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production. [MJ,M soveral. mm sugnasted with- attributds
tmtmdb- » "Mguﬁmmumbn(bmk‘
mﬂ.mammmmumﬁmm oto.):

principal -mnmm mm Mptons o Ymt Mtﬂh na.depandencies
in the formalism, on spegific Jengyuage «mm WM

attributes. mumw lambde : aelowius -axample: in [Knuth]).: Finally,
cxc-pt In_trivig. ~canms, m m?mm WM +with - the
m«ntonﬂdzgﬂnnﬁaumwm«mmum machine:
dependent.

Attributas mmmw mmmemnmmm
optimization -mmm by..thin:; BLISE/ Lt sampller [Nowcomer). w‘m.
performing the expapelen lnte mwmm mmm tabies
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,mmummmmnm mw

generation schame incorpareting s futy complete iyt |

Genersl Purposs Optimising - (4PO) complier doviliped st B [Hirdson]. The
mnmroﬁm’-, GPO complier is siniiar to thet-proptaed by tile thesis: there is an
procedures thet serve as the h-h for ‘ '
mmm.mmmmmwmm
as optimizations and expensions are sppiied. The expehelons and optinizations are
mmmmmmmm stc. The GPO
cmuorhmwmmbRomm mmprovld.dmtha
intermediate language dirsctly support bleck urw, PL/1 pinter semantics, etc.
m:»ummmmmmmmm’wmm
the cperends. The main differences betwean the GRO cempiter aid IL/ML are

;Qwhudmmm svartaying; iising)
. mmmmmmm

omamxudmmmmmmuom
sulted for PL/Hike programe. v

o there ja no notion of combining adjacent statements into a single
mamn(ahmm&a) mmﬂmm
mumwm M (I.t. tlnn ™ an m pamm
matohing faciity). - . :

¢ in the GPO compller; atuributes are treated Wke any other veriabie —
optimizations such as constant propagation are relled upon to make

18. | Chapter One — Relation to previous work




mmmmm-mmmmummmm
mvolamlcatﬁmmofm

BRI i SRS Mt 15

The complexity of the apo mm Q;M reduced from that Jv curr.nt  PLA

CHumas wdt sesheErag aenl oBeod

optinizieg compilers. “[Corter] has hand-simuiated the expansion of test c-m

I A Iy

ot

mw-mofmhmmmmmmmmofpm
pmmmmmnaMmmmmmmmm(wMoh
includes some 8000 statements to treat special cases of substring). The inclusion
of more sophistioated optimizations in the processor (cf. [Sohatz]) shoud further
Improve these statistics. Encouragingly, meny of these results seem applicable to
ﬂnmmhwm—t‘h‘m.mdmldmswmt

reduce its performance in this area.

§1.5 Outiine of remaining chapters |

Chapter 2 is a detalied description of the intermediate languags IL: the
syntax of IL Is defined and the representation of data is disoussed. The semantics
of each IL construct is described and related to the needs of ML and the
metainterpreter. The chapter concludes with & brisf introduction to the compile-
tlmooubulaﬁonofvnluu. |

Chapter 3 discusses the construction of & transformation from ML templates
that specify its context and sffect. The syntax of a template (desaription of an IL
mmmm)ummmumm@fmmmmm
functions. nmt«mmmnmmmmmmlmmm.
given. MMaIseetbnmafwmm

Chwtarawmm:utdamhhmmmuathelr
application by the metainterpreter to a smph i m This detalled mmple Is
aimed at damonatnthg the sase of mtmctho a Wﬂm cntdoguo and
feaslbl"tyofporformhaeodogonoraﬂmu‘humw'yﬂm ’

Chapter One —~ Outline of remaining chapters 10.



The final chapter briefly discusses the metainterpreter and the facilitles it
should provide then summarizes the results of this work and suggests directions for

further research.

20. Chapter One — Outline of remaining chapters



, bﬁ‘tﬁ lunuugo deséribed In ihh chnptu' ssrves as foundation
Mmontoaﬂwmhumqommohh-m &hmohduprlmmvuto

i T L';m‘

mmmmawmm ""ofmumﬁvduuwitﬁnnnlf

program. In addition, IL includes a mechaniem for accumulating lMormtion on
particular operations and’ ltongo cells for later use by “the tnmfamatbn
catalogus and tha mtllntorproter Tho r-mw of thc‘ ::'amanﬂu of an IL

program (e.g., tlmmdngafoponﬂom)ndbhmmmuon cat-logue nndk

FES I

are made avallable when these tnmfomntbm lf. nwllod by the ntdntmtar
By relegating the hnouqo “and momm W t:athc “ranstormation
catalogue ‘and pm\ddna a o-mrd ayntactk: m m uecumuthg lnfomaﬂon.ﬁ
iL becomes a suitable intmdht- Iangu.ga fof tho onﬂn tumhtlon procou |l’lv
order to aliow common cede gonontbn npmtlom (ﬂow Mah. oomplh-timo
calculation of valués) to be subuumd by the' .-ulntomnt.r. npanto ﬂold: are
provldcd in each !Latatmtformohfomcﬂenmwm”tm.mowln
performing Its amlytls o o
Although IL in its most general form has a rather skeletal sementics md isa

Wonaie s sty o

suitable intermediate luwonforawmwhtyofmcohnmw cort-ln
muouimmfwmohwhmmm Ilostof
these conv-ntiommlmpmdby commﬂeullnqunﬂd.nmbrm l.nguawl

such as ALGOL, BLISS or even CLU that are muhlo to Qﬂlchnt lnt.tpratatlon by
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conventional machine erchitecturss (i.e., those traditionally thought of as compiled
languages). These conventions will be inappropriats In part for compiied languages
mtﬁmmwmm.tw%ﬁ%wmumomuouuy
accommodated by relatively simple Mgn No. dlr’oct
mspocmmmmmmma
emwmmmmmuuu(mwMDm
smuu,-m).mmmmmammm«m
specification of conventional code generators. Hopefully, further work will fil this

_has been pald to

oep.

Thomtmonfamofmtonprmhﬂmh-ﬂowguphof
bslcblocksmnuehbwcbbckhdomb“bylmncycucgnphor
dm(soo,foroxm Chnptor12of[hhom]). &bammtbnofthls
graplﬂcnpnmhﬂonwnhmdmmn-ﬁownwmd-umof
oonvontbnalw Mlmw-pwymdm-cﬂms the
mmummmmbmcmm(mmwmucs
ofthomm), orm»plocﬂwufmmhttsopm(these
wrwmmmmdlmhmmmmm:mmod
oell. Mly,mltmtmtmyhmmeftwmuz trmforofcontrolor
thochanuclnthovduofmormmh hmwﬂmm Itlsmyto
dttumhoﬂnomtcﬂoctdammmmmm. _Wmof
trmfmMomtrdmdmcmde*mdbylSMt(muﬂm)un
syntactically dhtlnculhabh fm othr porﬂom of an II. stitmnt. ‘

A.mﬂon.dlbm KPMM-MMMMWMISMXM
omuohtobomdfwmmhghhvdfmmtomiﬂmlmguage
To encompass such & vmoty of mm. i could not (m does not) have much in
the way of buiit-in semantics. 'mmmmmwmmveconcopts
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Oeondltlmdftrmgr of . control mm lL statoment. In the
it 4 . o . T R s A R PREe ~,. ik bk

o.ppucailon of an © s papends. There.are. mo
operations WMW the designer must eneure that each

NSerprsted hx m;@m m« m»

udnchh cqn rat“ ,mg g;n(,] Somantics. similar
© to BCPL or BLISS. fﬁ.nﬁhotncol“mumudw. epplying

® /iterals T the dual role of reserved words. (qumou. mrumt.'
_Demes, atc.) and . oto:

'Mt%hmauﬁ?m%ummm&mmmo

m h% SleEsE i wl‘ R T &* ”ﬁmwh‘*m R Ly s
thus it is not legal to ap the contents operator to a
The following sections describe gach of these aress.in more detall, discussing how.

popular concepts.suoh a8 block structure, date . fyees,.sc. sre:handied by L.

§2.2 DatainiL

Al data storage ln L is provldad by nmd ulh proomn vaﬂnblu,

intermediate ruutta, etc. are upruonted In an IL prouun by a call E-ch cdll hu

three components

(1) an ivalue (name) which unambiguously identifies the cel. Th.‘céopc' |
- of the ivelue .covers the sniire .l progeam. . AR:ivalue can be
structured for modeling arrays, stmcturu. etc,

Chapter Two ~ Data In IL



du&whmpmmmmﬁmhwmmgm(by
Incorporating m mw in W ; )t

addressing).
mmmmmimnhmtmcassmw

y !23.3) ﬁw then on

aga 21 H

oxprudon muon o m ﬂ.ﬂ Pl

either name mybouudmm Tm&msmmonuon may also be

used o Impledient the overieying of étorage, an operal vided W miaily scurce
alias must be made expiicitty — this is explored further in 52.2.2 Noto thut an

r, each’

lvalucmybo mdumop«mdmdmet,ummd ltwlﬂnqulro
declaration of attributes m to thou for an m (typo. lonqth vdue etc.) —
care must be taken so as not m confuse tvdu. -mmu with rvcluo attrlbutes
and vice versa.

