiving
the space rom One representalion and ihe !ime ‘'rom an
operation on snother For evampie, (M cOuld haopen ! the cosl
tunction were (he proauct of () eveculion time of a statement, )
Aumber eveculions, and J) (01a slorage " Use, summed over Al
stal s n the program These cross-oroauct 'erms mane |

200ing he ethiciency Normelion 10 malih [he (oong .
hal 3 " the system. A semi-eulOmaled Orocess 'or soaing New
ethiciancy NfOrmelion hes DEEN EVEI0DEO

The focus of thwe arlicie 8 On the oversl ethiciency 'ramewora
ana on 'he 'nowieage-desed apecty of LARA. More cetais on
Ihe analysis Droceoures and On 0iher 'opics Only covered onetly
here can be 'ouna n (J}

4 THE PROBLEM

The question aodrested here ‘s 19w 10 select i ethicient
mMOIemEnt alION 10F 4 MEN-@VEl IrOgTIM 100CIICAIION, (iven o et
of ruies ‘or comslrucling (he possiole molementations. | s
assumed 'hal Ihere way be 2 very 'arge “umoer Of possible
implementations and 'Nal 1 s "ot possiie 10 conslruct ana
compere sl ¢ tly, The " (o8 wee 0
DrOOUCE 8 svslem (hal wowd awomelically select maement slions
and that would be compelinie wilh the refirement Dereagm 'or
program synihess.

The lollowing evamose ‘Nusirales the lype of problem thet LIBRA
soives. The oroblem '8 10 synthesizge 4 §00d Impiementaiion of 8
UMDIe J8l 20800 relrieval Drogrem.

The progrem tiest inouls a aslsbese of news slories. It
then 0008, accepling & Revword commend and drinhing &
sl of ad slores 'n 'he databese (het contam (Rel
\eyword, asipnrsbetized Dy siory neme. The peciel
Reyword “cyzzy" couses (he progrem (o larminate.

¢ oert of Ihe progrem speciiicalion, the user may specily
ntormation such as 'he estimated number of limes » \evwora
command wil be given, he evoecied umbar of slores n the
dalabese, and 'he aversge "umoer 0! \eywords per slory. Some
variations of live evampie re JeVeroped furiher \n aler ections.

4] implomentsiion wsves

Given & gh lgvel program descriohion, (here e seversl lypes
ot ‘mpiement alion 113uet (0 he (ONVIOeredt

== chossing dete sirueiure resreseniaiions

= implementing MEN lovel operations

= wppiying g (v onetermel
Some of the major aficuilies in resoiving [heee sues srine rom
the need !0 conscer:

== lime and tpose rode-ette

= G0PONTENTIe IMENg 18CISIONe

== olficraney of largel pregrem verwwe
oitigroney of synihoers

Thus, 'n the program described above, a representslion for the
delabese ™must be chosen, snd & melhoo 'or finaing (he slores
associsted with (he hayword wusl pe chosen. | there 1 the an
0000rtumty !0 200iv & [FaNSIOFMElion JUCh 88 COMDIvNg [wo
0008, | Wmust be defermned wheiher hal (ransformecon wul
actuaily /mprave the pertormancs Ot INe targel program

Often there '3 ~o desl representalion (Nl wrvmizes DOIN Do
a Lime. N the news relrevel exemoie, N Jalevese can De

/mpossidie 10 anaivze 'he cosls Of he Jecitions naepencent'y
The best mplementialion chowe at0 depenas on 'he realive
frequency of the relrievel operstions ana the wzes Of (he aale
structures.

42 Some swborodbleme

Some sublashe Of [™e general orobiem ot finging an efficent
impigment a1ion include cootying [he etficency \nowieage Neeaed
tor

1) wy aly e L] cosle
Ore way '0 chOOSe 4 G000 ‘MOIemenislion i 10 ™era eversl
aslfernalive retinements, estimaie [(he costy of [he resuling
program mplement 8lion, and (NO0e (he besl one

2) store end spply previeve elficionty snatyen reswils

To avord evconsive anaivars, (| 18 el 10 be abie 10 expioit the
resuils Of Previous snsivees. SO there showd be ¢ mechamem
for againg ruies such as:

“In catireng a sot that has mare than JO siements ana Nal
0 used Only 10 lesl membersMe and 0o ana Oeele
slements, [he Nesh-latwe reOrevenialion | ¢ 004 ChOKS.

In retiring @ tially reor it ol A wmneh
(s are ‘requently neerteg ana deieled, uee & nhed
sl rather than an array.” (Tive aveias smiling.)

