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T h e te rm co m p ile r w a s c o in e d in th e la te fo rtie s,
b y G ra c e M u rra y H o p p e r, a p io n e e r w h o ro se to

th e ch a lle n g e s o f p ro g ra m m in g th e ¯ rst c o m p u t-

e rs. T h e p ro b le m o f tra n sla tio n fro m a so u rc e

la n g u a g e in to a ta rg e t la n g u a g e w a s v ie w e d a s

a `c o m p ila tio n ' o f a se q u e n c e o f m a ch in e la n -

g u a g e su b p ro g ra m s se le c te d fro m a lib ra ry . In

th is a rtic le w e b rie ° y tra c e th e e v o lu tio n o f c o m -

p ile rs fro m th e ir b e g in n in g s a s h u g e sp ra w lin g

a lg o rith m s in th e e a rly ¯ ftie s, to th e ir c u rre n t

e le g a n t, p h a se o rd e re d fo rm s.

1 . In tro d u c tio n

T h e year 20 06 m ark ed a sp ecial ev en t in th e h istory of
th e T u rin g aw ard , p erh ap s th e m ost p restigio u s aw ard in
th e ¯ eld o f com p u ter scien ce for a con trib u tion of la stin g
an d m a jor im p ortan ce to th e ¯ eld . F or th e ¯ rst tim e in

its forty year o ld h isto ry, th e aw ard w en t to a w om an {
F ran ces A llen . A llen w as aw ard ed th e p rize for h er \ p io -
n eerin g con trib u tio n s to th e th eory an d p ractice o f op ti-
m izin g com p iler tech n iq u es th a t la id th e fo u n d a tion for
m o d ern op tim izin g com p ilers a n d a u tom atic p ara llel ex -
ecu tion " . S h e w a s a m em b er o f th e tea m in IB M , resp o n -

sib le for th e ea rly d ev elop m en t o f co m p iler tech n iq u es.
In terestin g ly, th e ¯ rst T u rin g aw a rd in 1 96 6 w en t to A lan
P erlis, for \d ev elop in g a th eory of a d van ced p rog ram -
m in g la n gu a ges a n d com p iler co n stru ctio n ". T h at th e
su b ject h as m an ag ed to su sta in itself ov er th e la st fo rty

years or so , is a n in d ication o f its en d u rin g relevan ce to
th e ¯ eld of com p u ter scien ce.

P rog ram m in g lan g u ages are n ow u sed fo r ta sk s fa r m ore

gen eral th a t w h a t w e u n d erstan d to b e \ ord in ary
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Compiler design is

replete with beautiful

examples where

complicated problems

that arise in the real

world are solved by

constructing a

mathematical model

which abstracts the

essence of the

problem. This allows

initial ad hoc solutions

to a problem to be

replaced by elegant

algorithms.

com p u tation " . F or ex am p le T E X a n d LA T E X u se com -
p ilers to tran sla te form attin g com m a n d s in to in tricate
ty p esettin g com m an d s. In fa ct, th is article itself is th e

resu lt o f a p ro gram th at p arsed a LA T E X p rog ram a n d
con verted it in to a P D F ¯ le. P ostscrip t, gen era ted b y
tex t fo rm a tters like LA T E X a n d W o rd is a ctu ally a p ro -
gra m m in g lan g u ag e. It is tran sla ted b y a co m p iler a n d
ex ecu ted b y la ser p rin ters an d d o cu m en t p rev iew ers to

p ro d u ce a read a b le form o f a d o cu m en t. A lan gu age
like V H D L su p p o rts th e crea tio n o f V L S I circu its. J u st
as an ord in ary co m p iler en fo rces th e ru les o f th e sy n tax
of a p rogra m m in g la n gu a ge, a silicon com piler en forces
th e d esig n ru les of a circu it, for ex am p le th e m in im u m
sep ara tio n b etw een w ires a n d so forth . W h at is th e com -

m on fram ew o rk th a t en a b les th e sam e tech n o lo gy to b e
u sed for a ll th ese ta sk s? B elow th e su rfa ce, th e th em e
is co n stan t{a ll com p ilers ex ecu te th e sam e seq u en ce of
p h ases, an d if a t a ll th ey go th ro u gh an y op tion a l p h ases,
th ese h ave ¯ x ed p ositio n s in th e seq u en ce.

C o m p iler d esig n is rep lete w ith b eau tifu lex a m p les w h ere
com p lica ted p rob lem s th a t arise in th e real w orld are
so lved b y con stru ctin g a m a th em atical m o d el w h ich a b -

stracts th e essen ce of th e p ro b lem . T h is allow s in itial
ad h o c solu tio n s to a p ro b lem to b e rep laced b y ele-
ga n t a lg orith m s. D o n ald K n u th , a p ion eer in th is ¯ eld ,
p o in ted ou t in a n a rticle in 19 62 on th e h isto ry of com -
p iler w ritin g, th a t it w as d i± cu lt in th e ea rly sta ges of
d evelo p m en t, \to ex p lain th e in tern al m ech an ism of a

com p iler as th e variou s p h a ses o f tra n slation w ere all
ju m b led to geth er in to a h u g e sp raw lin g algorith m . T h e
p assag e of tim e h as sh ow n h ow to d istin gu ish th e va rio u s
com p on en ts of th is p ro cess, rev ea lin g a b a sic sim p licity."

In 1 95 3 IB M in tro d u ced an early \au to m a tic p rog ram -
m in g sy stem " : S p eed co d e for th e IB M 7 01 com p u ter.
T h e id ea w as to p resen t to a n u ser, a n in stru ctio n rep er-
toire m u ch larger th an w h at w as p rov id ed b y a g iven m a -

ch in e, an d th u s red u ce th e b u rd en on th e p ro gra m m er.
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The first FORTRAN

compiler appeared in

1957 and took 18 man

years of effort. Initially

users were skeptical

about its efficacy, as

they felt that the

quality of code

generated could not

match that of hand-

written code.

In a n early p a p er, J oh n B a ck u s (th e scien tist featu red
in th is issu e of R eson an ce) a n d H arla n H errick w h o w ere
p art o f th e IB M team , stated th at th ere are tw o m eth o d s

b y w h ich au to m a tic p ro gra m m in g sy stem s m a ke th ese
n on -m a ch in e op era tio n s availa b le to th e u ser: th e in ter-
pretive m eth o d an d th e com pilin g m eth o d . T h is state-
m en t m a d e a b ou t ¯ fty y ea rs ago , is valid even to d ay.
A n in terp reter is sim p ly a p rog ram w h ich tak es as in p u t

so m e represen tation o f th e sou rce p rog ram an d sim u -
la tes th e op era tio n s th a t th e m a ch in e w ou ld carry ou t if
it w ere cap ab le of d irectly ex ecu tin g p rogra m s w ritten in
th at la n gu a ge. A com p iler on th e oth er h a n d ¯ rst tran s-
la tes th e sou rce p rog ram in to th e m ach in e lan g u ag e a n d
th en ex ecu tes m ach in e lev el in stru ctio n s.

