


.. 

o 

._ c,. 

() 

~ 

\ 

r 

.-..Ji.-

~ __ ~ ______________ ~ ________ ~ ____ N'~ 

• , . . 

Abstract 

" rhere bas been extènsive' researcK into the automatic . . 
,tqenera tion of co- pilers. This 

! 

resea~ch has largely autoaated , 

:'~ the generation of the analysis phase. l.es's' }?rogress has been ~ 
1 .-. made, hovever, OD the 1e5S formaI cod~-generaticn phase. This 

-/ thesis presents a table driven'" approacb to the autolla'tic 

qendtaiion of code. ln automatic method for selecting and 

joining code te.plates 50 as to produce near-oltimal code has 

~been developed. . The basic approach is -quite independent of 

, 

the target machine a rchi tect ure. ",Betargeting '~he code 

qenerator for a nev machine requires little more than 

providinq nev tables for the algorithme This aFproach is very 

practical a.s a co.plete code 'generator fo'r the Iascal language 

has been i.pIe8lented and· i5 cnrrent1y use'd for the IBli 370. '1'0 . . 
deaoDstrate 

. 
the applicability of our lIethod to differ~nt 

\ 

machines, additiona~ ~mplellentations for the J:DP-11 and -the 
. 

V1%-11 are aiso di5cussed. 
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Il ., a eu dlamples recherches sur la .. génération 
, . 

auto.atique des compilateurs. Cette rechercb~ a largement 

autoaatisé la gênêration de la phase analytigue. Moins de 

PFogr~s ont êtê 'faits cep~ndant,'sur la phase- moins formelle 
. 

de la gênêration de code. Cette thèse présente '.1ne approche· Ai· 

la gênération automatique de code, fonction!Lt 
;c 

~ 

à r'aide de 

tables. On a dê!eloppê une méthode automatique ,pour 
( 

sêlectionner et joindre des séquences de c.ode individuelle dei 

façon,A produire du code quasi optimal. L'apfrocbe de base 

~st tout a f~it indêpendante de l'architectur: de la machine ~ 

pour laquelle le c~de doit @tre généré. changer le gênêrateu~ 

de code de façon A prodqire du code pour Ulle nouvelle machine, . '. 
ne requiert que- le changement 4es tables· utilisées par 

l' algori th.e.'" Notre. a'pFroche est très Frati,que car un 

gênérateur de c04e pour l~ ·.lf~ruaqe Pascal a êtê iallantê et 
, 

es't présentement utilisé sur le tBrI 370. Eour démontrer 

l'adaptation de notre 'méthode Ad' autres machines, des . 
i.plantation~ additionnelles sont aussi présEntées pou~ le 

PDP~11 et le VAI;11. 
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Chapter 1 

" Intr.oduétioD and Previous Research 
, 

1.1 Overvièv of the Compilation Process .. 

a 
1 compUer is' a progra. that ~translates -.other ~ogra.s 

, . 
written in a high-lewel languagE into executatle code for a 

specifie targe~ machine' [1,2,3]: The translation process ls 

often perfor.ed as tvo separate major phases. 7he first phase 

15 that of translating the prograa written in a partiçu~ar 

hig~-lewel language into,an interaediate lanqu~ge. This phase 

~ further suJ;JU"ided iuto severai aodules eaeh pertorm,in9.8 .. 

s~cifie task. These . aodules inelude: Lexical lnalysis, 

~Jntax loa11s15, semantie 10alysis abd optionalll aD 

Optiaization .odule. A scheaatic diagra. of tbis phase of a 

compiler cau be found in l~gure 1.1~. rhe second phase, which 
• 

i8 ca11ed code gen$ration, the·n con"erts the interaediate 

language generated by the flrst pba~e iato machine code for a 

specifie target co.puter. This phase inclades operations sach 
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i 

as Code Te.plate selection, Begister Allocation, Code Ellissi~n 

~nd probably Peephole opt.iaization [4,5]. Figure 1.1b gives a 

sche.atic viev of the code generation phase of a compiler. . 

Source Prograll 

~ 

Translation 

,11 

Interaediate Language" 

a) ~ranslation Phase 

InterlIIediate Language . 
. ~', c/ 

') Code Gen~ration 

Peephole ~ 
Optiai2ation 

Object Code 
• 

b) Code Genera~Jon Phase 

l'iqare 1.1. Loqical Coapilation Phases and their Ha.es. 
, \ 
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1.2 Previotls Besearch 

"ost research do ne on cOlllpilers in the past has, been 

conC'entrated on the translation phase and tbis process is Q,OV, 

vell tl'nderstood. Severa 1 t-001s exi'st .to make the process of 
1 . 

vriting these translation modules more autollatic. It is a1so 
, , 

possible ~ for 'the first ph~se of a compiler to be larg~ly 

. . 
machine independent. The translation. phase of such a co.piler 

needs little or no cha nge vhen -the cOllpi 1er i s" rètargeted to a 

~ifferent machine. This is acbieved primarily by using a 

.achine-~ndependen t interllediate language. 1 t is only in th~ 

last fel years, hovever~ that !illich researcb bas been p'erforlled ' 

on code generation itself, and i t ls not yet clear vhich is 

tbe best approach ta the problem .. 