J) consonirate esifert on imperient parte of 'he progrem

The synthesis  svslem shouia  aelermine  whelher [he
representation of the delabese Nes a gresier etfect on the global
program cosl than the chowe Oof spnsoelining fechmique, and
SHOUIA USe [hal IntOrmation 10 foCus SYNIRess resources.

4] Releted reseerch

Oniy some of the lypes of sificiency Anowieage described n '“e
previous seclion Nave been comiied Or machine use. he
primary reseerch has been n data-siructure seection syslems.
Some veritication ana !heorem oroving tvslems can orove 'acty
aboul the execulion pertormence df drograms, dul they do not
Use s intormalion 10 gwoe progrem svathess. “he use of
efficiency Anowiedge n orogram tynthets "Nes ol veen
aqarested by CEOUEE'NE OF aNMORY 0OrOSCNes.

The dala-structure selection systems ol use cosl estimation ‘or
comperiaon of molementations. (ow (4] uses “umerica cost
etlimates !0 choose data structures 'rom among & tbrery Of
implementations, TO 'ind bDranching drodabiilies, the svetem
inserty statement county im0 a defaull molementalion hat s run
an sample asta. Sel al awtterent pONtY A (he Drogrem are
determined by queryng the user Morgensiern’s svalem, 2 oarl
of PROTOSYSTEM=(, (S| uses estimates af fie nout/outoul and
sorh coNl 10 choose 'l tystem orqaneshions ana oroer 'he
fow 0f ProceusIng OPEralIone N Management NfOrmelion svstem

These syileme ‘Aciude “eurislics 'or aveiing compiele reerch,
but Ihe Neursiics #r@ A0l aways avoreereg exoncilly. LOw s
wvslem has a buil<n ruie for aveiaing walipie “soresentations
by tarcing Al data structures 10 have (he same reoresentation
Ihrouqnout the orogram and by consiramag sl Jale structures
Ihet are arguments 10 & COMMON OO slIoN [0 sNere an deniic M




representation. Rovner (6] extended Low's work to the seiection
of associative dala siructures and aiso aliowed the seiection of
redundant representations. Heurislics aoout wnen !0 consider
redundant representalions ana aoout other cost-iraceotf
assumplions were carefully noted n the description of the
system, but were nol expressed as ncependent ruies n the
system mpigmentation.

Several ailferent searcn sirategies have been lested. Low and
Rovrer use "l climoing among the estimaled costs of the .arut
programs !0 choose an 'moiementation. Morgenstern us
aynamc programmng agorithm specifically !miored to choou
structures lor iarge fiies. Wegbreit (7] ;um some exampies of
the uu of pertormance anaiys:is (0 drive a program
transfo on or LIBRA represents s resource-
management strategy 'n ruies. One af the ruies, wmeh suggests
consideration of the high potential impact decisions first, s
similar 10 the lechmiques usea by WegOreit and Morgenstern.

Several other approaches !0 the orobiem of data structure
selection have been !anen. The SETL project (3] uses a more
traailionsl oplimizing comolier approsch [0 choose set
representations basea on a smaill set of aiternatives. Tho

A somewhat simplified description of the ssarcn strategy 's: Dick
4 program mpiementation 10 work on, Jick a refingment 'ase
within that impiementation, pick a coaing rule (o acrieve that
task, and finally apoty |he coding ruie and any associatea
efficiency rules.

Search-resource-management  ruiles choose a2 drogram
‘mplementation and then a part of that program !0 w~orx on.
These ruies assign priorities 10 tasks 10 ensure that the lasks are
carried out within the inwts of the resources.

When refiming a part of a program, ail reievant coaing rules are
retrieved and tesied for aopicavilily. Flausioie-mpiementation
rules are used {0 help cecide wiich coaing ruie !0 apply. 1hese
rules contain precompulea anaiyses ana are used !0 restrict the
poOssibie coding rules 10 {hose Inal seem reasonaoie n the given
program situation, thus pruming the searcn iree.