B y 19 54 IB M crea ted th e F O R m u la T R A N sla tio n (F O R -
T R A N ) S y stem , a set of p rogra m s th a t en ab led th e IB M
70 4 to take a form u lation of a m a th em atical p rob lem in

p recise m a th em atical n otation , an d to p ro d u ce a h igh
sp eed 70 4 p rog ram fo r it. T h e ¯ rst F O R T R A N com -
p iler ap p ea red in 19 57 a n d to ok 18 m an y ea rs of ef-
fort. In itially u sers w ere skep tica l a b ou t its e± cacy, a s
th ey felt th a t th e q u ality of co d e gen erated cou ld n ot

m atch th at of h an d -w ritten co d e. W h ile F O R T R A N w a s
w ritten for m a th em atical com p u tin g , an o th er p rog ram -
m in g lan gu ag e C O B O L (C O m m on B u sin ess-O rien ted
L a n gu a ge) w a s b ein g d evelo p ed b y G race H o p p er a n d
h er g rou p . B y 19 62 th ere w ere 43 d i® eren t com p ilers
for F O R T R A N . W h ile th e co m p ilers fo r C O B O L w ere

n ot a s go o d , it con tin u ed to b e u sed b y th e U S D ep a rt-
m en t of D efen se, an d b y th e ea rly six ties it w as u sed
w orld w id e fo r m ech an ized acco u n tin g .

O ver th e yea rs, p ro gram m in g lan g u ag es h av e b een au g -
m en ted w ith all k in d s of featu res, like b lo ck stru ctu re,
variab le d eclara tio n section s, p ro ced u res an d fu n ctio n s
w ith d i® eren t k in d s of ca p ab ilities, an d variou s form s
of p a ram eter p assin g , recu rsion , in fo rm a tion en cap su la -

tio n an d so fo rth . W h ile a d iscu ssion of h ow a ll th ese
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A coarse

classification of the

tasks performed by a

compiler are analysis

of the source

program being

compiled and

synthesis of a target

program.

fea tu res are h a n d led b y a co m p iler is b ey on d th e sco p e
of th is article, w e w ill con cen trate on im perative la n -
gu a ges, w h ere la n gu a ges are stru ctu red as a seq u en ce of

statem en ts. T h e variou s m o d els are d escrib ed b elow :

1. Im perative: H ere th e p ro gram is v iew ed as m o d ify -
in g a set o f states w h ich a re ch ara cterized b y va lu es in
registers, m em o ry a n d ex tern al sto rag e, an d th e g oa l is

to rea ch a d esired ¯ n al state v ia th e ex ecu tion o f a se-
q u en ce o f statem en ts. L an gu ages of th is k in d in clu d e
F O R T R A N , P asca l, C , C O B O L , A lg ol an d A d a .

2. F un ction al: F u n ction a l p rogram m in g la n gu a ges are
d escrib ed in th e a rticle b y M ad h ava n in th is issu e o f R es-
on an ce. H ere w e d escrib e th e fu n ction th at m u st b e a p -
p lied to th e in itial state to get th e ¯ n a l resu lt. C om p lex
fu n ctio n s are b u ilt from sim p ler on es u n til w e o b tain a

¯ n al fu n ction th at gets u s th e d esired resu lt. E x a m p les
of fu n ction a l lan g u ag es are L IS P , M L an d H askell.

3. R ule-based: H ere a ction s are p red icated o n certain
con d itio n s in th e form of log ical ex p ression s. P rolog is

an im p o rtan t lan gu a ge in th is catego ry.

4. O bject-O rien ted: T h ese can b e con sid ered a n ex ten -
sion o f im p erative lan gu ages, w h ere p rim a ry en tities are

cla sses an d ob jects, an d w h ere every o b ject h as a cla ss
w h ich d e¯ n es its d a ta a n d its b eh av io u r. C om p lex o b -
jects can b e d e¯ n ed fro m sim p le ob jects b y allow in g o b -
jects to in h erit p ro p erties of oth er o b jects. In teraction
b etw een ob jects is p o ssib le in carefu lly d e¯ n ed w ay s.

E x am p les are S m allta lk , C + + an d J ava.

A co arse classī ca tio n of th e task s p erfo rm ed b y a com -
p iler are an alysis o f th e sou rce p rog ram b ein g com p iled

an d syn thesis of a targ et p rog ram . T h e an a ly sis p art
b reak s u p a sou rce p ro gra m in to its sy n ta ctic com p o -
n en ts an d em b ed s th em in to a h iera rch ica l g ram m a tical
stru ctu re. T h is p ro cess is term ed p arsin g. If th e an aly -
sis d etects th at th e p ro gram is sy n tactically in correct or
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Almost all modern

compilers are  syntax

directed. This means

that the compilation

process is governed

by the syntax of the

programming

language. The

context-free grammar

formalism originated

with Noam Chomsky

in the mid fifties.

sem a n tically u n sou n d , th en it p rov id es error m essa ges
to th e u ser at th e ap p ro p ria te p oin ts. It also co n stru cts
an in term ed iate form of th e p rogra m , an d co llects in fo r-

m atio n a b o u t va rio u s en tities in th e p rog ram a n d stores
it in a d a ta stru ctu re ca lled a sym bol table. T h e in -
term ed ia te fo rm a n d th e sy m b ol tab le a re p a ssed o n to
th e sy n th esis p art, w h ich co n stru cts th e d esired target
p rog ram from th e in term ed iate p ro gra m a n d th e sy m b ol

tab le. T h e an a ly sis p a rt is often called th e fron ten d a n d
th e sy n th esis p art th e backen d.

A lm ost a ll m o d ern com p ilers are syn tax directed. T h is
m ea n s th a t th e co m p ila tio n p ro cess is govern ed b y th e

sy n tax o f th e p rog ram m in g lan g u age. T h e con tex t-free
gra m m ar form alism o rig in a ted w ith N oa m C h o m sk y in
th e m id ¯ fties. T h e form alism w as u sed b y B ack u s, in
th e fo rm a lizatio n of th e sy n ta x of F O R T R A N , an d b y
P eter N au r in th e form alization o f A lgol 6 0 in 196 0. C en -

tu ries ag o, b etw een 4 00 B C a n d 200 B C th e a n cien t In -
d ian sch olar P an in i h ad d ev ised a n eq u ivalen t sy n tactic
n ota tio n to sp ecify th e ru les of S an sk rit gram m ar.