1.2 .. 1 Theoretical Code Generation 

Past research in code generation cao bE divided into 

three aain ---- Ij ca tegqries. There vas research tbat dealt vith 

code qeneration frOIl· a theoretical vievpoint [6,7,8] and vas 
1 

aainly orientéd tovards the optiaality of thE code generated. 
/ 

DsuaIly, only ):lypothetical, vell-behaved, instruction sets 

vere consideied (i.e. in~truction sets vhere a11 registers are 

equivalent, vhere aIl addressing .odes can he used vith ever, 

instruction and where tbere are no speciali'ZEd instructions 

that correspond to exceptional casés of otber instructions). 

The .etbods developed by these people did not, in sost cases, , 

1 , 
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< 

t.ake into account 'the problells involved -"*i th retargeting the 

code g-enera tor~. 

'" 

1.2.2 _,Procedural Cod..e· Generation 

The other tvo categories of research vere lIore practical 
o 

approaches to c~de qeneration and dealt vith existing compllter 
• 

archi t~~ures. 

of providing 

The second class 

information about 

of research i Dvolved aethods 

a target co.pllter· in a 

procedural vay using special purpose code generation languaq,es 

and in terpre'ters. This approach' vas taken hy Bl:,;on~ and Bake 
~ " 

[9] vho deve10ped a high-level defi.nition language vhich vas 

used to define .acros for each possible Dode that could tppear 

in the syntax tree, pro guced hI the· parser, rEpresenting the' 

cOllpiled progra... (EaCh ·of these macros inc~luder4",Qall the ~9'~ 
'\ 

that vas needed for optimization, error .detection and code 
, 

gene~a tion. ln interpre ter vould then bE used 'to elfEcûte the 
, " 

lIacros as the .corresponding Dodes occurred in the prograll 

tree. The gen,erated code vas optillize~, as ea.ch special case 

in the language" could he separately handled'" in these macros. 

The quality of the code, hovever, vas obtainEd at tb~ Expense 

o.f transportability siuce each .acro had nov bEcome .uch aore 

aacbine dependent. This aetbod a1so bas the ai Èadvant:age that· 
......... 

aIl these code generation .ac~s lIust be v:l:itten by the 
, \ 

~ 1 

co.piler i.pIe.entor ...... ana e tbus stron depend G\D his abi1i ty . \ 
\ 

to design and debug thea. 

! 
1 . 
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1 siailar approach vas also taken by wij.cot {10 l. The 
-~ 

analysis phase of h is cos piler 

the prograa • 

first CODEt ~cted a 
li 

represen ta t ion 

transforaed, 

, instructions 

of 

,IOslog a transla tor, 

for .~ hypothetical 

This tree vas 

ioto sequence 

machine tased on 

'tree 

then 

of 

the 

operations ,of the sou;ce langua~e; 

ftachine.or SL!.", 

the machine vas called 

Source tan 9uage The choice of 

instruction s vas made 50 .. as to facili tate optimizatiOJl 

h'ility. The vay in vhich the pro gram tree vas 

translate into st! instructions vas \eterllille il by a lIapping 

vhich u1 tiaately transfor.ed each opera tor Dode of the tree 

into a sequence of SLII instructions. The nex t phase, ealled 

the coder, vonld then translate the SLII represEntatiC:lD of the 

·progra. into object code for a specifie machine. For eaeh SL!! 

instruction, the cOllpiler vriter provided a rcutine, vritten 

in a special coding language (slllilar to an asse.bler 

language, , specif1cally design4ld for a par ticular object 

aachine. To retarget the co.piler, this special co~ing 
. , , 

language vould have to be totally redesigned and then, using 

this Dev language, aIl the code generaticn rout.ines revritt.en. 
~ , 

The york i.Dyolyed 15 clearly no s.all tast and once again 

depends heâYilf on the iapleJientor's abil1ty to design and 

debng the code generation routines. 

The approach taten by Donegan ['11] vas' again very siailar 

in tha. t 1t used a code generation preprocessor language, CGPL. , . 

'rhe routines used to deter.ine vhich code seguences vere to be 

". 

1 

\ 

1 

1 



" . . .-"--- _. __ . --'1 
< ••• ------------------------------_._.------------------------------~--

c) 

1 
1 

.. 