Somelimes several cooing rules seem Diausibie. Separale
program descriotions are set up ana refineq, then comparea
using lhe cost estimates ceterminea oy cost-enalysis rules.
Search-resource and p! [ \tation rules
may ull on the cost-anaiysis ruies for symoolic execution cost

to ¢ e different .mpiementations and denlify

sysiems describea in (3] and [i0] attemot to maten
structures wilh the user's needs. An unsoivea prodlem n em
approach s haw ‘o e several ing structures nta one
representation,

5. A FRAMEWORK FOR EFFICIENCY ESTIMATION

LBRA was designed !0 explore the feasioiily of comowwung
analytic ang knowiedge-oased approscnes (o efficiency
estimation. The basic .des n the framework s heurislic search
through a tree of partiaily imolemenied orogram descriptions.
Efficiency rules (rom LIBRA are used 0 contrcl the seerch and to
add efficiency-analysis information !0 the program aescription
Coding rules irom Barsiow's anowiedge base e used 0 reline
the program descriotion int0 a more concrele cescriplion

The root noce of lhe sesrch tree s the imtial program
soecification and he leal nodes are targel anguasge programs.
Each of the intermeciale nodes is a partialy imoiemented version
of the entire program. The order n which refinemenis are
considerea affects the subtree that is constructed. The focus of
attention for retinement may be linwled t0 a particular part of the
program, but comparisons belween nodes are based on gloosi
execution costs. The lree af partisn program imoiementations,
each with an agenda of synthesis lasks, serves as a2 workspace
for recording the stale of the searen (see Figure 2 below).

F"Qﬂ-f.'”ﬁ.-llﬂw‘ﬂt rules ]
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Tree of pertialiy imolemented
programe with task agendas

- - - agta flow
—— COMLrO) Piow

Figure 2. Overview of efficioncy fremeweort.

polormd bottienecks n the targel program execution.
5.1 Assigning priorities lo decisions

Since all implementations cannot be consicered 'n equal detasi,
the quaiily of the decisions depenas on the oraer in wnicn they
are considered and the depth to wnich the consequences are
expiored betors making a commiiment. The search-resource-
management rules use scheduling and resource ailocation to
batance the final progrem performance with the cost of choosing
and consiructing (he impiementations.

Task-ordering rules delermine the ardering (ar attemoting
different refinement lasks. Ordering principies inciude expanaing
com- progrm constructs, sucn as "SUBSET" early lo
g choices of refinemen! ruies ang
low Oovol codml dcmls until the major decisions have oeen made.

Choice-ordering rules lind an order for ng the

that must be "woe. One of these ruies suggests ailocating the
most resources !0 the decisions thst are kety to lead to
bottienecks and making those decisions first. Section 5.3
describes how these /High polential imoact decisions are
identified. LIBRA makes an adjustment !0 the potentiai impact of
3 decision to reflect the accuracy of cost estimates ‘or the
current level of program develoomen! ana the expected cost of
compieling the refinement process. Without this, a hghiy refined
implementation might be abandoned in favor of a very abstract
descriotion with a sligntly better ootimistic estimate that s
probaoly not achevable.

5.2 Applying plausible=mpiementalion rules

The plausible<impiementation rules in LBRA describe the
situstions under wivch dala structure mpiementations are
approopriate, when different sorting operations are otausiole, ana
when 10 consider using more than one representation for a dala
structure. This knowledge 's used to compare 'mpiementations
without the expense of exolicit construction and evaluation of
execution costs of all alternatives.

The plausible~mplementation ruies are structured condition-
action rules. The condilion of a ruie about data structures, for
example, states all the critical uses of 3 data structure that mare
the ruie relevent. Efficiency informalion such as the size of a
data structure and the number of executions of a statement mav
be used in the ruie condition. The ruie action can set a Soolesn
combnation of consirants for a set of program parts requiring
that they be refined (0r not refinea) t0 a particuiar programming
construct. A three vaiued logrc (satistied, imoossiole, possidle) 1s
used to check constrants.
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53 Estimating execution costs

CBRA includes a2 anowieoge Dase Of rues ‘Or estimating 'he
eveculion cost of a orogram aescriotion al any stage ot 'he
‘etinemen! 0rocess and wilh varying cegrees Of accuracy ' he
“8r 3 evpeciog !0 Orovioe sOme dasic Ntormation aoout the
nrogram, ana then U BRA ceeps the anaivsis upaalea 'or the rest
at [ne retinement process. ror evampie, n Ihe NEWS orogram,
‘he Da nformation neeced s 'he expected numoer of slo
'he average numoer Of xeywordas per slory, ana ne numoer 0'
times thae main 000 n (he grogram wil e execuled for a given
database. LIBRA nen manes anaiysis iranstormations n daratlet
with refinements 50 hal more accurale cosl estimales can de
associatea wilh succeeding nodes N 'he (ree. Some anasiyvis
rules are assocrated with particuiar coaing 'ranstormations. Many
Tu'es, such as those or anaiyzing Soo'ean combinations, are
associatea with coding constructs rather than lranstormations.
‘ntormation anout paramelers such as Jgata structure sizes,
stalement runmng !imes ana execulion frequencies, and aala
structure usage nformalion 18 maint ainea.