There l. mr“nm- pmm for Huwﬂrm Tﬁbck atmctura)
Through a dachratlon of a vaﬂabh of the same name In an inner block, scoping

aliows shielding of a cell from use inside that biock. .in practice, however,
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procedure calis and polntm allow acoess to celis which are not. directly
tocessible as operands. Thus the original cell canmot be “forggften” :
whlh procoulng the lnmr block a mm be provided for refgrencing

mmmm Thoath.r

YT o TR e
syt BBl g

hform-tlon hmnoountclydomwm_

e

mmm.rpﬂntor Th.uddmondcmmﬂ

GFC T T EAR

uuudbymgm.m'ewmmwm%@m ‘gmvmm

Fagpd pin i Sud BOTY

almply objocta lf ﬂn o?um WM
hoorpoutod as ﬂwm;' of tho

:’<"¢

hfomaﬂmbanﬂhﬂommtofmm),

ﬂwwqhmht.gwpohtuchuldahctady

e .‘rrm Eogend? o]
in practice, au«lng(m-bovo).hckofwi '

{*5 ;_\f %:

M(IW)WMQM’M

R

L Shadkae daide da g bt

hformctlon ln othor mrd.. JIM bocauu thn

T Ay P TR 7 1)

polntcr doos not aucnntn that ltﬁpolnta to only.
noﬂno hm that the mtﬂntorpnw m oertain

BT S

- Atis worth
o objocta,w,
such as numbers, Ma tumfmﬂom to m« gertain rvalues at oomplla

time.

e
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$2.2.1 Atributes
mmcmmwmmmmm
W(M“M)dwlm mmmm
mwm«m«.&mmmnmmw'u
opmxttam .....mmmmmm mmwmmmy
pmmwmmmmmm&mmummw
traneformations as 1 is “diecovered.® MMMMMO
avahblofrenwnhtlntbo&mm MMMtbcontext
Mmm(m.mmmunwmduncdﬂmm
atorodnsmatmu* nmmmmma-mm they
m.mmcmmmmwmmmumu&
m-mMWMMMMMth
about the operation tree, end so on &7 /ofnftum. :
mmmmmwmmmmm&?é}%'@”
mmmm Tmm&.moﬁmmu(.g.,;
mmmu-wmmemwMMaof
mmmm(mo.mmwmmbyuwnm
wammmmhmmmwéi-mmmm
formations), eto. »mmma
mmm.-mummmmamamm'
mmmmwmmwmhm~

mmmmmm

between a sat of

t Dynamic information may be stored as part of the rvaius of a cell; in many cases
compiie-time computation of rvaiues will propagate this information as effectively as
if it were an attribute. Morsover, much of thin type of information Is used for
optimizations which ere siresdy incorperated in the metaisterprater.
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Attributes are referenced in an IL progrem as follows:

"Ivdm dtrlbuto..nm" for ivalue nttrlbutu.
"(Inkn).&trlm_nm" hr rvmo atiribute

v R

Each attribute hag a vaiue (slways a iteral) stablished in: some il statement by
Including an '”W‘ﬂtm the atiribute. nams..in. the. atiribute Smid: of thet
statement. For axample, the_folowing IL progam sistement fustraies . the
& PASCAL program:

The fist line indicates that the addreas (lvaius) of Z is a two byte uiisigned

integer — this information wil be needed MM WMW by some

G RS R ’5

transformation If Z ontom nto _a_ painte

lexical level and stack trame oftest . mMgm by<the. frst phase of the
mu.ummm)nmmmumwm

poa Sl aieon RERG 8 .
the trmnnﬂon uubouo to oonwtc the djre s of Z from this
. T =N PAREE S SRERS

Sesvapriorad
'"'“"‘tbﬂ M.mmmmmmea?wocz 8 bytes

4“"@{% srrariiSer Ty

mdnutyp-rul mmm-m@ag':w tor has no speciel significence
lnlL-awumummmm "“‘tﬁmwm ttpnpoortbok

P AR 3 "’““*‘Q’

lnltluuzntlon of Z‘s rvduc)wlﬂbocnphxodlnmtrm e&tdoguo The

ANV & f‘fﬁv’%g?n‘tﬁb{ﬁh

qph lnIL thclré

STEEN B

smbmfwuchmmtmbutummgﬂt‘

’1'&;,‘%

valuu are slmply llfnruh tho lnturprotaﬂon uaﬂbed m M ln tho prluutlon'

1 These were: arbitranty dhowen to-be' viliis Atuibiites: ‘énerdlattibutes of a’ceit
mymmwmmmwrvﬁ%:ﬂ .
20 that e transfOrIiUING “kilbiv WINIG 9 10dik" '

o A
B S
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reflects the role they piay in tranetarmations appliied by the meteinterpreter.

§2.2.2 Structuring of cell names and values

“The ability to structure: ivalves (and thelr coresponding rvalues) simplifies
the modeling of aurum mma opetitions which affect one or mora
components. Each component is, in effect, a separate Welkie; Its typs, size, and
other attributes oan be maintained seperately from those of other components. It
is also possible to perform operations on the sggregate data as a whole, changing
all components in one aperation. A components ale is conatrugted by: appending
mmaﬁcwmmmmmmte,uew
aggregate_name.seléctor. For nxll!h; i A were an sfray dimensioned from 1 to
10 then

© realue refers to
(A) tho mﬁn array

(A) a) l]. m ith
KR wm ofA

A.10)

Note that W) s om t- W>m
clﬂ:orformmyhomdhm!y la&-hctlm'”wumroduc-duu
mmtmmnh'dmmm' orcouru '""'lc
mv.rnmuym«mmmmnawwmmmm.
rofmncutnoonpmnhofmwtaul wmw*mum
whmrﬂonmmmmmmmq.ammmmmeof
the elements (assuming A ls m-mo\n) M " a pmumn oontalned the
definition <A>.*:typesboolean then th. tttthut. m (A)Btypo ocould be
resolved to “boolean.” (A)"MM mm,@km}m»m.hm~

oqulvalont to <A):. nmlhutu for an wmm mowy from
those of s components. The buowlnq IL statement Nustrates the attributes which

28, Chapter Two — Data in IL




A ‘d.chnﬂon

Note that the .sxample specifias thntthcmdf Aitem array 10:dytes feng and
that the laue of A-is a -byte uneignadiinteger. (jusk-ike ‘aniy ‘Other &8dFessi;
The  third line is inciuded sings. A:lseund ie-diwly to'be. uted: as.-an operafd in
subscript celgulstions and therafors needs: the:appmpriate sttyibutéa: THe Mat fine
attributes. to be included In this. array m,w offort as been made to
onsure thet each quantity whish might appeer as-an operand in eubsequent
operations has the. reguired attributes. This: diminatss U ‘Aded o any speciel
casing - a wmmwym Ml Nen-receVes the
me trentnent as ww nﬁd‘ﬂm

lnnwcm&- nu mtim&mmﬂutmrﬁom%r
reference <A>.{I>:type (the type of mtﬂ‘mmwnmowm of the
declaration lndlutu that the: type- of .any: component - "soviean” end so
CA>.CI2:type can be resvived to *bockeen® -withdut further &do.’ ‘If, 'on ‘the other
hand, amwmmmwwmm- Le, :
<A>.1:typesbooiean, wto. mm qoqmyp. amw procud without
more knowledge of <@ (the m ot m mcnpt) Even though ’ﬁomdd checking
mybew. kbmmwmlyltmmrmman
lmpllcltlydwina compﬂo-tlmtypoohocklno Mwaohﬂmmb-to-ndow
the u\-tllntﬂpnt.r with spochl kmMaduc ooncﬂnm uttﬂbutu of nrray
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mmu,mmm'hmw‘mmmm
- metainterpreter. Alhll.“"‘ﬂ%ﬂmmmmthasmanﬂcs
common 1o most mmmm tto‘n,dnﬂo*nchmlzltbn of attribute
sssignment to <A>) are understood to changs the rvakies:of the Gompanents-(e.g.
A>3, <A.2, .., <A>.10). The converss s eito trus: a change n & component’s
rvaius changes the rvaiue of the-aggregate. Both ¢ases are besed on the premise
that the rvalue of an -ageregete 4a: the “eul® of s Vomponents — e, that the
rvelue of en aggregate is At melwtainsd superstely from the rvalues of its
components. Thus <> Is oquivalent 1o <A>:* (whon spesking of rvaless — this
differs from the comglusion resched. above for the ‘managing of attributes). The
eﬂoctaf mhm (mmmm.tmmmm sets)
colncides with common practice: @ change in <AN:&- should invaitdete mmomy
coples of the whole srray (<A>) but should not mffect temporary coples of other
components {e.g., <A>.T7); on the m ‘hand, chehges in. the whols array sheiild
invelidate temporary copies of any component.

As a finel example of & structured cel, coneider the following series of It
statemonts (see §2.3.3 for @ detalled description of the ALIAS pesudo-operation):

i ALIAS X1

J ALIAS X.2

In this example, the rvahses of | and J overiay the rvaiue of X (the designer has
the responsibliity for making the storage aliocated for | and J overlay the storage
for X in the final transiation by adding appropriate transforations to the

30. Chapter Two — Data in IL




catalogue). Note _that although X is not explicitly declared to have any

components, allasing l qu J to X1 and M _has: mod them to become

components of X. Thm,udnothomw&mnftbopnuﬁgwmuph
(1)ch¢ngutomo~aluoofxmvmmmoﬂde.

(2)oh-no~tom-m.auof|mmmhivm«x,m¢oumt
nmmmdam

(3) chnngu toth- rvulua ofJ kwnﬁdatnthcwdiiﬁ X.Wﬁoes not
mctﬂnrvmofl

Thoﬁnalmmmmtlnnddmmmbcduhht Theu

\ [

throe oondltions are juot tho mnnﬁca ono mm wnn anrhyod ctongo* -

2

§2.3 The :ynux of i . ‘ _

An L program la a uqucnce of ctatmonu m up of tok-na classed as
terals, Ivaluss (the nime of a ceil), or rvakas (the appiication of the contents
operator:to.an ivaiue). Dcm on where-a Msm in an I statement; it
is further Mmuamt. oparatot, mﬂ&uﬁﬂh wm ‘tok e’ must
be: ivalses;:: W and mmwmmr%% llliy
be any. ﬂnvur Beyond the: smfmmedm -of ‘tokens,
IL provides no further interpestation of Ordmary Mkaens: in-this sanse; iL i similar
to:a BNF: neither provides -any - intevpretation: of -the-symbois -of ‘the languags.
Special tokens are provided to indicate traNfirs of GNtret ad their SoTespoNEmy
targete within-an mmmm-uwh Wite flow analydis and are’

Mgl

'MM&MMMMM”MWNMMW“!:MJM
new value of X (and vice versa). -Tha .detelin: of. AP0 ¢
ansformation catalogue. mmeummanwom‘
the ALIAS statement through the use of transformation macros (see §3.7).

oo+

FH
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where ggg&%
" label ?Ii?o&niﬁciif%
_ statement. Two labels, !ﬂ .icq glo!..:cnoz.
systam (see Smction2.9) -

operator ?gia??ggviv«g o-n!..o
operand... nsﬂgiiin:;.ogzaa%o ation,

l:oﬁo >§3§P!§§§§§
. context and semantics of the statement.

Figure o..oi-zl_inl §§R§o§!§g
, __ . XYZ
, It X>Y 38; vc.com Xu3; ¥ v
Z = Xe¥; -

There is no single L §§ for & givan progaami: - .g.. 899 could. eliminate
the definition of C1 and C2 entirely from Figure 2.1.and vae the ierals "2* and
“3" directly. Choices as to the: number of Javels of mdirection, etc. are net
dotated by U and aan be mede. on the. bamie Of compatibility with the
transformation catalogus, appropriatenses for the tasget machine; etc. Note that In

4 _.8033 = the remainder will be flled s by the meteiniarpreter as it epplies ,

transformations. The initial attributes are simiiar to those that might be provided by
the fist phase of the 8!.2 Atiributes are deseribed in mese. detell in §2.2.1.