-r 

XDtroductioD and Previous Researcb Page 6 1 

generated for tbe Dodes in the elpressid-n trees, vouid then he 

trans1ated, bJ the CGPL, ioto PL/1. As in t he case of if,llcol: 

[ 10 l, these routines had to he vritteu for each different 

operator that could appear in the ttees. but uulike. the 

special language he used f0E-this purp se, the CGPL IIsed hy 

Donegan vas a hiqh-level language vhieh madE the process of 

~ .riting these code generation routine~ much simpler. This 
" 

aethod ~ different fro. the others as the ,operand stocage 

location (regis ter, lIellory, . condition code) for a gi"en 

operator, deter.ioed the state in vhich the coder vas in. 

This feature made tlte code generation process a little aore 

l . autolla tic. The quality àf the code generéloted vas siailar to 

that of the code produced bl' Vilcox's aetbod. One of the 

Ilajor probleEs vith Donegan· s œethod as vell as li! th the 

others, is that operators vere translated iodividua1ly after 

aIl operands had beeo evaluated and without regard to the 

requirellents of subsequent operators. 

While code generation languages are great iaprovemeat;s 

over the aetbod of veiting a code generator in a norEal high 
. 

levei langua.ge, theJ still leave us vith seYEral Eroble.s, 

pa.rticularlr llhen retacgeting the code generator is a aajor 
1 ~ • 

concern. In addition, these 1anquages stUl leave aost of the 

10v level decisions up to the i IIple.en tore Certain 

iaproye.ents o'ee these aethods vould be des~rable. Fiest of 

aIl, 'retargetinCj t;he code qenerator should he simplee, t;hus 
, 

reduciDg the aaount of York tha t aust te done bJ the .. 

.. 

1 :. 
r' 
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1 
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lapIe.entor and at the saae the prol:ab1y incteasing the 

n reliabi1itYI and quali t.J of' the code generator. In a sense, 

the code 

Ideally, one 

aaehine, and have a 

s)oUl..d tie aade lIere autoJlatic. 

peeify the charactEristics of the 

vhich autc.at.ically ~roduces a code 

generator tailored to the specifie .acbine. In addition, it 

'" i8 illportant to lIaintal0 a high stan'dard in the quality of the 

qene,rated code. 

1.2.3 Code -Generation by Semant le Descriptioll 

The third class of research, vas an atte.pt to provide the 

target aachine inf4iOD in a tab1e for .. t, data' base or' 

other descriptive fon. This information vas. &nalyzed, 

possibly transforaed and theJ used in the code generation 

pracess. The aetbod presented here vould fit into this last 
~ 

category. 50ae of the_ first work done in tbis a[ea vas ~y 

!i~ler [ 12 l. Bis approach, consisted in converting the prograa 

to be coapiled t-nto a seguence of aachine independent macros.· .. . ' 

Re then would proYide a description of the tarqet aachine in 

vhich a11 operators tbat appeared in the 

associated vith,. seqUe~~f iDstrucl:ions to 

aaçros vere 

operator OD the target (.:::hine. lQto"attc conversion froa ODe 

storage type to another vas provided for c\~es vbere certain 

.acros conld onlJ be applied to operands of sIecific storage 

types. 1 aajor proble. vith Biller's vort is tbat .ally 

,siaplifring assulptions vere aade about tlle target aachine 

architectures. • 

1 

1 

1 
1 

1 
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lein9art~ s [13] aEproaeh vas quite 

' .. 

Page 8 

diffez;.ent" froll ... 
"111er's in that the cOlpiled' . progJ:ll. vas tuns1ated into a 

10v-1:e,e1 interaedlate language. This language vas close 
,/ 

enougÀ to tbe target .acbine language to tate code generation 

possible siaply br coaparing partial parse. ~rees vith the 

target tachine instructions, vhich vere also represented as 

parse trees in the inter.ediate langQa~E. Automatic 

conysrsions fro. storage to register and vice-versa vere 

proyiaed vben these actions vould allo. a lI_atch betveen part 

of 'the tree alld an instruction. One disadvant~ge vitb 

ieingart' s approach. is tha t the inter media te lang,uage is too 

heavilr dependent on the target machinels instruction set. 

Thus even. aachines vith sIa11 differences in instruction sets 

or addressing aode~ .ay require that the intermEaiate language 

be changed. Also the e:lI:ression trees must be optimized to 

ansure high quality code as vell as efficiency of the code 
. 

generatioD algorithl. Tbe Iain advantage is tbat his aethod 

of descrihing an instruction set is easier to use and less 

error "prone than ot,her aethods vhicb invol yed vriting code 

generation routines or tacros. 

, "Q 

Tbe vort done bl Heveoaer [14] inyolye4 a aacbine 

descriptiye language. BDL, vbich vas speëifical1r designed for 

the generatioll of lIachine code for a' given ~anguage. 

te.pla te~"lI:.rLJet=---p~r""o.lo.U<1!tced froa a aac'hine des;t~PtiOD iD 

Code 

!DL. 