The !op-aown, ncremental ansivsis allows programs ‘o de
analyzeo thal wouid pe aitficuil 'o anaiyze aulomalicaiy 'f amy
‘argel Drogram were presented. An advantage of comoimng
the stepwise reningment wilhy 1hig sort Of anaiveis ¢ thal classes
Ot ‘mpiementalions can 0e cOMDErea Ov (onsicering the cosl
esi'males ‘'Or ntermeciale program cescriolions rather ‘han
esxoucitly expanaing the lree ana comparning (he largel language
oregrams.

Zsiimating execulion cosls '3 not an exact scrence. LIBRA altachs
the oprooiem by using both upper ana 'Ower bounas on the
evecution cost. The uoper bouna, or acfvevadie estimate, 's
caicutated dy niroaucing a standard 'mplemenislion for each Of
the orogramming consiructs used and Dy assuming that stanoard
implementalion chowces are mace for 'he rest of the retinement
orocess. The 'ower bouna, or Jolimesiic cost estimale s basea
on a ower bouna for imolementalions xnown (0 the program, rot
a Iheoreticat ower baund. Gioba oplimwstic cost est are
es! tea oy costs for esch of the constructs
in Ihe program and bv assumng thal no representalion contlicts
accur.

The 'mportance of a decision is weasured Dy its potentisl /mpact.
This s actievadbie bouna cosl estimale and the execulion cost
estimalea when cplimslic cosl estimetes are usea for al perts Of
the program invoived n (he cecision

A zeneral woael of program conrstructs and soecific models for
each construct are used !0 drgamze (he cOsi estimalion process.
Also, a stanoara cost-cOmputation orocess alows sharing Of
subroutines Detween estimalion sirstegies for maming quich
eslimales ang 'Or performing more Jelaied (ana ususlly more
evpensive! analysis.

6. AN EXAMPLE

This section wil coruider the .molementalion of & retrievel
:‘gggm n more detal. The probiem to De imolemented, caied
VS, s

Read in a database of news stories. The CATABASE s a
mapoing from stortes !0 sels of X Recestecly
accepl a heyword and orinls oul a ist of the names of
the stories in the detadase that contan that ‘eyword
Nhen the special commend “vyzzy" s given instesd of a
xeyword, then hail.

LIBRA has airecten the imolementalion of severas vermions of
NEWS. Unaer aifferent assumptions aboul he size of the
datacese or the cost function !0 De  useo, oifferent
implementations are tetected. Figure J below shows the tree of
imotemantations that s generstead and searcned uncer certan
assumotions about data siructure sizes and dranch probadiities.
The maior choices [0 be meae n moiementing NEWS are chooung
representalions for Ihe OATABASE mecping ena for the
XEYWCROS sot.

A
| NEWS | (509, <800
[

crorce of REVWOROS set representation

3 , N c

l Ligt of g | nann . na
| NEVWORDS | | ot eV WORDS
(13009, <8000) ! 11J08, <o)

;

chatce ot DATABASE NADRIAG "epresentat on

0 P j \-‘

[ of pairs | ‘rwnn tanie ¢ | oroperty-|
‘:YURY < EYWORDS» | L’:'H’CR\' < CEYWOROS| 1t entry|
133000, 35909) (999, 330! U2d0, Z000)

choice of KEYWOROS wanping renresentation

G rd \ “

hasn_tanie | | property-iist
of KEYWOROS | | entry ot \CH-JRCSI
11909, 190! (1209, 120

Figure 3. Overview of NEWS imoiementation.
6.1 Allernaie mplementation pathe

A 'number of wavs 10 mpiement \EWS are d0ssioie with the
current set of comng ruies. One refinement path. node G n the
seerch iree of Figure J, '3 ‘olowea Ihrough s more delai in the
following sections. It invoives representing DATABASE nternauy
28 2 hash lable Of stories, wilh each stary n turn having » hash
table of keywords. The cost funclion used n (e case 3 'he
product of runwng lime and Number Of Daqes n use. . ORA
chooses a hash-lable representation or sEYWORDS bdecause
there are many ravworas 'or esch slory. The lime 10 convert
the sel of seyworas nto a hash labie 's daancea dv 'he lime
savings from the memoersmo lest, winich s faster as a hasn-ladie
'COR-up than as a searcn 'hrough the st of xeyworns (for arge
<evworo sefs). The DATABASE representation docision s simuar.
Soth cnhowces are rentorced Ov Ihe ‘art (nal the main 00D 8
eveculea meny !imes nelore eviling with “wyezy.”