In the description which follows, it will bs useful characterize tokens as
oz:oqzauaﬁasosgnog %ﬂ?&c& c«tnoag.
%?ggfaﬂsgﬂ
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Label Operator ~ Operands Attributes
X declaration X:type=integer X:size=2
<{X>:type=integer <X)>:slze=2
Y | declaration Y:typesinteger Y:size=2
<Y>:types=intager <Y):size=2
Z declaration Z:type=integer Z:slze=2
<2Z>:type=integer {Z>:size=2
C1 | constant - nm <C1)>:type=integer
C2 constant "av <C2>:type=integer
T1 | greater_than <X> <Y> '
- it_goto <T1> L2 11
® label L1
X store <C2>
Y store <C1
» goto L3
° label L2
X store : £C1>
Y store <C2>
(] label L3
T2 | add <X KLY
Y4 store T2>

Figure 2.1: initial IL representation

Label | Operator Operands Attributes
T100 | equal/ <{X>:type “integer"

T1 add X> LY

The italicized tokens are literals; the rest, references. In IL, literals are nothing
more than character strings — Interpretation of these satrings Iis provided by the
transformation catalogue and the metainterpreter. References "refer® to values
established by other statements - they provldé a level of indirection. The principal
difference between literals and references Is that the meaning of a literal can be
established at complle time whersas references often refer to values that are not
known until executl&m time. Literals are of central importance during optimization
since thelr fixed semantics provide opportunities for cémpile time evaluation of
operations. Some references (e.g., <X>:type) may, depending on the context in

which they appear, refer to literais; in these cases it is advantageous to remove
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L e g et S S S

giilg t complie time. zg eferences that
cannot be resuived sﬁﬁtﬁs ‘bamplie time (e.g., CO), R sn;._.. necessary to
ggii%c«.g% ‘the IL_program
...... by performing « i&??&*%iﬂwe‘gw?,?a

~ subexprassions (sseuming !het s-o&%vo!z%s. It a ool is

defined by a statement, it ‘gi@’mmi -aeloulated by the

perform these optimizations. This suggests two formats for the label fleld: "K* and
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"K,0" where K is the kili set of the statement and D the corresponding defined set
(D € K). mem’fmm first format (s uned, D is caloviated.as follows: .

osse 1. I K s empty ((KI'wO)tenD =¢. ~° - '
case 2. nxhu-woohm(m-nmn-x
. cose8.¥ K| 34 tharfD = §. ~
w onse 4. HK-{'}MD-O

COnsldorlno only statemants that affpct at, most %M {ali the statemen
Figure 2.1 fall into this category), there.ls a.netural intespretation for eagh of the
above cases. Statements .mmmxmmm of control) ars. covered
by case 1. Statements whose operators have. en. eaplicstive semantics (add,
multiply, eto) fall under case 2; the aingla slement af the kil set la.the ialue of
the cell where the remuit is stored. The apecifiad. osll ls siways changed by
statements. which always. change. the same oel.(le,. they. do- not comewte. ifa.
ivalue) — in these statements the label ia.esesntially. apother cpersnd. . Case-3.
covers. assignment .atatement tbnt compute. the, lvaiue. of. the. cell in. which the
rasult Is to be placed, 9.0.,.assignments through pointers,or.tp. artey elements with.
nom-constant subsctipts. , Here, each cell in.K s been. kijed (it previous rvakue
may have been changed, thus it can no longer be assumed that it is available)
however no cell in K hnhm ~defged (no single cell: ja. oartala to have been
chenged) hence D = ¢. in the final case, 8. label of *** indicetes that all colis
might be aftected by executing the statement.. For.essentially the: same reasons
Oiven in §2.2, no provision hes besn made fer specielising ** by speaife. osl
attributes (e.g., type): in.simost every language there:exist loopholes which make
attribute information unreliabial. This label ls used, when the statement -bas.
th . of. operations: in the H.
provlde& by many languages and refied upon by Noo:mlut:.cm:?:ftt::
language rutdagm Howsver, this. mmmmm” qm AOF -
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unfathomeble side-effects, for axample, when the label fisid contains too complex
an expression (e.g., deeply nested contents: MM) ~ when an lvalue
subexpreasion has hecome M " b WW m mnm value is "**
and procesd from there. This overly mmqtm htﬂ'pntlthn may result Iin
missed optimization ophortunities but naver in an ingbrredt transiation. |

3o ;Y

Procedurs calis havée the potential of &

w Wany cells and so do not fall
its which form the

into the categories discussed above. The sequends of statems
body of tha procedurs way kit and define cells = taken in Uiyi""ifdgrogatd it is
possible that K 2 D # ¢." In addition, proosdures tiat retur a value add yet another
eloment to D (the cell containing the returned valis). The second label format,
"K,D", is used for procedure calls. While It is theorstically poesible to compute the
approprisite label by exeminiig ths body of the pracédure, this calcultion quickly
becomes unwieldly. A reasonsbie sitemative I8 10 asiign procedure calls the label
"xR* where R ls the ivakie ol‘ the ool In which the réturmed vaiue (if any) Is
stored. Thus the semantics of a p«mm calt’ls ‘reduced to Invaiidating
previously celoulated values for alt cells except the moonmnmo ‘the return

value. _

As was outfined In §2.2.2, It Is occasionally necésaary to augment the kill set
: colls. Nﬁ!wah the size
dthokmonmyummmwmmwermm

of a stetement % account for the semantics of ‘agpregat

unchanged — essentially no new cells are being sided to the kil set, but only other
ivalues for the affécted rvaiue(s). The objective of augmenting the kiil set is to
explicitly include the ivalue of every osit which is affected by the statement; this’

| (

optimizetions, ubwoddemmﬂmedem—onlym
programmer is aliowed to play havoc with his program!
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the kil set.

The foliowing aigorithm mtmcts an nw kill set K’ from the original
kill set K. K will include al- lvlluu Atl\S.d to Ivdu“in K as well as the lvlluu
of agaregates which subsume Waluss in K. Jn sonetrueting K 4, distinction ls mede

between an aggregate mdbmponmh:ﬂmwhmowanlnk‘ it

refers to the aggregate treated as a singie’ Vil (1.6.. ﬁy’hmﬁry ‘coples of the

efitire aggregate om be valdated); nw&m ‘8t an aggregate's

would invalidate arty Coples of ‘the array A but WW nefits unaffecte

"A** would Invaliddte any ‘components’ (m& subcomiSneénts,

sigoittmis
1. inftlally K= K. -
’mehtwmlvdﬂ.‘ln&iﬁdt'tor An'lvnluols

8. Fornchhuhn-lnl(‘,qddlnym.;d

4. Foroachcommon.tlyfdm-.lhlgmqwx’ The intent hera s to
“udd alt the ‘prafitell 1or sach component ivalue, e.g., I 'A.1.2.3 were
~ an slement of K, this step waould adg A.1.2, A1, ad A0 K.

v &Ropntstm&cndlmtummammmm&‘

series of cxunplu should clatlfy the wmkum of _the \
oxhlbtdon, dupucgte lvnluu (e.g., X.* and. %.1) hava been ramoved from the kil
sets. The exampies assume the, deciaration glvan.in exampies i 2.2.2,

il sot (K) _Ailiowt (K)
{A3 A4) {r3 A4 A)

Chapter Two — The syntax of IL az.
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A%} gm )
} | X1 X}
&

% E 4 J)
Note that the sugmented ki sets agree with te Gesiderata outiined in §2.2.2.

sz.a.é The operator and eperend fiaids

No particular semantics is m to _the operster fleid of a statement.
The meaning of an operator iz established by transtormations. which axpand it into
other IL or target machine operations. A umeful anslogy for an IL operator is a
macro — the body of the macro defines the effact of an mm terms of other,
usually simpler, operations. If the sffect of the macro can be accompiished directly
by the target mhln’tmvmmm‘m»wn&hnhmm; the
transiation of the statement is complete. m M body of the nacro (in this
case a sequerice of IL aperations) should be sibstitited tux the aperation, making
the appropriate substftutions of ectus! operands for forgel pacameters of the
macro. nnmmbwmmmmnhmmme
general “MMMMMWWM”WM”WMM
would be expiicitly tested for in the substituted sequence; fater optimization would

in an interpreter. Special cases that hinge on partic

eliminate those operations which could be performed at cosplie time. For example
(see Figure 2.2), the expansion of the addition operator might test the type of its
operands and then perform an intager or fioating pokit additlon as appropriate. If
the type of th- operands could be uwhhodct mnoﬂln,thhtut would be
subsumed during optimization. Although It Is Kot necessary, use of general
definitions greatly simpiffies the top level of & spectioation as there wil be only
mtramfamﬂmfwmopmmthmmmmmma
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o | Hgeto ;am 14 L

T101 | equal (Y):ty!po "integer"
| .ot -'“191*3 L2 h& | I

. & lebel . L2 g sk e
T1 add <> (Y)
- goto L7 ;
. ~=:m-.s<" o La LR R Y I PEESETRS DLhs

T102 | float <X SN I

T addt - ATIOR> YD v
+ | goto L7
T103 | equal (Y):typa *real”

- if_goto <T108)> L5 L6

® label LS

T1 addf <> <D

-+ goto L? ‘

[ ) label Le

: TtQ‘w iMs;;":~ <Y '

71 addf (X) (T104)

’ . ool
B

" Figure 2.2b: IL program with

Label '
AR T dackieatibl ¢ -
Y

{T102 | noatt
T1
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the following:

a literal. Literals are-snticned Hin Quales when they sppear in the
WM»MM&VW#‘WMW

S S

mmaum»%«.