S in ce th e sy n tax is su p p o sed to d irect th e p arsin g a n d
th e tran slation of th e lan g u age, am biguity of th e g ram -
m ar p o ses a p rob lem . A m b ig u ity m ea n s th a t th ere is
m ore th an o n e w ay to p arse a sen ten ce of th e lan gu age
an d th erefo re m o re th an o n e tran sla tion . T h e d iferen t
p h ases of th e com p iler evo lved , as th e d escrip tiv e lim i-

tation s o f ea ch form alism b ecam e ev id en t. W e w ill ela b -
ora te on th is in th e fo llow in g p a ragra p h s.

T h e stru ctu re o f m ost m o d ern co m p ilers ca n b e d e-

scrib ed b y m ean s of th e b lo ck d ia gram d isp layed in F ig-
ure 1. W e w ill b rie° y d escrib e th e fu n ctio n of ea ch
b lo ck .

2 . L e x ic a l A n a ly sis

T h e lex ical an a ly zer v iew s th e in p u t p rog ra m a s a stream
of ch a racters. It sca n s th e p rog ram ch ara cter b y ch a rac-
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Figure 1. Phases of a com-
piler.

The lexical analyzer

views the input

program as a stream

of characters. It

scans the program

character by

character, and

produces as output a

sequence of tokens.
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ter, an d p ro d u ces as o u tp u t a seq u en ce of token s. U su -
ally tok en s are p assed o n e at a tim e to th e p a rser a n d
rep resen t en tities like id en tī ers, con sta n ts, key w o rd s

an d so fo rth . T ok en s are d escrib ed b y regu lar expres-
sion s. F or ex am p le, if le tte r rep resen ts th e set of all
letters a n d d ig it th e set of all d ig its, a n ex am p le o f a reg -
u lar ex p ression for an id en tī er is le tte r(le tte rjd ig it)* .
T h e v ertica l b ar stan d s for u n io n , th e p aren th eses are

u sed to g rou p su b ex p ression s an d th e star m ean s 0 or
m ore in stan ces of th e en tity w ith in its scop e. T h u s th e
regu lar ex p ression ab ov e d escrib es th e set of all id en -
tī ers m a d e u p of letters an d d ig its th at b eg in w ith a
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Figure 2. A DFA for identifi-
ers.

The recognition of

strings that allowed an

arbitrary number of

balanced parentheses,

like (a), ((a)),(((a))),

was proved to be

beyond the power of a

finite state automaton.

letter, w h ich can b e fo llow ed b y 0 o r m o re in stan ces of
a letter o r d igit. S om e token s also carry a lex ica l va lu e
{ for ex am p le a to ken rep resen tin g a co n stan t m ay a lso

carry a lex ical valu e w h ich is th e value of th at con sta n t.
R eg u la r ex p ression s w ere d evelo p ed b y S C K leen e in
th e 195 0's, an d in 19 60 R M cN a u gh ton a n d H Y am a d a
d ev ised a n a lgo rith m to con vert th em in to recogn izers
called determ in istic ¯ n ite au tom ata (D F A ). F igure 2 is
a recog n izer for th e regu lar ex p ressio n for id en tī ers
ab ove. E ach circle rep resen ts a state. T h e start state
is tag ged w ith an a rrow a n d a d ou b le circle rep resen ts
a ¯ n al state. E a ch lab eled ed ge from on e circle to th e
oth er rep resen ts a tran sition on th e sy m b ol lab elin g th e
ed ge. A strin g in th e lan guage rep resen ted b y th e reg -
u lar ex p ression is said to b e reco gn ized b y th e d ev ice
w h en ever it sp ells o u t a p a th con sistin g of a seq u en ce of
la b els on ed ges from th e sta rt to a ¯ n a l state.

F or co m p ilers, th is ¯ rst p h a se fu n ctio n ally sep a rates ou t
th e ta sk of gro u p in g en tities all o f w h ich are v iew ed u n i-
form ly b y th e p arser (fo r ex am p le th e p arser n eed n ot
d istin g u ish o n e id en tī er from a n oth er w h en try in g to
ch eck th e sy n tactic stru ctu re o f a sen ten ce).

T h e th eory o f form al lan guages d evelop ed co n cu rren tly
w ith th e th e th eo ry of com p ilers. T h is h elp ed id en tify
w h ich p attern s w ere b ey on d th e p ow er o f a p a rticu lar
form alism . F or ex a m p le, th e recog n ition o f strin g s th at

allow ed a n a rb itra ry n u m b er of b a la n ced p aren th eses,
like (a), ((a)),(((a))), w as p rov ed to b e b eyo n d th e p ow er
of a ¯ n ite sta te au to m a ton . A lex ical a n aly zer is th en
ju st a sim u lato r for a D F A w h ich m ay p erform a set
of task s as it recog n izes each to ken in th e in p u t strea m .

F or ex am p le, w h en it sees a co n stan t in th e in p u t it m ay
con vert th e strin g o f n u m erals rep resen tin g th e co n stan t
in to an in tern al rep resen ta tion an d store it som ew h ere
w h ere it ca n b e a ccessed w h en n eed ed later.

W ith in a few y ea rs it b eca m e o b v iou s th a t in stead of
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Nonterminals impose

a hierarchical

structure on the

language that is the

key to syntax

analysis and

translation. The

choice of these

syntactic categories

is up to the designer

of the grammar.

All that a user

needed to do was to

specify in the

appropriate format, a

list of regular

expressions for each

token of the

language, and this

would be processed

by the lexical

analyzer generator

to produce the lexical

analyzer.

w ritin g lex ical a n aly zers b y h an d th ey co u ld b e gen er-
ated fro m reg u la r ex p ressio n sp ecī ca tio n s. T h e ¯ rst
to ol L E X w as w ritten b y M ike L esk in 1 97 5. A ll th at

a u ser n eed ed to d o w as to sp ecify in th e a p p rop riate
form at, a list of regu lar ex p ression s for each tok en of
th e la n gu a ge, an d th is w ou ld b e p ro cessed b y th e lexical
an alyzer gen erator to p ro d u ce th e lex ica l an a ly zer. T h is
p h ilo sop h y w ou ld b e follow ed in su b seq u en t sta ges of th e

com p iler as w ell. O n ce th e in p u t stream is p a rtition ed
in to token s th e n ex t step is to ch eck w h eth er th e in p u t
stream of to ken s con fo rm s to th e p red e¯ n ed sy n ta x of
th e la n gu a ge.