Under other assumotions, a path 'hrough nooe 3 ¢ lanen and a
linneg-list "epresentation iy seiected. ! Ihe 00D 's evecuteo oy
a faw limes or It |he numoer O heyworas associatea with a story
'S smail, (hen the lime requirea 0 conver! the catebase ‘rom the
lial ot pars (<atary, kevworgs®) representation 10 2 hash-ladie
representalion 11 not outwergheo Dy ‘he 'ast hasn-tavie QOn-uD
operations. I soace ‘s a critical ‘actor n the cost ‘unclion,
another oath through 8 s lasen A which the  original
representation of a Iist of pary 3 Dreserved v avolos using
any acorvtionsl space, bul al 2 cosl n Lime.

A different tree than the one Dicturea n Figure J wav ais0 de
searchea. Suppose (here are Oniv a 'ew evwordas der story,
many stories, and 2 cosl 'unclion sominatea Dy runniIng lime.
Then the reoresentation ot (he DATABASE waooing % a2 wore
crilical decrsion than the KEYWORDS set representation, because
the lime for the memberstvp (esl wowa ~ot aitfer greatly tar ‘he
different reoresentalions. | 'ewer regources are avanaoie ‘or
synthesis than in [he evamoies cescribed above, [hen some of 'Ne
'ess  rehiable  plausible~mplementalion rules are  usea  ‘or
evample, NOOES F ANd M are N0l (ONNINEred when 3 dlausidies
implementalion rule ‘hal orefers hasn-lacie represeniations 10
property -nst entries s aopnec.
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The mplementations 'het UBRA :hooses n !Ne Case are about
the Cest dossidie wilh (Ne current set of coowng ruies. Seopie
can 30 better on 'he NEWS evemoie Oy using representalions
Qulside [he $CODO Of Ihe COONE TUIRS. ~OweVer, 'Or any iven
1ol Of Comng "UIes, HOWIng De0D@ |0 MaAe 'Ne JECINONY wOowd
not produce oetler ‘mplementations.

62 imliat retinements in NEWS

The 'ollowing seclions show more detans Of INg Dalh esaing to
~ocde G By questiomng the user, LBRA setermines hat ihe
exoected “umber Of slores n the database 3 30, the aversge
Sumber of \ayworas per storv s .00, !he evpected rumoer of
terattons ot 'he coo s JOO, sna ha orodsdwly that he
command '3 4 keyword Of the aversge story ¢ Ji.

LUBRA first calls dn the comng ruet 10 mane retinements 'hat so
"ot nvoive any ceciuions. For evamoie, !Ne rpul JATABASE
*e!'ne0 (0 the standard noul 'Ormal ‘Or mapoings, 4 sl Of dDawrs
“Alory, heyworas® ana the set 3t REYWORDS s retinea nto »
innea el LIBRA 20110n ruies [0 decide
whelher 1o contiaer maliole representations for the SEYWORDS
sl ano he DATABASE meoping.

Quring retinement, a “for-ai” tlatement enumeraling 'he domain
ot DATABASE 4 crested ! 3 retinea A an  evpucil
enumeration of [he lema Ot JaMMA, LIACE QMY AN (OCING “We &
awouncavie. 0 cecioe Now [0 reline lhe enumerstion, ware
ntormalion aboutl the reoresentalion ot the Joman 1 “eeced.
LERA d0et nOl contioer Al DOSNOIe TeOresantalion Ot the Jomen
set evohcitly; the ¢howce 's mace Dv (he 20Dicalion Of disunibie~
‘molementalion rules. For evamore, wo ot the ethiciency ruies
soout sets aret

! the only uses of a sel A are 'Or enumerations over thet
set, and il 8 19 anolher representalion tor A thal s essuy
wuvannon. Ihen use he tame reoresentiatian for A ae
for

't all uses of 2 sel are fOr enumerations, or as conters to
postions N sel, or as lests Ot the stale It the
enumerations, and i the tergel language ¢ LSP, !hen
reting the set into a iinnea lisl,

These ruies determwne [hel Jommn sel, wiven 8 used Only for
enumerahion snd 18 ot an alernate representation of 1ome other
sel, 1hould Do refined w0 2 linked hsl. & (meed-wsl should be
used. Therefore comtrants On the domen sel sre eslabhenea,
g il e retined MO & 1equence, anad then nlo & hsl (rather then
an array) with the choces Delween 00NcIDI® cOOWE ruies
resotved by the consirmmnis,