.mm:mwamwamuu
nmmmmmmw&m;.
Thonumnprlwlmmmnanﬂnmmwﬂamwmbut
mnthmmhvdafhm(mm}ﬂldthombe
cdcm-todinamt.m wm«w.mmaof'

- indirection is ueed in an m ST g

§2.3.3 mummmmam ;

Pswdo-onnm provide s mm Wf‘ﬂn Mdnterprcter
Mmmmm(wwo)mmmﬁ?mum I
statements Mtbpm;nm m'm'mmmmm which may
tnmmmmwmmnmum, aammym-ﬁmw in the
fnal translation (L., mmmw o the remilt ot me
_mmmmform-eammmn&mﬂtum«m
other purposes by the designer; in-this thests; hesudo-operators W be displayed In
upporcuomdnﬂoﬁnremwmhium

The statement in which the END pssudo-operation appears marks the logical
ondofcnltmtmmamfhme!um'mwmm
proceed past this statement. Statements foflowing this statement up to the next

target statement (see §2.4) are oconeidered inaccessible s wlﬂbo removed. by
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the metainterprater. The END pseudo-operation is intended for use at the end of
the IL program and for marking the end of procedure bodies within the It program;
presumably some transformation will transiste it-into a #xit-or return as appropriate.
This operation makes no use of the. labsl, operand; or attribute fiekis and so may be
used as the operator.of a target statement. - . o o T |

The. ALIAS pseudo-operation provides the capabiity: of defining -equivaience
classes of ivalyes — sny member of an aquivalence:ciass raters to the same rvaije
(aithough each member may hawe. different -attributes: asscciated with (t). This
operation ls used to m.t.mw rvm mmm) as declared
by.the sowrce lanm gmoru (e.g., with umcm Wﬂt& ammt@
wumhmmmum (&&,Muwaum mtmm
id the same value; this: typlcelly cccurs m“wwﬂ»m«;wmmnce of
statements bolls down to a. move from one: colt.to @ mfy = the ALIAS
operation would indicats that the temporary is allased with the original-cell). in the
latter case, the ALIAS cperation provides a renaming | ‘capabmty o ‘the

transformation:designer. The form.of the ALIAS statement is

el e T

which Gauses the metainterpreter to plage /vaius, In the same neme equivalence
class as /value,. Note that, by definition, ALIAS s a transitive.operation. Typlcally
Ivaiue, Is the new lvaiue to be defined and attributes... are_its Initial attributes.

§24 Flow of control in an IL progrlm

 In the- pravmom the syntax and mausoum I stetement
were described; ﬁbncm mmmmwnmod&:
statements. iL -mom are mcuud W. m m vancfm of:

Chapter Two — Flow of control in an IL program : a1.




to IL are simiier to those provided at the maching lovel.. Sequential execution is
aiso compatibie with a wide veriety of lemgeagee, ssputially thave that have
relatively severs ordering ‘constraints (e.g. ALGOL, wiiok spedifies strict: left-to-
right evaiuation of sxpressions). This control SUUStire is: Wore constraining than
by degs is that-the soms (cperands) of &n INENer: NOUe (speiation) must be
order constraints en mmmm«um Suck fexibllity is not
Inherent in an IL program and must be provided by Whe dransfovmation catelogus end
the metuinterpreter: transfarmetions can chengs. the: crdilr ‘Of Stetements’ in- an X
" | ,

As was mentioned at the beginning of  this  chapter, the syntactic
conventions dlwuuod bd-w are- mt p&ﬂe«hﬂy m far languages whose
control .mmmmmmmm MBOL,fwoxnnplo.
requires a “transfer of ocontrol* with wufy.statm - the difficulty in
acoommodating this construct in IL reflects the difioulties In producing a SNOBOL
mmmwmmswmmmmmmm
solved, the solution cen be Incorporated in IL. o

t In general these transformations only change the evaiuation order to achieve
some goal, for axample; & reduction in the ‘nember 0f ¥ejjisters required to evaiuate
the operator. in this way the oonditions under which eveluation order can be
modified: and  what -metrics - are weed 40 judg Wi reuutt are Wiide explicit in-the
transformation catalogue. This information would be useful during the analysis
mnm:fomamumrwmmmme”
specification
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IL statements whlch cause a transfer of control (transfer statements) are
readily identified: M lmw a " jn_ ﬂblr MM ﬂotQ that this use of the
label fleld prevents the mtodcnt from M o

(md saving) a value, it can
only effect a transfer of oontrol. Procedurs calls._ars W differently: since
control returns to MMMMM‘ cd,”‘th.y are similar to
ordinary statements exoept for the-pessibie sidarefiecta.of the procedure body. In
12.3.1, & coavention for:the jabel fied for Amosdiwe calls wae established (fsting
the side effacts of the pronadura); -thus, ino.dranater -is explicitly -indicated.
Procedures are treated es "complex®: ma:«h nad. far: a8 this section ‘is
concemed. . “Otﬂ that a-transfer statement Mmt'mm; -exeaution
can conditionally contiaws - With the awct: etatement, it-must be. provided:- for

- IL statements M are  targata: for . trenster _of -contral ' (target
atltonom) are idantifes by placing - A" in. Mm flsid, ‘As: for tranafer
mmnuwmtmmummmm s:value since: their-iabel
flaid has been preampted. The following nomention is: usdd: by:the atetainterpreter
for. detevmining which. target stetemants ace' pasaibie targets for 2 given trenefer
statement:

a tumt statement is a target for a given transfer statement iff the

mwmmnmmmmmw
andthatruufumw

a!r(

This convontlon allm cddtlomi mm to tnmftr and tnrg.t statomts
which cun be uud by tho opontor of thm mmm Tho follawlng oxnmph
(oxtract-d from quure 2.2b) Illuatntn tho oonvonﬂon m churty »

R YR s

K LS B
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Ml,, T J@vi |

e e

t .’!

The frst fine 1o & Wanafer statoment (hes - in-Its Wbl BUAS) Witsh can tranefer
ot 14 recoghized a8
o possibie target since the ivalue L1:1s an spaiuns of BUth the Wt and second
statement; mmmnm Nt tget StEteBRt. it I not possible
1o tell from the sbove meagram the GroWtances  usler Which efther lebel is
chosan as- mmmmmuﬂn@mmiﬂm
the veiue of T100), information thet only eiiets v i trau w Eatalogus.
~* This information is €sud by the MERIMOSPANSY wim& “maximal® flow
graph for the iL mmmm s asdinhl i e BEABL that ‘N pOENIbIE
ruled out by the Sementios of Whs TPerator Of W Wrieter: FURVWNL - This graph
mummwmmwmmmmu
updatodﬁnﬂcvorlumfwmﬂm WCMabMﬂMM

§2.6 mmam

. On.ﬁth‘“hfﬂﬂhlﬂlﬁlﬂlhﬁ“ﬂﬂmcdouhﬂon
of rvaiues. WMMMWOHWMG'M(WNM)
mm.nétnmnmnmm hwm tttmmnls
us.dmm«ummm-nmw».nmmou
/s known to be either 8 or 4 then we write <> = {8 &4). If the value of a
reference exprassion is unknown (Le., it could be any possible veiue) then we
write {*). |
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damntasatuate SECRINITCOR iVt

Occaébnnlly, it Is possible to further riodvc a "purtlcullr rﬁfcronce
expression. If <I> = (3 4) then S
AD.AUD> = CA>(B 4) = (OB <AE).
If, on the other hand, the velue of | is unknown (Kixom: (%P )ithem .
| ne KA. (o m A, -
IL recagnizes.the .altemative fom;c»:him essxampls as: equivdient: “in effect, suoh
resolution is performed automatically. Evenin the: abséiive of hnowledge sbout the
rvalue of |, a reasonsbis. interpretation umw 0>"hi“mlﬂ?

erring only in that lt is likely to be an overly conservative interpretation. In the

second example above, the distinction between *** as an abbreviation for all
possible colm.ponont‘ names and {*} as the representation for all possible values has
been deliberately ?Iumd The intent behind assigning numeric selectors for the
components of the array A Is to allow this sort of felicitous confusion.

As a} rule ‘of thumb, the utility of the oomplie-time computation of a cell's
rvaiue is inversely proportional to the size of the value set. There are several
contributing factors: as the slzoi of the value set increases, it becomes
Increasingly unilkely that any significant optimizations will be possible for rvalue
operations on that cell. In addition, uncertainty ln_ one ceils rvalue tends to
propagate to other celis whenever thé first o,.!ll is used as an operand (the value
set ‘of an operation is proportional to the product of the value sets of t_he
operands). Such “dilution” of complie-time Information Is not unexpected ~ it would
be unreasonable to expeoct to perform all computations at complle time! However,
the prognosis at this point is not encouraging: it would appear that large amounts
of complietine Information could be collected with little ‘prospect of a

corrasponding gain in the optimality ofkthn reauiting translation.

Chapter Two — Complile-time calculation of rvalues ~ . 48.




of rvaiues is subject to tha law of diminishing returns, anal therefore rvalues are
The first obawlﬁnn mum wotivetion: for the Introduction of {*} for
mmwcmmmmmumumm proidde a
mechasiem for Mmm umm
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§3.1 The transformation catalogue

A major design ‘goal for the /ML cystua was m kaop knowhdqo about the

source language and thmot macmna separato fmm gonoul knowhdca about code‘
generation. This wu deo&hb&hod by prov!dlng for a uparat. doecrlptson of’
machine- and hngu.go-dcpondent sommtlcs th- ombodlnont of thls ducrlptbn ls

ralw"

the transformation catalogue. " Edoh piocn of lmounan- ‘or mchlno-apaclﬂc'

;;;;;; SRS

information is expressad as a syntactlc tnmfomtlon cf an IL proonm fngn-nt
STt

after ‘the’ transformation has been appuod, ‘the upumi %Progum wm ‘have bun

modied to lncorponto ‘this n.w lnfomaﬂon ln tm tm lntalntorpreter

un'dﬁ'rttnnds-‘ as attributes or a new loquonco of lL 'l;t;itomonts The
metalitterpreter ‘provides the remainder of tho fnnwock noodod to unhh the task
of code oanomtlon whenever I exhauau lts m{l;;ls of tho curront pmgum tt
raturns to the transformation catalogue to anthor addltioml lnformtbn ’(In the form
of a "new" IL program to analyze). ‘rm. cych of .nnyou and tnmfomatbn
repeats untﬂ the tumlutfon Is comphtc o o

This chapter dbcunu the trnmfom-tlon utnloguo nnd tho langucgo chh
serves as its bnlc a motﬂinngunm (ML) fw ducﬂbhg IL proonm fumnts

" Using ML, tho ' designer can wﬂte tomphtu de\ doooﬂbc thn claaa of u_

ok I

statements in which he is interested. This clm c¢n b. qulte Ilroa (e g " “au lL-
statements which have commutative operators®) or quite small (e.g., "only

atntom-nts which app!y tha sine oporator to tho {

S L SN

a 14169") dppandng on .
i ot “the ciass of il fr-amntgf

mmuc-umundmrmmm

Chapter Three — The transformation catalogue a7.