3 . S y n ta x A n a ly sis

W h en ch eck in g an E n glish lan gu ag e sen ten ce for co rrect
sy n tax , it is n ecessary to id en tify th e n ou n s, v erb s, ad jec-

tiv es an d so fo rth (th ese are th e token s in th is con tex t),
an d to v erify th a t th ey are p u t togeth er in sen ten ces
th at follow th e gram m atica l ru les of E n glish . C on text-
free gram m ars are u sed to sp ecify th e sy n ta x o f form al
lan guages w h ich are fa r m ore restricted in sco p e th an
n atu ra l la n gu a ges. C o n tex t-free gram m ars h ave a start
sym bol, an d en tities called term in als, n on term in als, a n d
ru les. T h e term in a ls are th e tok en s from th e lex ical
an a ly sis p h ase, an d th e n on term in a ls are u sed to rep re-
sen t sy n ta ctic ca teg ories o r gro u p s of strin gs. F or ex -
am p le, a sy n ta ctic ca teg ory co u ld co rresp on d to th e set

of all p ossib le if-th e n -e lse statem en ts of th e lan gu ag e.
N o n term in a ls im p ose a h ierarch ical stru ctu re on th e la n -
gu a ge th at is th e key to sy n tax a n aly sis a n d tran slation .
T h e ch o ice o f th ese sy n tactic ca teg ories is u p to th e d e-
sign er o f th e gra m m ar. T h e start sy m b o l is a sp ecial

n on term in al w h ich alw ay s b eg in s a d eriva tio n seq u en ce
of th e g ram m a r, w h ich w e w ill n ow illu strate.

T h e ex am p le b elow sh ow s a sn ip p et of a g ram m a r for

arith m etic ex p ressio n s w ith o p erato rs + (ad d itio n ) a n d
¤ (m u ltip lica tio n ). T h e set o f term in als is f id ;+ ;¤ ;(;)g.
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Each string in the

derivation sequence is

called a sentential form

and the string at the

end which consists of

terminals only, is

called a sentence.

T h e sy m b ol id rep resen ts th e token retu rn ed for an id en -
tī er, th e + a n d ¤ rep resen ts th e to ken s for th e ad d ition
an d m u ltip lication op erato rs resp ectiv ely. T h e sy m b ols

(;) a re th e to ken s for th e left an d rig h t p a ren th eses. T h e
n on term in als a re E ;T ;F an d th e start sy m b ol is E .

1. E ! E + T
2. E ! T

3. T ! T ¤ F
4. T ! F

5. F ! (E )
6. F ! id

A d eriva tion seq u en ce alw ay s b eg in s w ith th e sta rt sy m -
b o l, in th is ca se E a n d a t ea ch step rep laces som e n o n -
term in al in th e cu rren t strin g of sy m b o ls w ith th e righ t
sid e o f a ru le h av in g th at n on term in al on th e left. L et u s

u se th e sy m b ol ) to m ean \ d erives in on e step " . T h en
w e h av e th e fo llow in g d erivation seq u en ce fo r th e strin g
id + id ¤ (id + id ). T h e n on term in al u n d erlin ed in ea ch
strin g is th e o n e w h ich w ill b e rep laced in th e fo llow in g
step .

E ) E + T ) E + T ¤ F ) E + T ¤ (E ) ) E + T ¤
(E + T ) ) E + T ¤ (E + F ) ) E + T ¤ (E + id ) )
E + T ¤ (T + id ) ) E + T ¤ (F + id ) ) E + T ¤ (id + id ) )
E + F ¤ (id + id ) ) E + id ¤ (id + id ) ) T + id ¤ (id + id ) )
F + id ¤ (id + id ) ) id + id ¤ (id + id )
E ach strin g in th e d erivation seq u en ce is called a sen -
ten tial form an d th e strin g at th e en d w h ich co n sists

of term in als on ly, is called a sen ten ce. N o te th at th e
d eriva tio n stra teg y ab ove, rep la ces th e rightm ost n o n -
term in al in a sen ten tia l form at ea ch step , an d is h en ce
called a righ tm ost d erivation seq u en ce. O n e cou ld sim -
ilarly h ave a leftm ost d erivation seq u en ce fo r th e sa m e
in p u t strin g a s illu stra ted b elow :

E ) E + T ) id + T ) id + T ¤ F ) id + F ¤ F )
id + id ¤ F ) id + id ¤ (E ) ) id + id ¤ (E + T ) )
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Figure 3. The parse tree for
the sentence id + id *(id
+id).

Each internal node of

the parse tree is a

nonterminal. The

labels on the children

of a node

corresponding to a

nonterminal say A,

spell out from left to

right, a right hand

side of a production

for A.

id + id ¤ (T + T ) ) id + id ¤ (F + T ) ) id + id ¤ (id + T ) )
id + id ¤ (id + F ) ) id + id ¤ (id + id )
In fact on e cou ld h av e sev era l d erivation seq u en ces for
th e sam e strin g. G ra m m ars th at a re u sed in p ractice,
u su a lly h ave a u n iq u e righ tm o st o r leftm o st d erivation
seq u en ce fo r ea ch sy n tactically w ell-form ed sen ten ce of
th e g ram m a r. F or su ch g ram m a rs, th ere a re e± cien t

p arsers th at p arse in tim e lin ea r in th e size o f th e in p u t
sen ten ce.

T h e p a rse seq u en ce im p licitly co n stru cts a p arse tree for

th e sen ten ce. F o r a leftm ost d erivation seq u en ce th e tree
is co n stru cted in a top-dow n m an n er a n d th e co rresp o n d -
in g p arsers are ca lled to p -d ow n p a rsers. F or righ tm o st
d eriva tio n seq u en ces, th e con stru ction o f th e p a rse tree
is bottom -up an d m im ics a righ tm o st d erivation seq u en ce
in rev erse. F igure 3 d isp lay s th e p a rse tree (th ere is o n ly
on e) fo r th e sen ten ce of th e ex am p le a b ov e.

E ach in tern a l n o d e of th e p arse tree is a n o n term in al.
T h e la b els o n th e ch ild ren o f a n o d e co rresp on d in g to a

n on term in al say A , sp ell ou t from left to rig h t, a righ t
h an d sid e of a p ro d u ction fo r A . T h e la b els on th e leaves
of a p arse tree read from left to righ t sp ell o u t a sen ten ce
of th e g ram m a r.