Some at the detaus ot constructing the soman list and ihe
enumeralion of the Jomen are DOSIDONED Dy 1EArCh-reIOUrCEe~

rules o LBRA preacts that no decisions wl
be invoived and [he 0t estimate ‘or Ihat daet Of the orogram
will nat change stigreficantly. Cther chowes (het arise and cannot
DO reS0ivVed DY DI AUNIBIO ~MOIeMEN 310N ruIes MO 280 DOSIDONED
until other uselu refinements are fimshed

6.3 identitying (he mest impertant dotraren

All of he changes sbove 'me disce n nooe A of Figure 1
Quring '™wa retinament, teverst ¢hawces ire 20staaned. MNese
chorces are |) ow (0 retine the DATABASE waoping used reice
'he ‘or-ail, and 2) how !0 refire I1he KEYWORDS set wittwn that
mapoing. What 10 Ihe effect of esch Of (he 'wo choes 0 de
mece ' s evemele!

The internal reoresentation of DATABASE, (0BI) s used 'or
retrieving 'he meo velue (heyword sets) ot stores ance der
story per ¢ tatione 1or ™aDpIngs range
rOm 3 linnad-hat 1Ormal 1hal mane reinieval \nesr 1n 1he ~umber
of storres !0 sssociative siructures thal heve "eesrty conslant
retriavet time,

The nevword sets n (081 (KEYWCRCSI) are uted n o
“memoericommend, <EYWORDS)® test. "Nt lest 3 evecuiea one
for eseh story ‘'or esch derstion Of Ihe 00D  Posnible
Imolement ations (Ive wmembersvo edls wilh times ranging ‘rom
iiner 'n Ihe numoer Of keyworas (0 nesrly conetem,

Since the umber ot sevyworns s trealer (hen the sumber ot
ores, 'he revwora Cepresentalion nas  he  argest  (osl
Aitterential ana 8 mOre agiy [0 De a ottieneca n Ne finm
orogram f care 4 N0l ‘anen N ihe cepresentalon (nNoice
Accoraing 10 1he ChOe-0rnering *Le A00ul making Ngan dolenta
MO JeCHONY iral, ‘Ne mext 31D 3 10 00N al he DOsNIDIe
retinements of SEYWORDS |

Jecinon-maning resOuUrces 1@ asngnea. Currently 'he resouwrces
measured are (he CPU time usea A carrying Jul (he relinements
and 'he ~umoer Al ~odes Uied o (he stinement irees. "he
rOSOUrCeN "ee08a |0 COMDIRI® & OrOgram mowmantalion wilhoul
WMORIAR  CNOIKES e eslimaled ana sublracied ‘rom '“e olm
AVAHADIE  TEROUPCES, JeCILION-mManing  "el0uItes  'rOom  'he
TOMAMINORT Are AS1IENOT N Droporhion 10 'he eslimalea mportance
at the decison. Then, sepersie orogTem destridhions are et uw
(actuaily 'hey thare some suDSITUCiure) N which sach Of he
alernate COOINE "Vies ar® 200000 N [Mhis J0CHIIN, (he 400u< s0I0
fuies AHOw eilher retiming 1he Y@y wOra el 0 an esdncil sel,
caaing 10 search noge . Or MO N expncil WeDDIng, eaong 'O
search nooe .

§.4 {xplering twe impiomentations ‘or \LYWORDCS|

LBRA' goal 18 10 reting 'he aiternatives (8 ana C) enough o hal
e COMOArisON among mMEemenial.ans A D@ MIrmainve e
FRAOUICES OreVIOUSIY MNgned gne Uoper mis on ihe ime ana
1DACe 10 0@ DEMt On gelling & MOre acurale eslimale Ot he
arogram cost Ot 'he mpiementalion beng evpiorea facn
Qrogram JeNCr'ohon ais0 Net 8 DWoose 10 08 'wiiea, wih
1erves as 4 lesl Of whnether 'he [asa Nes Deen acheved ang o
uted 0 se! some Oof 'he lashn o :mo-omom‘ siralegien
There & 80 & el Of program parts thal o '0 de 'Ne 'ocus of
altention of orocessing.  n [Ny case, 'he NEYWORDS. osle
sMructure and (Pe represent aHON CONVErION a0 (NG WEMmOerIvg
tesl are 'nciugeq a (ha 'ocus et

in the first orogram gescriplion, sesrch ~ooe 3 'he evoucit-sel
PUIG 'S ADDHEA NG rehinemen! Jroceeos until M TeIevani lasay
are tatishied -~ 'he "eI0UrCES MOwed 'Or wriling 'he drogrem
are generous N (e evampie. Al INe (OnCiugon, [he seywora sel
for sech slory Nas been refined, atler Ihe spphcation of severs
cooing rules, MO a LISP isl, ina Ihe memoersD dperelion Nes
been refined "0 8 sl seercn

Qetirement 0Of tesrch noce O, Ihe drogram sescriplion A wiweh
Ihe ewphCI-maoDINg "UIe Was 1000ed, 30 Nails Decause
relevant ashs Neve Deen cCOMDIINED. “ore INe revword sel o
relined 10 8 WAODING anag memOeriMo leslea by seeng ! here
wapoing 'or 'he given ey There 1 asd 4 representalion
CONVersion 1nce Ihe \eyword 1ot s reoresented a8 2 sl n 'he
noul.