described by a tempilate are said to match the tempiate. $3.2 presents a detalled
description of the syntax of ML.
Twmmhwmhiwgmmmzmnam“n,m
omorunnﬂm mmmmmgwnwu
: snwformation can operats’. 1L
mmm:)mmmmmm»wmnmm
mmmmwwmmmmwi
fragment to be substituted for the matched fragment.
mdehIWWMMM

. using_statements or

a new IL program

Mfwhtumhancﬂhﬁz&dfm(mnsn lfnllmocmxmm
mfmumlnm«tam.(mmum.m km)h nveﬁobhhcmmth
form, pattcmo pmwo a eoneiu description ar ‘where the _plece f information.
ccptmd by th. trmfcrmﬂon s mﬁb Uﬂm m trumlnmathn cutaloquq ls
roduccd to Mdlno a u'mfwmtm m mto!m tho clv.n L statement (or any L
statement, if the nt.htorpntcr hu no apeemc god In mh@) aiternatively, the
rcpltcment (whlch It lho a pathm) cm bo W to _determine i It
ucoommm-mmm mmmmuummmmfma
enhances their uﬂuty as the basis for knowledge rmtion

| Saadmﬂmmvmmﬂmnomﬂ'w!dmdhwthymuud
by the motumurpntor Tho m ueﬁon al' thh ohwtcr prnmts & series of
annotated cxmph tnmfematm

+ This context can be further modified by e set of conditions speclfycné
const;;kaw: which are not. expresasible in terms.of. the sypdax of ‘the L. program
(see ) . '
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§3.2 ML: a language for describing IL program fragments

ML is gimjiar fo other metalanguages. ~ -its mtnﬁ‘«scuhumu’fmt of iL (l.e.;
an IL statement is a legal. ML stetement) end; in: sddition; it alows: certain
metasymbols to replece |L componsnts or stategents:. The metasymbois: coms: in
two flavors: wiid cards that act as "don't cares” in-tha:meiching arocess, and cails
to bulltin functions {hat allow acoess 1o asme et She Matelatemreter’s knowlsdge
of IL program semantics. Use of these metasywhols:pesmits the. designer to write
generalized Il program fragments; these fragments are: mora -general: then an:iL
components in which he is M (uaing "'wiki cards--t0 specify the remaining.

Howsver, the designer can anly ‘gesesalias aleng.certain-dimensions as- his
only access to ﬁo meaning of an Il mmam syntacticifornt end whatever
bullt-ln functions are avallable (see §3.2.2). Since the apcuto fhldu fot kit sm‘
and attributes in an IL mtcmnt seem to be as far u one cm oo tmnrds muklng»

E0T AR T

the syntactlc fom of an n stnt-nont nﬂoct tho tt-tmnt‘s aemtlcs wlthout

llmmng the generality of IL tho umltlng fnctora qrof mo cabchiﬂtlu of the buut-ln
Y o e int
functions. Tho deslmer can dctomlm whothcr two ﬂtoula are tho umo but my ;
4 ;Ig:

notbnablotoﬂndout,foroxamph whoﬁmmmlromtofcutcmhm‘
lntoqor These rntrlctlona on thc ablaﬂn of buMn funcﬂonc lro th- moat anvau
limitation of ML: bullding In language- and mhhmodﬂc precucutu lnto ML is
ruled out as this effects the myof ﬂl&mtonn&d, ﬂ'%rmn‘tcty. it would
be impossible to Include o m»g;muny uum runcuom & tuf we be accused of

making & mountain out ofa mm it shodid b& pointed. ouf that the resuit of these

limitations. Is mawﬂum oppartunities. - Ressumably..all- the . computations.
specifisd in the IL program cov/d be done Atmwﬂmﬂmnﬂu oonpuhtllnmlv
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e N B

faciitins provided by ML we intended to alow “Gpesiel  talioring of the
traneformations and not-te Be on aesenti cempenbnt-of the trensfornations. ML
takes the middie road by’ providing: Sullt-in:fuiotiuni' fer siaiipisation of Ntersls ‘and
for Interprating Meels e RUMENU QUERRISS — Giived Pindling must be constructed
Sddiions ‘00 e GRURNGU: are 4BIENL for WOUE iy
Wmmmmmwm‘mmm
transcendentsl functions: 10 sertain srgumants’ (¢, »/2; 4. bt would transiate aft

§3.2.1 describes wild cards; §3.2.2 enumerates some example bulltin
functions. -Exampie M\ stetenents can: bu founsl it this Jest:section of the ¢hapter
a8 pattermns and-replacenents i transformetions. ¢ - |

5321 Wﬂdwﬁ

}chnw“m»mﬂmdmmnumm
m.wum&mmdmmm thowudwdwm
mtchmyl!.compannt(a) mmmmmmmm_
.utmumnnMu;-nm wawmmmueaofa_
mphemﬂmm(mmmhﬂ.&ﬂ}- Thounnfourform
ofwudcmk'

T aame
»&m R

name is-an optiohat ideivifier which 18 ubsd " distivgieh’ on moltiple witd
cerds usediin a single patterm or teplaceiient.  These nEiliss dre also used In the
replacement to refer to components or statements matched in the pettern. If a
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given wild card appears mbro thnn once In a pattern or replacement (I 8., two or

mowudcudswtthth-umfomandnm)ﬂnymmm“tnnpm

the same IL conpomt; if- this- duplccﬂen oeeun m;; nttom then all the

copies must match L components With the same m:nmﬁi“ﬂnn
The 7 and 8 wild gards Pqtch a M' nog-pug

r.spoctlvoly, le, for oach 7 @® thpre ‘must be & cos k

or statement

g L component

Fegd

(statunnt) in the IL program frqnont whlqh Igm Mtglmi Note that when
describing an IL statement, all of its components (with the exception of attributes,
see §3.3.2) must be. accounted for in the ML statament - el her axplicitly or as
wild cards — or the match will fail. Thua lf m:g, MM!! ta be oongwqinqd
in the pattern, wild cerd camponent

(use ? wild card) and operand gm 7™ wid mﬂL o

The 7~ wiid card mtcim any . pep or more I moncnta
within a single ﬂcld ~ whet oompmgm are. mwodnygumly
oompononts on either side of the ?* wl!d. cq;g Jn m

‘ fl, statement. If these

adjacent components oomtrdn the mtch for tha ?" wlld card to a single

sequence, the 7* wlld card Is uld to bc ( la mrnl, If more than one

%

?-wuc.rdnuudmamnm mymum this Is always the

case if two 7* wud onrdo are. ndjnccnt or npmtad by uny mmbor of ? wud}
card. Ev.n T lpcciﬁc IL oompomnt: are h‘ltofpooud. Mg?on of tm: oomponont :
in the i fbld can cause tho ™ wlld cards to ba amblguoua JFor- Acxnmplo,k consider "
the uquanco of oompomnts “A B c C D" Thnn m two waya in  which
compononts can bc aulonod to tho ML oxprmlon "?x ?"y c ?‘z" |

, ?XS'A' ?'y-"B" ?*z-"C D“ or ?x-"A' ?“y-:'BhﬁC" ?“ZI“D"

Amblguoua wlld enrds are useful for mtchlng a specific IL oouponent anywhcro Ina
fleld; e.g., tho fouwing ML statement mtcm any udd stutmnt whtch has at
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B AN

If "add® ts a binary operator, ane of W‘! ol Mape2 wil ‘be .-m.a no
components duried the @etch. The T<atiibetes wid ‘ed stowe the mire
' mlmumwmhm-ﬂmmmmm”
umm

ftion I the IL

7% however, the seqience s not W w tesdbal Niktaposit
of matching If one might Tollow the tther ¥ exevition, ‘Sriliches and joins in the

n the process

fow of ‘Sontrol often result Tn moré thin oe pobelile Sequidios of statements that
2.1 and the following sequeice of ML statéments: o b

FigunmammmMmof&mmtoouwm
mtch-dbyt“a. lnmhmu,bo&mmuudummm
$*™A. mmm”mmmvmmmum«mmm‘
mtmymm)hbmmmmtefammum th.moxist
mthmmWwMM(og..mof

iR

.mmmmmmmanhmwmm@amms)
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Label | Operator Operands
- G1: | oonstent. -~ QN i amnis

C2 | constant u3*

T1 | grester.than <X> <Y¥i -

+ | it_goto <T1> L2 L1

® | labet . o LAY RS

X store <{C2>

Y | store R o3 )

i goto L3

e . - label . L8

T2 | add X> <Y
Label _Operands | \ o8
ct 2 TR Ry dasint
c2 , ol b . .] €c2
T1 | greater@an <O <> ] 7
» | goto . <T1> L2 L1

o fiabet 12

X | store 1>

Y | store 2>

¢ |label 18 |l

T2 Jasd O <D

cp '

Flgm?u 3.1: Matches for -3')\ from Figure 2.1

§3.2.2 Iuian’funeﬂom
‘mmmmusmmmmaopmmuﬂmmt
require more power than dnp!y re-fmm an 0. mnt. A call on a bullt-ln
function has. the following form:
funotlw[argum1 ..nrgumu]
The use of square brackets distinguishes m ﬁllintbn calis from ordinary IL
components (which are rootrlcted to the use uf panmhun) Alt functions return
a result (no side eﬂ‘ecto are pocslblc), this roault m be uood » th. argument to
anothaf buut-in function or. lf the cnu was part of a roplmam.nt, bacome part of an
IL program. The arguments to o function may bc wmton s olthcr n or- L.
components but they must be able to be resolved by tho metainterpreter to a

Chapter Thfqo — ML: a language for describing IL program fragments 63.




p.rummmmamm-mmmmwmm in the
pmcmofmmmhmarm*MamMcammg
mmmmmmnfamﬁu*mmofm
funcﬂoncaﬂ(nnm.mwt.orm) Thouiﬂmferabort&aga
ﬂmcﬂmbmhmmoumt cc.hummmmgtyn.
clmotb.mtoam ‘otc. Forhwumo.ﬂhmmﬂonabortsifboth
mm-«mmmtmmmmmumm
sywqovmmmmm”“
meant to be complete = Wlmdmmntfmﬁmhavoboen
described. lthommdmnmmmdmmm the only
criterion for lﬂewdholn function is that It l;qt cater h;m language or

thblistlsnot

oomm R wﬂmbmmmt.