W h en a ctu a lly g en eratin g co d e, th e p ro cess en su res th at
co d e for a ll su b trees of a tree is g en era ted b efo re th e
co d e for th e ro ot of th e tree an d th erefore p reced en ce
for ¤ over + , an d () ov er every th in g else is au to m a tically
tak en ca re of b y th e w ay th e g ram m a r is w ritten . T h is
is n o a ccid en t, as th e gra m m ar is d elib era tely d esign ed
th at w ay. If, fo r ex am p le, w e h ad sp ecī ed th e gram m ar
as

1. E ! E + E
2. E ! E ¤ E
3. E ! (E )
4. E ! id
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In addition to being

equipped with a finite

state automaton, a

pushdown automaton

is also equipped with a

stack which is a device

into which information

can be written, and

from which the

information most

recently written is read

out first.

th en ev en th o u gh it g en erates th e sam e set of sen ten ces
as th e p rev io u s g ram m a r, it is a m b igu o u s as th ere is
m ore th an on e p a rse tree for a sen ten ce lik e id + id ¤
id , (th e in terested rea d er can ch eck th is) a n d o n e of
th em w ou ld g en erate co d e for th e a d d ition b efore th e
m u ltip lica tio n .

T h e recog n izer for a co n tex t-free la n gu a ge is a pu shdow n
autom aton , a p recise d escrip tion of w h ich is b eyo n d th e
scop e of th is article. In a d d ition to b ein g eq u ip p ed w ith
a ¯ n ite state a u tom ato n , a p u sh d ow n au tom ato n is a lso
eq u ip p ed w ith a stack w h ich is a d ev ice in to w h ich in fo r-
m atio n ca n b e w ritten , a n d fro m w h ich th e in form ation

m ost recen tly w ritten is read ou t ¯ rst. F or ex am p le, if
a,b ,c, are w ritten in to th e stack in th at ord er, th ey are
read ou t in th e seq u en ce c,b ,a. It w a s so on reco gn ized
th at a p rog ram th at sim u lated a p u sh d ow n au to m a ton
cou ld b e a u tom atica lly b e gen erated from a con tex t-free

gra m m ar a n d to ols for g en era tin g p arsers fro m g ram -
m ars b ecam e availab le. O n e of th e ¯ rst su ch to o ls w a s
Y A C C (Y et A n oth er C o m p iler C om p iler) d esign ed in
19 75. In ad d ition to g en era tin g th e sy n ta x an a ly zer,
th ese to ols w ere also cap ab le o f sp ottin g sy n tactic am -

b igu ities an d o th er p ro b lem s th at m ig h t h av e slip p ed
th rou g h th e early d esign p h ase o f th e lan g u ag e. D o n ald
K n u th p rov id ed th e b asis for th e th eo ry th a t u n d erlie
p arser g en era tors like Y A C C .

F orm al lan g u ag e th eorists so on o b serv ed th a t co n tex t-
free gram m ars w ere n ot su ± cien t to d escrib e a ll th e co n -
strain ts th a t a p ro gra m m in g lan gu age h a d to satisfy.
F or ex a m p le, a con tex t-free gra m m ar w as n o t p ow erfu l
en ou g h to sp ecify th e co n stra in t th at an y id en tī er in a

p rog ram h ad to b e d eclared b efo re it w as u sed , or th at
th e n u m b er of p a ram eters in a p ro ced u re call h ad to
m atch th e n u m b er in th e declaration of th e p ro ced u re.
In ord er to sh ow th at a p articu la r la n gu a ge con stru ct
can b e h an d led b y a co n tex t-free gra m m ar, it is en ou gh
to d isp lay a co n tex t-free g ram m a r for it. O n th e oth er
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In order to show that

a particular language

construct can be

handled by a context

free grammar, it is

enough to display a

context free grammar

for it. On the other

hand, to show that

some construct is

beyond the scope of a

context free grammar,

requires a proof that a

certain property that is

always true of any

context free language

cannot possibly hold

for the construct.

Herein lies the power

of formal models.

h an d , to sh ow th a t so m e con stru ct is b ey on d th e scop e of
a co n tex t-free g ram m a r, req u ires a p ro of th at a certain
p rop erty th a t is alw ays tru e o f an y con tex t-free lan gu age
can n o t p ossib ly h old fo r th e con stru ct. H erein lies th e
p ow er o f fo rm a l m o d els. N ot on ly d o th ey en ab le th e
con stru ction o f reco gn izers, b u t th ey a lso p rov id e tech -
n iq u es to d e¯ n e th eir ow n lim ita tio n s.

E rror recovery also n eed ed to b e h an d led b y th e p a rser,
th at is th e a b ility to go on w ith th e p arse even after
a sy n tactic error w a s d etected , w ith in sertion s of error
d iagn o stics at th e a p p rop riate p laces. T h e in gen io u s
tech n iq u es d esig n ed , actu ally m im ic th e a ction s of a h u -

m an w h o is try in g to u n d erstan d a gram m atica lly in -
correct sen ten ce. E rro r recovery sch em es u su ally a n -
aly ze th e gra m m ar to ¯ n d s̀y n ch ro n izin g' sy m b ols for
each n on term in al; th u s if th e p h rase en cap su lated b y
th e n on term in al is sy n ta ctically in co rrect, th e p a rser can

recov er w h en th e sy n ch ron izin g sy m b ol is seen in th e in -
p u t stream , b y assu m in g th a t th e p arsin g o f th a t p h rase
w as ov er, a fter p u ttin g ou t a d iag n ostic m essa ge in d ica t-
in g th at that p a rticu la r p h ase is in error. T h is sch em e
can easily b e in teg rated in to th e m ach in ery of a p a rser.

W h at is m ore, a p a rser au g m en ted w ith error recov ery
can a ctu a lly b e gen erated ju st fro m th e gram m ar sp eci-
¯ cation a lo n e.

B y th e late sev en ties th ere w ere ex cellen t to o ls th at

cou ld g en era te b o th to p -d ow n a n d b otto m -u p p arsers
w ith error recovery fro m gram m ar sp ecī cation s. A
u ser w ith access to th ese to ols ju st n eed ed to sp ecify
th e g ram m a r in a sp ecī ed fo rm a t an d th e to o l w ou ld
ch eck th e gram m ar, an d if th ere w ere n o v iolation s of

con stra in ts, ou tp u t a p a rser w ith erro r recovery for th e
gra m m ar. A s m en tio n ed earlier th ere a re task s th at are
b eyo n d th e p ow er o f reco gn izers for co n tex t-free la n -
gu a ges a n d th ese a re p erform ed b y th e sem a n tic an a ly sis
p h ase d escrib ed n ex t.
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Attribute grammars as

the name suggests,

associate attributes

with syntactic entities,

and formulate rules

whe- reby these

attributes may be

computed.