LBRA then (omputes dphimialic and N evabie DOUNaS N 'Ne
Cotl Of (NG wioie orogram 'Or each Orogram Jescriotion in the
innea-isl molementation, 3 ne oolimalic estimale 3 (8OO0
WHIECONG-0Mes, ana INe XMhevedie bdound T
oplimwalic and actwevenia (o8l sslimales 'Or 'he meoping
representation, C, are (000 sna 40000 respectivery  Srench ang
bound 3 apohea '0 ¢ o any 2O wilh cBlImItic
estimaleon worte 'han the chevanie estimale O some olher
molemeni ation.  N@iiher moW@menislion 4 eLawnsion A e o uc
thourh ‘ater n (he retinement of \EWS ‘N lechniaue wui o
fruntiut. Nooe C Yes !he dest dotimslic estimate »na o w
for turther retinement

6.3 Retimng 'he rost of NEWS

The reme DOCIIONT re (NOOIING & relingment 'or 'he evpiicit
waooing of \EYWORDS| ano choowing o “etimement ‘or 8L "he
dalavese oecrsion 4 (hosen By he poleal's mes! wethoa
Three orogrem Jescriplione are ol LD 10 O™Oer 'Ne Ihwee
A0ONCALIO TONNEMENnt ruies = ONe 'O (OMIer etmng 'he
mapoing 10 & 8l Of Dars (seerch ~ooe O) ane G conwaer o
slored mepoing (nooe (). NG 0re (0 cOMNIGEr & Jsiridules
mapoing (node F) The relevent darts af 'he drogram. (Nose
related 10 Ihe DBL Jecinion, sre INeR “ehingd A eMN DrogTam
QOLCrIOION. FOr avamoie, [N LI0Fred MaDDIng % Tehnea 10 4 Tasn
lotte. The reswling progrem 0eescrinlions e 'Nen (Omosres




with gach other ana wilth other progrem oescrinhons 'hal nave
neen iy weh as the seerch ~ooe 8 As
Figure 3 shows, nooes B ano D can De enmwnalea ‘rom lurther
CONsIger SHON DECIUSE even !Nerr Ower DOUNGS re worse 'hen
ACNIevapie DOUNG On "O0R L. ' he mOost Dromiung mpementalion,
searen noae £, s Ihen CROSEN IN0 relinement cONLinues.

The finai OeCion 10 De mece s Now o represent lhe
<EYWORDS | sel, which Nas been reline0 N0 & mapDing  As in
the retmement of nooe C, Ihere are Inree 20DICADI cwnl rues.
Mowever, here 4 an 200HCIDIO DidusD tshion rue
200Ul WMADDINgS [Nal ghwvnales One Of Ine muunlnu.

! a mapDIing Nes siresdy Deen retinea rom & sel, then oo
not retwne it N0 2 sel Of pawrs.

Thus, only 'wo cOtng ruies are consicered. These ruies are both
‘esteqa, ™ 1@8rCh NOORS G Ana K The 310red maoping, ‘esaing !0
the nash 1a0ie representalion n nOOe G Droves !0 oe [he Dest
choce. Al 'hws pownl, the cOs! estimale & precise enough 10
evwinale Al 'ne other pOsSsIDilies. Thus, Ihe best pOssDuily 18
Ine mpigmenishton of bOIh (he \evwora se! sna the mapoing 081
as nasn tadies. Ay retinement conlinues, severa Olher cnOices Of
cooine ruies  are presented, bul Ihey are al resoivea bv
DiausiDie - mplement alion et The 0CCIION made  INCIuOe
choosing 10 recomoule ratner han slore vaues 'Nal are easy 'O
compule The program gescriohon s hinany relinea im0 a LISP
program

7  XKNOWLEDGE ACQUISITION AIDS

LIBRA inciuvoes mechanvams 10 assist n the acousibion of new
programevng consiructs, inciuang 'he sadilions (hal are mace 10
e'hiclency ANOWIeOge when new COONE ANOWISOge '8 200eC.
When new NEN-Gve: cOnstrucit osre 200ed, Xl 3¢ new lypes of
sorty, or lrees, new @!fICIONCY ANOWIEOR® 'S NeeCed (0 aneivEe
these comsiructs, 'hew subDerts, runmng limes, ond Other
etlicvency properties. LIBRA's prololypes 0of Drogremewng
consiructs are ¢ \ by scquint ®a roulings when new
consirucis 8re 20000 S0me Of |he NeCesssry nOrmalion can be
CeOUCEO SUIOMBlICaNy, NG ING LSEr '8 SSRGT 1DECIIIC Questions 10
ovisn Ihe rest.