ltered The argument utu-t be an " !tom (Le., an
operator, attribute Mm. “or  operand
sncicsed in quotes). o Rt

number The -argument must be an il dtersl which can be

Interpreted as a number (Le., K eontdm oniy
digite, » dacimal point; and maign). -

boolean mwmumm‘mum
“trus” or “faise”.

sequence ,mwmummm.v
. card metoh (e, .ot o etatement -
oBgQUences). (
If the supplbd argumont does not Mvc tho eornet typo tho mtnlnterputer wiil
ammmammmmwmmmuummm
ttmformﬂonhmhltm
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not[boolean]
the standard boolean functions evaluating to the literals "true™ or
“false” as appropriate. These are . used mest often -in:-conjunction
with other functions to form more compucatod oxprmlons

equgl[mwd,lltord]
compares two literals to sge If wwhmmm-mmnm
evaluates to "true" if they do, "faise” otherwise. Note that equal
cannot be used.to compare two arbitrary il campenents: -~ this can
usually be accomplished directly in the pcttom by ualng tho same
. wild card name in hath component locations, -

.constant{component]

cvalunt-s to “true” if the argument la a moral, "falac" othenwhe _

lvaluo[compomnt]
svaluates to true If the argument rqprom & valid lvelue.

label[/abel,sequence]

evaluates to “true" If any member of the augmented kil sot
represanted by ./sbel..appears in.. the- labsl: fleld .of . o stetement
contained in the set of IL statement sequences sequence. This
function determinss whether a celi(s) hae:heen; modified in an IL
statement sequense, Tha .lshel funstion.. is fepresgatative of
functions that seazch. il .statement sequencas for simple:properties;
other functions that test for propertias in avory nquoncc nnd snrch
other statement fisids ohqiktm Included.:

udd[numbor.mmwl ,

subtract{number.aumber]

multiply{ number,number}

divide{ number,number]
the  standarg: arithmetic functions returning: the appropriate numeric
" literal. In order to avoid representation problems; & mcblon bmit
may be set by the lmphmntatlon

powerof._two[numbor]
evaluates to "true® If the argument is a numorlc MReral which Is n
~_power  of  twn,. "falss” - otherwiss. This function :ls ueetul for
determining when to changs multipiications and divisions into shifts.
This example repraasnts the tip of the:ioshigg. whien it comes to
useful arithmstic functions — a reasonable subast might be to Include
only . operations - on. binary. representstions -{binesy :log, ~logical and
arithmetic shifts, etc.).

Choices of the domain (arguments for which thcfunctlon will not abort) for the
predicates described above have been made arbitrarily. All that really matters is

that the cholces ‘are conalstent with the use 6f the functions in'the transformation

catalogue.
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- §3.3 rmmm ﬂmm

A tnmﬂwmﬂen s made un of three ommnu a pqttom. a replacamnt.
m.mam mm(m&mm)mmmm
(a set of prodicates) establish the context of the Wansformation by dentitying
those IL mgm mwuenm.&i —— mm A comtiguous
group of statements within the pattemn s designated as the target - these
statoments must ho ocontiguous nthoy will be repiaced h their. f“?"‘ﬁ' hy the
new IL program fragment ooastricted from the: repls nent ofice the context has
been verified".

mmaommnMW¢muanunmgpmd

(1) ot mmau of the puttern must mm ' O

(Z)uchofmoommmmnm nmm:m
(see §3.2.2), the application of the transformation falls. Note that
mmmﬂymmmmnmmm»m,«m;
argument; thees wild cards will be raplaped by the R bspdant(s)
moymtmm(nmonwmmmmm ‘

(a)mwmn-mmmmumm
matched iL pragram-fragment. |

(4) the replacement must be succeasfully constructed —~ oach In-une
built-in functbn asll must be evaluated mm mm

it all these mh sre met, the newly mm rj“
the target, m-pbuna ﬂu appliaation of tha mmm
mmmmmmwcummwnmo

detall; sa 3. 2 outunu how the roplacuont is comtmctod

¢ ls mhtﬁtutod for

t Statement sequences matched by $* wild gerds. cannet, ip .geparal, be used in a
target since they do not M contain lexically adjsaent statements. For
simllar reasons, $* wild eudl are seidom used in the specification of a
replacement. _
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§3.3.1 The syntax of a transformation
A transformation has the following form:

—

... conditions go hers ...

mmmmm&ﬂtmmm“waumpau-m;
mmmm&hmmwﬁumm progumfngmnt), and

the final section containe a set of conditions'(if no corditions ‘are needed, the final
seotion my be omitted). Tmot mm-mm the patt-m are indicated by a

doubhv.ﬂlodblrto‘lhdrhft. Fw.im

LRI IR

Ll.abcl ggornor — Op.nndc
jabel ?M1
jabel 7dest2 iocation=?

label ?M
l”"‘._‘. - T ’ ) RPN %

In this traneformation the-frst thres Statemehts Of tNG Bitters ai"the target and-
will be replacead by Wé. siagle statement ieplacement whon the “tansformation' s
intervening statements) will be dnchanecd. The intent of the transformation is to

use the short address fgrm for the ed by the first

three statments it mmm _ wey-
255 bytes). Tm ummmﬂ uly khm m m‘ . another
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" transformation would be needed to accommodate Jumps In the ‘othavr direction.
Other points to note: tha use of duplicate wild: ous to spaify that the same IL
component must appeer in more than one plece; the first end iast statement of the

_matched fragment must have looation stiributes. '

mmoxmmwammnmm fragment
mtbomm«bymmmwmm m::onm\tsofthe
attribute fleld are sxempt from this. condition ~ sAtutes in the I fragment that
sre not named in the pettern da not enter Inko the.matehing racess. The use of a
7" wild cerd to cspture the unspecified attrihutes for. inter .repik

_replacement is not necessary as thers ars special ruiss. cenceming. them in

~construction . of the repiacement (msa.a.z;, . Thus, attributes are latgely
transparent to a transformation; the m they contein is sutomstiosily copled
tothoupdatodmmmm mm.uybawtomy
statement or. Mby m the mm hm rophchmnt
mmummammmummmMﬁm-w

ﬂmhtm

wmm.mvm“mmm:mmmm 'bcq'mumont.
A new m m; m w be indloatec ‘nm‘by including
.n “‘“ T o

of un <mm) n the attribute
fleld of the appropriste statement in.the replacement:. For Sxample, the follewing
transformation replaces the addition of two Convtunts:with a “store sparation, -

The ruunmm«um-ddmmwm'q@-mmpwmm
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automatically surrounded by quotes (to indicate that the new operand is a literal).
The number built-in function returns “true™ it its: argument is a :numeric literel; the
condition could be onmod .mlroly es sdd M nmw are not numeric
literals, causing the. trmcfonu;lon to fall. Nat. that tbn mlns mentioned in the
previous paragraph will ensure that any attributes

d for 7dest in the original
statement will be added to tho attribute fleid for the store atatmnt Finally, it is
worth pointing out that ?ppi lnd 7092 do not M to bglltorm in the original
program — 7o0p1 and 70p2 n“d only bo um to bo rndvad to litoruls when tha
transfomatlon Is applhd For oxnmplo. tho mt-nom "add (X) <Y)“ would mntch
the pattorn If <X> and (Y) were both known to Mvo. eonatlnt valm Thoso
vnlues would have boon ostabllshed ln ~prcvlom ltltmnts by lncludlng‘

assignments to <X> and <Y) in tho nttrlbutc ﬂolda of thou ntatonen\s

§3.8.2 Comstructing the repincement

Two. capabliiities .;an provided by the replacement that Have not been
discussed previously: the gensration of fmew :symbols:undsed: sleswhere in the
program and the automatic handiing of attributes.” Tha  shiity %0 genérats an

unused symbol lo meomry when the w-mfonnthn expands & single mtom-nt

lntoanﬂnofmw umwm‘wtnmmnmu
need to be WM that are not used cw. In the program. Automatic
namdnmmm-mwmmlm;t-mummmmwm
directly concomad and wwm that no attribuu lnm.ﬂon wil bo btt through
an ovorslght In oompoalng the tranafomnﬂon '

When expanding the spacification of the replacement to arrive at the new
program fraghent ali wild cards must be eMminated. if the wild card has the same
form and"na"m‘ as che which appeared In the pattem, the I’ component matched by
thet wild card serves as its value In the ‘replacement. For instance, applying the
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iast transformation in the previous section to

would resutt in thoroﬂmt

LM Operator Opomml q
KT [otthe  *04* 1w

Ifa?wﬂdccrdlnMrmmmmmmomammmq

pattern (l.e., its name is M from any usod ln tho p&tbm), n new Ivcluo

created to be used as its vcluo Th. new lvaluc ls mnrmt.od to bo dm.ront from
any used in the remainder of tho iL program. Noto mt tho dodanar muot lncludo
anyattﬂabututoboulodtt.dmmmlvlm“pmofthchamfomation
it there are no wild cards In the pattern that-cosrespond:to $, 7% and $* wild

cerds in the repiacement, the transformation is- llegal and will never be applied.

concemned with the sxpansion of the subscript opérator:

Iplr_| subacript  Tawa). Zindex | 7ptucleseviemporery

1 | 7t1:classstemporary

"2 oubtnct (7t1> 7array:iower_bound | 7t2:classvtemporary

78 | muitiply {7t2> <?array>.™:slze 7t3:clasextemporary

ptr | add <7t3> Tarray KTptrdditype=<7aray.*:type

The convert operator in the first line of the repiscement will coerce the value of
the index to type “integer" (aee §3.4 for a sample definition of convert). 7t1, 7t2,

and 73 are all new celis which wil be named when this transformation i applied; .

?ptr, 7array, and 7index will be taken from the subscript statement matched by the

pattern. Note that pertinent attributes for the new celis have been defined in the
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transformation. The attribute defined In the last line of the replacement Indicates
mattmwofmenmmmwmnmmummofm
.Iomnthtm.rmybolngummdptod | o |

The followlng rules are used in utchﬂahlng an for m-m-nts in the
rophcomcnt

1va-mmmnmmmmuww
m.mmmmmmmwww »
metainterpreter when it appiles the transformiitifn. *Wikbew .
the statement chosen In the replacement fiell- Wil have W same
lsbel as the defining statemant in the target iihis doed Nt make

~ any differsnce as far as defining the attributf'ih ciwdetheid;, but -
improves the documentation velue of the defiiiin. It thée'sre nd
mtmmhﬂnrwhcmnt(ﬂnww&momtﬂy

. eliminated), some other gtatement in the progan. \a ¢
~to receive the ‘ ’

- & St
dﬂhltion (l.o t\m or_mpre da tions of the seme

. : u ‘are never eoéhd to the rophcmnt ‘only cell
nttﬂbututuupdntod y € it o

Rule 2 ensures that once, dcﬁncd qmlputu s he mg on_to. maintain . their

L

original vaiue (l.e., Qttﬂbutgdp

§3.4 Example transformations
The first example is a transformation’ which prindu the coercion operator

“section. The converti '

operator coerces its argument to have the type of destination cel; lt ass that

types are oona‘tralnod* t b. ohe of "fhtéggr" ‘m' TS

¥

Chapter Three - Example transformations ; 61.




reduced.