4 . S e m a n tic A n a ly sis

T h e sem a n tic a n aly sis o f a sen ten ce ty p ically in v olves
task s like ch eck in g if id en tī ers h ave b een d ecla red b e-
fore u se, ch eck in g th at th e ty p es of o p eran d s m a tch a n d
so forth . F o r ex a m p le a sy n tax ch ecker w o u ld p a ss an
ex p ression w h ere tw o id en tī ers are m u ltip lied w ith ou t
w orry in g ab o u t w h at th ey rep resen ted , b u t a sem an tic

an a ly zer w ou ld tag a s erro n eou s, a n ex p ression w h ere an
id en tī er w h ich rep resen ts a strin g w as m u ltip lied b y on e
rep resen tin g a ° oa tin g p oin t n u m b er. T a sk s like th ese
are u su a lly p erform ed in a sy n tax d irected m a n n er, u s-
in g th e sy n tax to in d u ctively d e¯ n e ru les th at en fo rce

th ese ch eck s. A fo rm a lism u sed h ere is th at of attribute
gram m ars ¯ rst d e¯ n ed b y D o n ald K n u th in 19 68.

A ttrib u te gram m ars as th e n am e su g gests, a sso ciate a t-

trib u tes w ith sy n tactic en tities, an d form u la te ru les w h e-
reb y th ese a ttrib u tes m ay b e co m p u ted . A ttrib u tes m ay
b e p assed dow n from a n cestors to d escen d an ts in th e
p arse tree, o r p assed u p fro m d escen d an ts to an cestors.
T h e fo rm er are term ed in herited attributes an d th e latter
syn thesized attributes. In m ore co m p lex sp ecī cation s,
attrib u tes m ay b e p a ssed am on g sib lin gs in th e p arse
tree. A p rob lem th at m ig h t arise h ere is th a t of circu -
larity. F o r ex am p le th ere m ay b e a p arse tree for w h ich
th ere is n o ord er in w h ich th e a ttrib u tes m ay b e com -
p u ted b ecau se th e ru les are w ritten in a circu la r fash ion .

T h ere a re to ols th at ch eck th is an d w h ich can gen erate a
p rop er seq u en ce of a ttrib u te co m p u tation s if an ord erin g
of co m p u ta tio n s is p ossib le.

O n ce a p ro gra m is sy n ta ctically an d sem an tically ch eck ed
it is cleared for th e gen era tio n of in term ed ia te co d e.

5 . In te rm e d ia te C o d e G e n e ra tio n a n d C o d e Im -

p ro v e m e n t

T y p ically com p ilers ¯ rst tran slate so u rce co d e in to an
in term ed iate rep resen tatio n (IR ), m a in ly to im p lem en t
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An intermediate

representation in

terms of simple

statements, or in the

form of abstract

syntax trees, permits

an easy analysis to

uncover potential

machine independent

code improvement

transformations,

and makes

translation to target

code easy.

co d e im p rovem en t tech n iq u es{ som etim es referred to a s
op tim ization s. A n in term ed iate rep resen tation in term s
of sim p le statem en ts, o r in th e fo rm of ab stra ct sy n tax

trees, p erm its an easy an a ly sis to u n cover p oten tia l m a -
ch in e in d ep en d en t co d e im p rovem en t tra n sform ation s,
an d m a kes tra n slation to ta rget co d e ea sy. T h e p ro cess
of sy n ta x d irected tra n slation itself, b ecau se it is so gen -
eral, in tro d u ces so m e red u n d an t com p u ta ton s, a n d p er-

h ap s sta tem en ts th at a re u n rea ch a b le in an y ex ecu tion
of th e p ro gra m . T h ese can b e rem oved b y a n aly zin g th e
co d e a fter con stru ctin g a su itab le m o d el o f th e p rogra m .

A ca su a l p rogra m m er m ig h t h ave p u t statem en ts th at

are a ctu a lly lo o p in varia n t w ith in lo op s th a t m ay b e ex -
ecu ted m illion s of tim es th ereb y in cu rrin g u n ecessary
ex ecu tio n tim e overh ead s. A lso ad d ressin g of array s
w h en p erform ed in low level co d e m ay resu lt in ex p res-
sion s b ein g recom p u ted w h en th ey h av e alrea d y b een

com p u ted on ce an d m ay b e reu sed . T h e tech n iq u es for
ga th erin g in fo rm a tio n to p erform th ese k in d o f task s are
b roa d ly ca lled data-° ow an alyses. T h ese a re algo rith m s
to gath er in form ation a b o u t a p rogra m .

T h e fu n d am en tal trea tise on tech n iq u es fo r lo op op ti-
m ization is b y F ra n ces A llen in 19 69. A sy stem a tic stu d y
of d a ta-° ow an a ly sis w as in itiated b y a p air o f p ap ers b y
F ran ces A llen a n d J C o cke in 1 97 0. T h e id ea h ere is to
¯ rst id en tify basic blocks an d th en rep resen t th e p ro gram
as a gra p h ca lled a con trol ° ow graph. E ach n o d e rep re-
sen ts a b asic b lo ck , w h ich is a seq u en ce of in stru ctio n s
th at is alw ay s en tered at th e ¯ rst in stru ctio n a n d ex ited
at th e la st in stru ction w ith n o in term ed iate en tries or
ex its. T h ere is an ed g e from b lo ck A to b lo ck B if co n -

trol can ° ow from b lo ck A to B d u rin g ex ecu tio n . T h e
an a ly sis is n ow carried ou t u sin g an itera tiv e traversal
of th is g rap h w ith ea ch n o d e a sso ciated w ith a fun ction
th at rep resen ts th e e® ect of th e in stru ctio n seq u en ce for
th e b asic b lo ck on th e in fo rm a tio n w e seek to ga th er.

T h e in form ation w e seek to g ath er, for ex am p le, m igh t
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Early versions of

FORTRAN had no

recursion which meant

that a procedure or

function could not call

itself either directly or

indirectly. This allowed

the use of a “static”

memory allocation

scheme, where all the

memory allocation for

variables could be

done before the

program was actually

executed.

b e all th e de¯ n ition s of a variab le (of th e fo rm v = e

w h ere v is a va ria b le a n d e a n ex p ressio n ) th a t rea ch a
p articu la r p oin t in a p rog ram . T h ere is an eleg an t th e-

oretica l fram ew ork d ev elop ed b y G K ild all in th e ea rly
seven ties a n d in 19 77, J B K a m an d J D U llm a n set
u p th e con d ition s u n d er w h ich a d a ta° ow an aly sis algo -
rith m w ill ra p id ly con verge.