Estimales Of runmng lime and 108ce Usage depena On the terget
ianguage ana large! compuler L'BRA provices & sem-aulometic
procedure '0r geriving cos! eslimation functions from the sel of
functions for Ihe targe!l language comiructs. This procecure con
De useo " 10 UPOsIe #'HCIENCY rUIeS WHEN New COOINE Tules are
acoea  Currenlly only limes estimaling tunclions are cerived, but
» SiMiar DrOCess COWd De Used 10 chech the accuracy of Ihe
OIBUSIDIe - MDIEMENnt 20N rUIeS N [he SYSIem when new coang
ANOWIeORe 'S A008C.

8 CONCLUSIONS AND FUTURE DIRECTIONS

The use 0! ethiciency eslimalion ' Drogram synthesis i 2 new
bul promwing held  The msve of oala-siruciure selechion
nas been sluared n sOme de'sn, bul nol the wsue of estimaling
Ihe ettecls Of appiving ™MEh level program Irenstormations.
LBRA provides 8 rameworh in wrieh DOIN gala-siructure ana
algarithm setechion can be Irested.  The heurstics thet suggest
oroerings 'or comsioering retmement fasks  end  decisions
ang  'hal  sugges!  plausiDie ‘moiementalions  and  wnen
‘0 co t "D talions are expresseo evohcilly
A ruies. A slart hes Deen  mace 0N symOONC  Mgorithm
snaiyaie,  And Incrementsl snaiyeis 4 uted 0 mane the ansiveis
orocess !ractabie. One of the gosis n LIBRA s to Dreax uo
I"e Drogrammmng process A0 Mansgesdie cma n oroer to
ieorn more asvoul 'he stion
cnoces svenatie, how the chowces meract, lﬂ when ang how
INe CMOILES INOWY De ™ave.

To eviena LIBRA (o comolete automalic Drogrammwng system,
2001110NS TEI0NCh wOUId De needed. For examole, 10 wrile
MOre  COMDIEY OrOgrams SUCh a8 COmDWers Or ooerabing
tvslems, more coong and efficiency rues 200Ul consiructs swen
s O-pacuing, mactwne interrupls, ano wl-wonw would
neeq 10 De #00ed 10 Ihe svilem. HOwever, efficrency
techmigues described here snouid be num«m lo control

¢ - e

Hgher level 0olimizalions, exienced symDOIC analysis  ang
COMDArISON CADADHILIES, AND MOre GOMaIn evDer .te are 10Mme
fessicie exiensions 1o LIBRA.  Anginer possibiily 18 to
sutomale the checning Of conailions n !Ne neurislic rues by
QO 2 COMpDiele search through he current sel Of coaing rules.
Aulomatic generslion of heurislics Dasea On anaivsis of SyMDONC
cos! esiimaltes would De another imporiant aooi.on Aoong
AN intgrence process (0 boln the cooing ang elfliciency
eslimalion process wowd 80 Dbe uselu, !hough not as
sirmghtiorwera

More powerful symbolic comparison lechmaues are 230
pOssiDle. For exampie, he renge Of vawes for wmch One

9
implementation cominales another (ci+N¢ over c2+N) could be
delermined. The user would 'hen only nave (0 say wneiher N
was  within a particuler range, rather Inan givine 4 cetinile
veiue.  Anolher use Of symdDOIK COSls 8 n Dropos!
siternale solulions, each with the corcitions thal mane thal
solution the bes! choice. if, or exampie, the cost tor primilive
coeralions such a8 muiliply are given as rantes, (he sysiem
coula  proouce the  sowtion “mplementation X s best ! the
target maching Nes a very fast  muitiply, oul impiementation
Y s best it mullipucation tenes a00ul Ine same lime as
sdorlion.”

LIBRA nes ocemonsiratec the feasioiily of the approsch
oescribed here, bul "Nas Dy N0 mesns exnausiea !he researcnh
tooics 'n efficiency estimation tor program synthesis.
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