The foliowing series of tzm m m ‘Q! RAnaion
operator. Uniike the tramsformation above, these expansions must be done In
separate transformations. because of the use of the ALIAS operator]. The first

transformation handies the case whers the store operstion can be eliminated
m«wyucmcmmmnanmymmmmvmo

t TM&MWW,MMPWMMde
the flow of control; branches camnot prevent "exscution® of the slias operation.
Thus, mmmmmmmwmmumd

st abpa s oo
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St o A e L= T3
SN gfé‘:."‘,,jg‘fg,_f7:~<m¢;;gs,

being stored is aiready contained In an accessible cell. in this case, all that needs
to be done Is allas the temporary to the cell alr-ady oonfainkm the value

(effactively renaming all occurrences of the temporary to use the cell name).

The next two trmmﬂmn transiate the store Instryction to thq -appropriate
machlm lmtmctlon, M on the type of the desting

A

These two tumfonutlom ovorhp tho M m frlmnﬁ mtchpd by the

first Wﬂeﬂ‘ﬂ Mb!mfc‘htd Bym‘ ofﬁ'mothtr twotmafmutlons
It Is up to the metainterprater to deckie which of the applicable transformations to
apply; presumably the first transformation will. ba used.whepsver. passible ;,,hmtm
of th-rndu«d cost of. the resulting. code.. The Sieal. ransformation accommodates
store statements m- source and destination have diffarent types.
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«bmnuuuhﬂiiniﬂlnnﬁuMnﬂh;ﬂﬁdmmwuumua

hvun”‘“*ﬂﬂ*‘ﬁ“*?ﬁﬂﬁ‘“@fﬁf!ﬁ;g
10 be transieted, for examgie:

I

ORdw» o0 & »

e
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addition and aulanmcnb the order of expression evaluation is constrained to be
left-toright (no reordering s allowed); all duantiles are 16:°bit two's complement
Integers (the same for both the source and machine language). In ‘examining the
assembly language m s m.ntthlt mm have been used
in the transiation: r5 48 uud n thn MMW vpht.f hxtomul variables
are referenced by name, Iéeal (automatio) W “for ‘Blacks-is lltocated from the
stack .and referenced using. the loal steck frame;-painter, and. 80 on. These
conventions are . asteblished originally. by -the- designer end - implemented by
transformations In o stralghtiorward fashion. . |

Although it.is possible 1o interpretively apely the Wensformations and: derive
a tranglation, . the  reader -should be reminded thet: the. main. goal -of . the
transtormations la. o be deseriptive. Many of the transfarmations. below employ
atiributes .and. conditions. that repcesent. a.sasscnshin: deoripiicn of:the information.
and. ponstraints. lavaived in s transfosmetion ~ Neee-tranatormations are not the
most. elagant expression of. the Recessary -ayRtactis:transigemation. in the final
analysis, & transformation should be judged on the information it cenveye. snd: ot
Mcmnmm-mwummw ‘

The approach adoptod for thd‘ drunnlutbn of tm ﬂwm!ormtlom ls as

 f0r & stack

follows: the Initial IL progrem h frst sranslated into ‘Wetructi
architecture, then. the W m h trm lﬂto targ-t mchlne
Inatructlom Optimizations Mlpr.mfm “'-Wt. prognm -~ umph
high-ievel optimizations sre. described In (4.3, mwm in S41. and
peephole machine upmm lu sil.a. '_‘ ’

The first gmuv of tuntformatm dm tho proeeaa of storage
‘for ‘sach automatic varisble deciered

aliocation. An “offset* ‘ittribute Is Introddoed
In the block, giving the varidbie’s offéet from the base of the local stack frame; the
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highest offsst sssigned is used in caiculating the storage to be allocatad for the
 block when it is entered.

MWVMMWMhWﬁWM
Mammarmmmwumﬁwﬁmiwm
mm.mmmmmmmwmm mmmm
the Mm nitinkzes “MMWW '—"tﬁm vaiue
mmmwummwmm mmmu
Jon a8 & eperater in
mmwmmmwm wmmu
mmmwmmmwmm
mammwmmmumwwamn

ignored by essembier and will be Geed n the

uroudgnodoh.u.ummdeiﬁhammm In the frst

transformation. offsets are propanated with the ald of a commant statemant that

as. _ o Chapter Four — Example: a min-transiator



Labe! | Operator Operands Attributes

A assign it Bl

. o m‘m <C>:slze=2
B assign nau

T1 | plus <A><B> m :typo-Mpoury KT1)>:typesinteger
T2 | pius <T1> "0" | T2: W <Tz>=tyﬁdtlntow 1
(o assign T2> : ~
exit PROG:storage
comment Pﬂoci;:torqg-ld

Figure 4.1: ‘Sample program after’ d-ehmuon m'omaﬂons |

glvu the current offset. Thc t‘stat wild _ oard wla match -only. statement
mmntdonotoonum:ﬁ'mot‘maoﬁﬂﬁona'dwwubn'
operator in any-statement {this m’h enlited "l!"?ﬁl’. eonm).‘ Note that
uttrlbutu defined for the declared variabies will be wtpnaﬂuly oaplod over to

’)» ;)f‘“

some replacement statement (in these cases, thera is only one).

L s - 'F‘j-:-::‘;

ot cperator]*Gaslaration ation® $*stat]] |

This trmfomatlon hnndlos blook oxlt after all doolum Mvo been processed,
deallocaﬂng ltouqo for the blogk | MM m W m«. size attribute
(?name:storage) for use during biook mtfy TM oandmon ls similar to that for
automatic varlable declarations. Figure 4.1 shows the IL program after these
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“§;§§i§§i§§§§ i“z i?li%

mmmmmw-m adgn tamck’

generated.
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{ Label | Operator Opmna Attributes

m ‘l\'lp‘l
push ?opz
pop ' (?dnt)

The followlag two tnntfopnﬂom MWM on the stack
machine code gonontod oo far ﬁbth tnmfomom Impmvo on pop/push

Instruction pairs that have identical opm “the' t:t trlnrm.ﬂon eliminates
pairs whose lroumﬂlh ‘are t‘muht, the second. mﬂon converts pairs
whose arguments are varisbie to s oopy.- frenm m w m ‘stack. Since
temporaries were mtodby mm gnd: de- not (%ont user-visible
quantities, they ruy bﬁ mud W,, : ZAY0n
example IL pmgum qﬂu Mﬂm o MM

FI‘II(. 4.2 shows the

§4.2 Compling past the machine interface
“In this section, we dul wlth trnnylnting ctgok mﬂm programs to targct:

machine progrm The first set of trmfomntm are a vtnnohﬂon
of-pwr' 'pop'-oupy- m-awmmp%’ wjnatrugtions mmmbytu
and numbcr of stougp ancaa remlnd f&r u& 'ﬁéhlno ﬁwtrucuon are

i ln&clton by th‘ "alzg' and .,.f.. ." butd R I
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initial values for the 'm- and “refs” stiributes do not t-kqapsrm into account
- the operand's mmm wil be included when they are transiated to legel
The next group of transformations transiatss individual operands into the

o 28 SO

pointer and that sxtemal operands are addressed by name.

Label | Operator _
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SR ST TR AT T TR S BSOS ST T TR AT A sl S g T

R A T

| Label | Operator Operands Attributes

Frator  7"before <7rand> 7"after | slze=?size refss7refs

Trator ©  7*before 7rand 7*after size=add| 7size,"2"]
- afe fa NN

?*before and ?"nft-rm -Muouc wihd mm to mct any component in
the operand fisid thuthuth. correct form (epi jod by thcronalulng component
in the pattern’s op-rmd Md). ‘Note that, the’ Mﬂm vl' *size* and “refs"
attributes in the patterns. mca that thq w only be applied to
machine lmtructlons Figwe 4.3 shows the. IL am cftor qpplloutbn of these
transformations (MWM\N been eliminated 'i'orbnvlty)

The MWMW iowvoives a push aoto the stack (a
“mov” instruction wlth a mend w ef "-(.p)") M by mMuctlon that
popo tho stlck to m m m opornnd (m Muctbn wl'!h a ﬂnt lrgumcnt of
“(sp)+"). Since an "ndd" Vcan tuko the same soutov onnnda ns a “mov"

instruction, the puihhup mou can be row to a "‘U' Instruction:

Label | Operator __ Opavande T auributes
I;IQ\I ?m -(op) m’:m) nmwn

Top

Figure 4.4 shows the effect of this single opthluﬂon
Many other machine level optimizations m possible at this point; several
optimizing transformations are Hsted below. These include removing superfluous

2eroes in index expressions, eiiminating additions with a 2zero opoian’d, and
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| Label

Figure 4.5 shows the I progrim aftér appiloation of
comment and attrlbutn Mvo bm mm
Obvioualy,‘lddltioml tr matio _‘

the trmmlon can be W wt mm ot

§4.3 |nm-cangwmaunmt-mm

mummmmmmmmmmmmummwtm'
llnputpmgrmtonwgntmchlmpmorumm‘mmntoﬂnsmnﬂcaof
the initial IL program. Forthomtmmmm’onlytom”v
mhtrmm.ﬂomtonpp!y ﬂﬂatukwund.f:a;;mhfm lnllnoct
every cuo, K the tramhmaﬂm‘s pathm md m won mot.‘ it waa‘
appropﬂaumlpplyﬂntrlﬂmm mmmmmcuwm
umomommmmmm«mmmwmmmofm{
mutlngtrmhﬂon o