O n ce th e d a ta ° ow a n aly sis is ov er th en co d e im p rove-
m en t tech n iq u es ca n b e a p p lied . T h ese m ay m ove state-
m en ts ou t of lo op s, elim in a te in term ed iate co d e th a t is
n ever rea ch ed an d rem ov e u n ecessary co p y in g in stru c-
tio n s. O n ce p o ssib ilities fo r co d e im p rov em en t h ave

b een ex p lored th e t̀a rget in d ep en d en t' p art of th e com -
p ilation is ov er a n d th e com p iler b̀ a cken d ' takes ov er.
T h is p a rt is m u ch m ore d i± cu lt to a u tom ate.

B efore w e go to th e com p iler b a cken d , w e w ill say a little
ab ou t h ow sto rage is o rga n ized at ex ecu tion tim e.

6 . R u n tim e S to ra g e A d m in istra tio n

E arly v ersio n s of F O R T R A N h ad n o recu rsion , w h ich
m ea n t th at a p ro ced u re or fu n ctio n cou ld n ot ca ll itself
eith er d irectly or in d irectly. T h is allow ed th e u se o f a
\sta tic" m em ory allo ca tio n sch em e, w h ere a ll th e m em -

ory a llo ca tio n for variab les cou ld b e d on e b efore th e p ro -
gra m w as actu ally ex ecu ted . H ow ever th e in clu sio n of
b lo ck stru ctu re an d recu rsion in A lg ol 60 req u ired th e
u se of stack s a s d i® eren t in vo ca tio n s o f a p ro ced u re cou ld
sim u ltan eou sly b e activ e an d co u ld th erefo re n ot sh are

th e sa m e sp a ce. E a ch p ro ced u re b o d y in th e sou rce p ro -
gra m is rep resen ted b y a sectio n o f in stru ction s in th e
targ et p rog ram . W h en a p ro ced u re h as b een called a n d
b efore it retu rn s, vario u s en tities rep resen t th e state of
th e cu rren t activatio n o f th e p ro ced u re. T h ere is ¯ rstly

an in struction poin ter, th at in d icates a p ositio n in th e
co d e, th en th ere is a data fram e th at h o ld s all th e val-
u es o f p ara m eters a n d lo ca l d ata ob jects of th e activa -
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Typically there are

three major phases in

code generation –

instruction selection

which selects a

sequence of target

machine operations

that implement the

operations in the

intermediate code,

register allocation

which decides which

variables of the

program should reside

in registers at each

point in the program,

and  instruction

scheduling which

decides an order in

which the  instructions

should execute.

tio n a n d lastly, th e en viron m en t con sistin g of th o se d a ta
fram es w h ich th e cu rren t activation m ay lega lly access.
W h en ex ecu tion of th e p ro ced u re b o d y reach es a p o in t

at w h ich th e cu rren t p ro ced u re ca lls an o th er p ro ced u re,
or calls itself recu rsively, th e cu rren t activa tio n is h alted ,
all th e en tities th at d e¯ n e its sta te a re sav ed a n d rele-
van t in form ation is set u p for th e n ew p ro ced u re. In a
recu rsive la n gu a ge, th e a cq u isition o f sp a ce for th e n ew

p ro ced u re is u su ally from a sta ck .

7 . C o d e G e n e ra tio n

T h is p h a se actu ally gen erates co d e fo r th e ta rget m a -
ch in e from th e in term ed iate fo rm . W ith a rch itectu res
b ecom in g m ore an d m ore so p h isticated an d h av in g h a rd -
w are featu res like cach es, m u ltip le fu n ctio n al u n its, sp e-
cia l p u rp o se registers a n d so forth , th at can n o t b e easily

b e d escrib ed in a form al sp ecī ca tio n , g en era tin g to ols
for th is p h a se of th e co m p iler is m u ch m ore d i± cu lt.
T y p ically th ere a re th ree m a jor p h a ses in co d e gen era -
tio n { in struction selection w h ich selects a seq u en ce of
targ et m ach in e op era tion s th at im p lem en t th e op era -

tio n s in th e in term ed iate co d e, register allocation w h ich
d ecid es w h ich va ria b les of th e p ro gram sh ou ld resid e in
registers at each p o in t in th e p ro gram , a n d in struction
schedulin g w h ich d ecid es an ord er in w h ich th e in stru c-
tio n s sh ou ld ex ecu te. In stru ction selection b eco m es im -
p o rtan t w h en th ere are several in stru ctio n seq u en ces of

th e targ et m a ch in e th at can im p lem en t th e sam e se-
q u en ce of in term ed iate co d e in stru ctio n s. T h u s so m e
criterio n for selectin g th e b est seq u en ce h a s to b e d e-
cid ed o n . F or in sta n ce, th e total ex ecu tion tim e of th e
seq u en ce can b e u sed a s a criterion .

R eg isters are p h y sical d ev ices in th e m ach in e w h ich m ay
h old in term ed iate va lu es. O p eran d s resid in g in registers
can b e a ccessed fa ster th an if th ey resid e in m em o ry.

S in ce th ese are lim ited in n u m b er an d th is n u m b er is
m u ch sm aller th a n th e n u m b er of p oten tial can d id a tes,
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Many processors

especially those used

on embedded devices

leave the dependence

checking between

consecutive

instructions  to the

compiler which is

responsible for

inserting no-op

instructions in the

code whenever

necessary.

th e p ro b lem is to d ecid e w h ich op era n d s sh o u ld resid e in
registers. C lea rly if th e ran g es of in stru ctio n s fo r w h ich
tw o o p eran d s a re req u ired d o n ot in tersect, th ey can

b o th sh are th e sam e register. R S eth i sh ow ed in 1 97 5
th at th e reg ister allo cation p rob lem w as u n likely to h ave
an o p tim al so lu tion th a t co u ld b e co m p u ted in p oly n o -
m ial tim e. G rego ry C h aitin in gen iou sly form u lated th is
p rob lem as a g rap h colou rin g p rob lem in 1 98 2 an d it is

th is fo rm u lation th at is m o st com m o n ly u sed in h eu ristic
algo rith m s fo r tack lin g th e p rob lem ev en to d ay.