The fest example axplolts the metainterpreters wmy to porform comln'_

o adE Al

comput-tiom atoonplloth- cmmmammummrmm_
to the catalogue:




mmmmmmmmm;ﬂnamby
ud‘n MWMM. mmmm-wmmsa.zz thcf
mmmwmmnmxwmmmm By
cxmmmm»wwemmmm%
mmmummﬁmm(mm
&“Mmdltmh&t). mMMﬂMmm
mn-mmwmmmwmv

| mmmmmmmprwmmmm
MMMMNMMM

W=1* w2 (TH(CIeg",

As a resuk of this new information, the initial program can be modified as shown In
Figure 4.0 (update of Figure 4.2). By.adding & iransfarmation to slininete: sssigne
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Label | Operator Operands Attributes
enter PROG:storage
comment offset=0
comment A:typesautomatic A:offset=0
<A):typesinteger {A>:sizes2
offset=2
global B . B:typesexternal
: <B>:size=2
comment c-typcmﬁo C:offset=2
<C>:typeminteger <{C):sizes2
offset=4
A assign uqn
B .| assign ner .
T assign < i typoatﬂmporary {T1): typo-lntager
T2 | assign "ge _ T2:typpstemporary. . <I22:typemintege

e pomen 8
exit  PROG:storage
comment Pnoa.awag-u

Flgure 4 5: Snmplo proarum aftor d.chntbn tunafomatlona

Label | Opsrator = Operends . ° | Mtribytes -
mov sp 5 sizew2 refs=1
giobal B - _

mov #1 (6) - | slie=d refe=d
mov #2 B sizen8 refs=4
add PROG:storage sp | sizes4 refss2

Figure 4.7: Sample program after optimizations of $4.3
to aubuqucnﬂy unuud temporaries, the tnmforlum of §4.2 cm produce a
program identical to the uumbly |an9u-go pfooum olvon ln §4. 1 (su Flcure 4. 7)

¥y <

i
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opthlz-dco:h Ammm WMmunw

e e e

u.mmamimmmonuffgﬁmmt
‘ummsmmwmu mm&dmhm
Mhmdhmmwmmmm

GBY e S s w vk EpEEg

mmuwmmﬁhmum

mzmanMMan
mmmammdmmmmmmm

m.mwgw?mwm n—mg:-m
m«nmﬂwammmhmhmwnhboi
.Mmunmm{mwamml
operation performed by each stetement. information about the flow of control and
mmctotomm-atmmmo(mmum‘mm
from the label flsid of that statement. in addition, attributes provids a general
mechaniem for acoumulating decierative information sbout each varisble end
statement. Attributes can be used to supply a symbol teble facility for variables

Ly S ot
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aliows It to be referenced by the transformations, permitting the translation of
statements to be tallored in response to.spaciel:preperties of the operands or
opportunities presented by the eontet.

in  Chapter 3, the _transformetion. catalogus  is -@scyssad and the
metalanguage in which the individual trahsforeations are:-wiitten je:prasented. The

metalanguage provides m ahility 10 desgiibe .classes .of il program fragments,
isaving statements and WWM&.W of wild ‘cards.

Each transformation oontaing two ML progrem, feagments (tampiates): @ pattem that,
along with a set of conditians, spacifies- the. IL:..progeam. fragments 0. which the
transformation can be applied, and a replacement that telis how to construct en.
updated IL program, Bulitin . functions. .that -allow .access b some of the
metainterprater’s knowisdga. - about IL _programs:.end.: petform . some. simple
spacify. contextual constraints that are not-eelated. to ihe symactic form-of the
matched. fragment. The wide range of informetion: avelieble: to & transformation
enables the semantics etoodamﬁm to be: fnxﬁprmodf a8 steprby-step
syntactic transformations of the intermediate language pmgram.

, Qha?to,r 4 pmom a set of example: traneformations &s:a specification for
suggested in 51.3.1, the transformations . are -orgenized about the: use of cn
abstract machine (In this case, with a atack arthoctun) Tho Initial tnntlntlon to

B

stack machlno Instructlons dlows aovonl opﬂnlzationa tn bo accompllohod that
would have otherwlso been dlﬂlcult (a g o tho renoval of umecmary temporarles
Inserted by the first phue of tho compillr) Swonl trmfmtlon: that nuow theu

metalntorpretsr to lnfor tha run tlno valuca of tho vwlnhlu md cub-.quently
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optimize the resulling un are Weiuded W e ‘cetaluguy; perforning severs!
operstions at compiie thme thet hed Previssety pstarel - ‘Wie Wl sssenbly
pregram. - Mmmmwmw%w of
mmmnﬂ umw?ﬂmwm & briet

Wwﬂwmwwﬁhmhwm“m
”“"'“M*WM WW% Wm
dwring: “M mmuw &u‘gw," ;
“““Wﬂmmmmwm,w~
heuristios exieted mewmww v

Mmmdhw
| medmmmwmm

S AN G et

mmmmmummmm«mmv
language m uvpt m Mll- m mm tm The

Tl

mammﬂummmm“m




¢ transiation of attribute references to their corresponding values
wherever possible. If any unresolved attribute references remain

after compistion .of the tras he:
should abort, Mccﬂmanlnoombtontll.mm

ocvduaﬂonofbu!lt-hfuncthm Ifnfmﬂonmﬂcatbnmm(e.g,
boamdm-hml.ithmwmmwmm-
transiation.

© propagation of rvalue information. lnm&nﬁﬂ!d&umm

_ analygis, It Is . &mmmmmm
' rcpmenthgtiukmnvdmofﬂnm

@ application of a ‘chosen tranafwnaﬂm. lntomttlon obtllnod durlng
the match of the. pattem. ls: inos - he replesement
cmdﬂoaﬂm(cbngwimmym.dwﬁddwcmtoa

- __replacement for. the .target. 4 pasiein the :pattesn. - During the: -~
' ‘construction of mcnphmmt,myefmmwokkmm

functions can be, P nd. then end. there, eliminaling the nead for -
oxtnpmuwthollpmgum

Two other ‘tasks fall in this area: checldng for tomlmﬁon oondiﬂom and chooclna
which transformation fo apply next. |
'§1.3.2 outiines how to tel when the tumhtlon s oonpht-. a measure of
the programs opﬂmﬂtyuoomtod uolnoam@nthl;cm.lmolvlnntha”
values of attributes nuochtod wtth ovory mm-m) mlod by tho user - If thok
 caloulation aborts becsuse some statement dou aot have th. cppropﬂato;
attributes, the application of more tramformﬂom h cllhd for, If no morev
transformations are applenbh baoktnc!dng la cdhd for lf thc measure can beb
computed, it is used to remember the b-at tumlatlon found to date and tho.‘
metainterpreter backtucka to fhd othor trnmhtbnc ancktncklno lnvoivos
undoing the last sucosssful. trapst jon Mmlmm M mm-tlon
(repeating for another level h‘ all the appﬂcabh mm:m hcvc bm applied
at this level). Exmﬂv- mammm«wwmwm

e o

user supplies a "trlgg-r ‘value for the. amwmm m maure is

less than the trigger value h comkbrod mmum mmes
the final output. thnn thgwtrmfermﬂnm «mm M . wiy that the
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&;ﬂuw SRR AR R

moving on o m mn u- bape hat ¢

\dwvﬁﬁ‘ & "‘a:-'é‘.;i. [

Mmumamm‘ﬂm }:: >“ |
mnmmmmm W
Flow analysis Is m for many of ﬁo
mmummumig;ﬁ R T
replacing the manuel m “wonvestienaly ppbod » m

,m-x}n

mmm nhmthbnmmw;.,

et Sl I

Mwmmmmmmmmmm.w
mmmm m- 3;“ ﬂ "h?dibdw

uwmmmhmdmmww,_
mmmm{m} mmm

¥

Mmhmm&-&m ,\ .

© redundant -, apeosnion: alination. SIS ditdratidh: of the
redundancy of a statement can be sccomplished by 4 stre d
ieniosl Oompasiecn 'of SItENBNES AU 1D £ X o
mmumu-mm-ummmm
variables used in the .




possible when rvalue information is considered.
~ The required flow analysis could.be done assw- et the completion of every
transformation application but this would be incredibly ineficient ~:prohibitive: for
large progmu The bit mtomm .

updated as long as the Mylnnﬂuw me MM to Wdelete
more strilght-line code or loopa WMW @mm ooh}. Thus,

the more tine coneuming terative caloulation. remied. whee the flow greph s ot
known ll.dd onty bQ md!whan [ umMmmmm and
joins of the graph. A large pucentaga of Aransfonmat gm affect the graph
8 m b. .cmd by

itself — all of the transformation:
Incremental analysis. S
in.,th code motion out of..losps, elmination of iInduction
veriables, etc. (ses mna;w.wmmmmmwmm that
could be Koorporsted Jo. the  metal lmmmm-dfor
register allocation and optlmni ord.rlng of -mcnhn -x.eutbn. Mwlll also be
prime candidates for inchision, Our shopping Het. can-masily grow must faster then
our abliity to Implonenf the dgodtlm aftactively. within.the framework provided by
the metainterpreter. Fortunately, some traneformetiona-are much more important

code generator.

§6.3 Dlncﬂons for future rouareh \
Two pvenuoa of nuarch are natuml extonslom of the work report-d here

The examplu of cmt.n 3 and 4 lncueat- that nueh Iapfwament oould be mde B
to the usablility of the muhngunge Mmy opouﬂom mmnly porfoﬂnod duﬂnq ',
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program could lead to a very competent complier that is easily maintained and
mdiﬂodtopmducooodofwdiﬂuonthrmtmeﬁnu.
MMMMWHWMWWM& One
oftlwmtlntonctlnuhmopmpoctofcruﬂmn “complied” eod-gomrator
W Such mﬂlﬂon would require
OX&MMMMMWWWMWMWWMQM
the metacompiier Woikd have t0 "undaratend” the efiectof such tranefermation in a

pald

damental way .than le. m .from:- o, loteeprative -approach.
cwmmmmmmumahhﬁm;mmmmm
mammma:&zwmmm-vutmmbntmm
porfomanco of tho aode .generator.. Tm m&m m wll almost
cemwybommnryﬂﬂhpmmcomwmmdlmmmch
that of oomomioml 8d hoc code gomrlm
mmmhmmmmmummmmmc
proonnmthuls quapocumtlaa WMmmmaanyof
the same characteristica as descriptions used in M oynthuls ayttm [Groen]_
a pattern-based tunaformtlon system l; m n« ﬂn WM*W both
systems. This commonality m to Allow mnyit Mm toolmmu to be
used in the analysis of tm mclﬂcatlon Thb m of nsmch h stl!l vlroln’

tmym tmsmmofmmd mmwmgmf

based on an analysis of the

ERNER S
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