M an y m o d ern p ro cessors h ave p ip elin es. W ith a p ip elin e,
a n ew in stru ction can b e fetch ed every clo ck cy cle w h ile

th e p reced in g in stru ction s a re still go in g th ro u gh th e
p ip elin e. T h u s even if th e p ro cessor can issu e o n ly on e
op era tio n p er clo ck , several in stru ction s ca n b e in ex ecu -
tio n in d i® eren t stag es of th e p ip elin e at th e sam e tim e.
M an y p ro cessors esp ecially th ose u sed on em b ed d ed d e-

v ices leave th e d ep en d en ce ch eck in g b etw een con secu -
tiv e in stru ctio n s to th e co m p iler w h ich is resp o n sib le for
in sertin g n o -op in stru ctio n s in th e co d e w h en ev er n ec-
essary. If sev era l in stru ction s can b e issu ed p er clo ck
cy cle th en in m ach in es k n ow n as V ery L on g In stru c-

tio n W ord (V L IW ) m ach in es, it is th e resp o n sib ility of
th e co m p iler to sch ed u le op eratio n s th a t can ex ecu te si-
m u ltan eou sly a n d d elay th o se w h o se o p eran d s are n ot
yet rea d y. S ch ed u lin g in stru ctio n s so th at th e sch ed u le
con su m es th e m in im u m n u m b er of cy cles is an o th er in -
stan ce o f a p ro b lem in co m p ilers for w h ich a p oly n o m ial

tim e a lg orith m is u n lik ely to ex ist, so u su a lly h eu ristic
algo rith m s a re u sed in p ractice.

8 . R e ta rg e ta b le C o m p ile rs

S y stem a tic ap p roach es to co d e gen era tio n h ave facili-
tated th e b u ild in g o f retargetable com pilers. A reta r-
getab le com p iler ty p ically h as th e m ach in ery to h a n d le

th e in stru ction set of an y m a ch in e p rov id ed th e ap p ro -
p riate sp ecī ca tio n for th e m ach in e is w ritten . M ost of
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Figure 4. Retargetable Code
Generation.

A retargetable

compiler typically has

the machinery to

handle the instruction

set of any machine

provided the

appropriate

specification for the

machine is written.
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th e b u rd en fo r su ch p o rtab le co m p ilers is p la ced o n th e
in stru ction selecto r. F igure 4 sh ow s h ow su ch a sy stem
w ork s. T h e m ach in e is sp ecī ed in term s o f tree p a t-

tern s w h ich in d icate h ow ta rget co d e is gen era ted for
in term ed iate co d e con stru cts. A code gen erator gen era-
tor (C G G ) p rep ro cesses th ese p a ttern s in to tab les an d a
d river u ses th ese tab les to gu id e th e selection of ta r-
get in stru ction s for ea ch in term ed iate co d e o p eraton .

T h e d river a n d th e ta b les co n stitu te th e co d e gen era -
tor. S in ce p rep ro cessin g is d o n e o ² in e, i.e. a t co m p iler
gen eration tim e, sop h istica ted algo rith m s ca n b e u sed
to g en era te th e C G G a s it is a on e tim e o p eration fo r a
given targ et. R etarg etin g th e co m p iler to a n oth er m a -
ch in e w ou ld req u ire ru n n in g th e C G G on a n ew sp ecī -

catio n .

9 . T h e G C C C o lle c tio n

W ith ou t a d o u b t, th e m o st p op u lar co m p iler co llection
is G C C , th e G n u C om p iler C o llection . G C C w a s started
b y R ich ard S ta llm an in 1 98 4 in o rd er to p rom ote free-
d om a n d co o p eration a m o n g co m p u ter u sers an d p ro -

gra m m ers. T h e G N U C om p iler C ollectio n in clu d es fro n -
ten d s for C , C + + , F O R T R A N an d J ava . M ost im p o r-
tan tly it is free softw are d istrib u ted b y th e F ree S oftw are
F oun dation . It is th e sta n d ard com p iler for th e free so ft-
w are U n ix op era tin g sy stem a n d A p p le M A C O S X . T h e
origin al version w h ich h a n d led o n ly C p rog ram s w a s re-

lea sed in 1 98 7 an d for C + + a t th e en d of th at year.
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1 RTL is a special low level  inter-

mediate representation.
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F ron ten d s w ere la ter d evelo p ed fo r lan g u ages like F O R -
T R A N , J ava , A d a an d oth ers. It is m ain ta in ed b y a
gro u p of p rogra m m ers arou n d th e w orld a n d h as b een

p o rted to m ore p ro cesso rs an d op era tin g sy stem s th an
an y oth er com p iler.

1 0 . S o m e N e w C h a lle n g e s

E n cou ra ged b y th e su ccess o f to ols th at gen erate p arts of
th e com p iler a u tom atica lly, com p iler d esign ers are try -
in g to p u sh th e tech n o lo gy to solve p rob lem s th at w ere
ty p ically in th e d om ain of h a rd w are en g in eers. A ro u n d

20 01 H P L a b s started a n ew p ro ject ca lled P IC O (P ro -
gra m In C h ip O u t). E m b ed d ed P IC O E x p ress ta kes
algo rith m d escrip tion s ex p ressed in term s o f seq u en ces
of n ested lo o p s an d m a p s th is in to a h igh ly o p tim ized
p ip elin e p ro cesso r array a rch itectu re. A p ow erfu l com -

p iler an a ly sis ex p lo its p ara llelism at m u ltip le levels to
¯ n d th e b est im p lem en ta tio n . It is cla im ed th a t th is
tech n olog y can red u ce R egister T ra n sfer L ev el (R T L )1

crea tio n fro m m on th s to d ay s. T h u s th is p ro ject w ill
let u sers crea te C -lan g u ag e algorith m s fo r ap p lica tio n s

su ch as M P E G o r M P 3 d eco d ers. It w ill evalu ate a lter-
n atives an d gen era te sy n th esizab le register-tran sfer-lev el
co d e. H a rd w are d esign ers ca n u se a V L IW p ro cesso r, a
con ¯ g u rab le p ip elin e o f p ro cessor a rray s or b oth .

C o m p ilin g for em b ed d ed sy stem s is an oth er a rea o f ac-
tiv e research . In th e em b ed d ed sy stem s a rea , co m p iler
tech n olog y is faced w ith n ew ch allen g es, in clu d in g co d e
gen eration for sp ecial arch itectu ral featu res, a h ig h ly
° ex ib le d eg ree of retarg eta b ility, m em ory aw are co d e

gen eration , th a t can ex p lo it th e stru ctu re of th e m em -
ory o f th e em b ed d ed sy stem , an d th e gen eration o f co d e
th at satis¯ es real-tim e a n d p erform an ce con stra in ts.