Unlike Qtter approaches, ooe of Bevco.er's .ajor goals vas to. 
, ' 

produce hiqhly optiaized code. Bis code generator vas heavily 

.", 

1 

1 

1 
t 

1 
t 

l 

! • 
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, 
ioflu8nced hy previous vort· done on the fLISS compiler 

[15,16,. Bis code generator 
t 

funct.ioned in a siailar vay to 

leingart' s [ 13 l. It. searched for te.plat ES t that vould 

evalaate expression trees produced bJ a prevlous phase of the 
1 

co.pller. Soveyer, unllke weingart's .ethod vhich found anr 

possible code sequence for an expression tree, Nevcom~rs's ,. 
-

aetbod vould fhd the best code sequence (according to soae 

criteria sach as space, execution ti.e or so.e co.bination of 

bath) for the en tire tree. Needless to say, the quali tl of 

the generated code vas gaite superior ·to 'hat had been 

preYiousl, achieved using this type of code generator. On the 

other hand, a ~ot of extra vork vas dODe t~yïtg to optiaize 

the progra. before the actual code generatLpn phase. The aost 

iaportant problea vith levco.erls aetbod is ~rcbably that the ' 

search tec~nigue used to fiDd the optimal cOd~guence for aD 

e~ssion t.ree is very si.ple as it siaply eDu.erates aIl '-' , 
possible code sequences and then siaply piets the hest oDe." 

This approaeh is not as efficient as it should be. 
c .' 

This brlngs us 

esseDtial\y inwolved a 

ta the vort dODe bJ Fraser [11]. It 

systea cal1ed IGE' that. produced code 
l 

bJ aaalyzing a .achine descript.ion. ~e description vas 

proyided using a special purpose language .callEd 15P. It Dot 

only' described t.he instruction set but also aIl possible 

storage locations inc1uding .e.ory. registers, condition codes .. 
etc. Pirst of aIl, the co.piler transfdraed tbe progra. into . . 
an IDter.ediate language called XL. ~IGB' vonld then expand 

1 

l 
"1 

1 

. i 
1 
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. tbese IL instruction s usin g 

revriting the. iD teras of the 

aachine indepEndent· aacros, 

" YSP of th~ targe~ .achine. 
1 

Subseguently, USiD9 a specifie set of rules, it wonld 9generate 
/' 

the actual asse.bly code for the specifie target machine. 

Os1ng this systea, the generation of code for a different 
) 

'.achine you1d require that a description of the nev, _aebine be . 
given in teras' of the ISP and 

l 
possibly ~lEo require the 

addition of nev rules to the XGEI progra •• 

GlanYi1le's approach [18] vas siailar t~ t bat of. Weinga{:t 
. 

[13]. First a prograa vas translated into a very 10v-leve1 

machine independent interaediate code. Then a special par.*er 

d "' ~ d'" . j voul convert the ~nter.e 1ate code loto the target aachine's \ 

é'ode usinq standard ~La (1) 1 parse tables anè a sEries of 
, 

production ru1es that described the tarÇJet machine' s 

instruction set. This code generation aethod veald choose the .. 
best available aachine instructions .to. e~cute a 9i ven ) 

language instructions. Specialized sequence of interaed1ate 

.achine instructions vere used, vhenever possible. SeY'eral 

a1gorithas ver~ deye10ped for building the parsing tables, 

• detectinCj possible lfops and ',for gaaranteeiDg t~at correct 

, -------_ ... _-, 

1 llthough the SLB (1) .parsa tables are ~taDdard, the table 
construction algor1th. viII accept anf oontext free gram.ar, 
not necessarill ~na.biguous. ·zn the gEnEral 'case the 
lanCjuage accepted br the resulting parser is not gaaraDteed 
ta be the saae language defined bJ the gra •• ar.. If the 
gra •• ar satisfies certain sufficient con~itions, then the 
tables are built in such a vay tha t the language accepted by 
the 'parser is the sa.e as that de-fined bi the graa.ar. 

1 • 

1 
1 
1 
: 
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code 1Ioa14 be generated. Retargeting vas easily achieved hl 
" \, 

1 

chaDging the ,production Iules ta reflect the instruction set . . -

of the nev .. achine. Fr~:) this description the" 5tH (1) p~rse 
.tables are qenèrat'!d "vithoU"t anJ interven tiOD froa the 

i apleaentor. 

surely the 

ODe of the 

Of all the aethods discQssed sa far thls is 

.ost poverful and also the easiest 

nicest features of GlaDyille'~ .ethod 

1 

to retarget.' 

is that the ~\ 

, , , 
,1 

,1 

·1 , 

code generated 15 guaranteed ta he corœct as' long as the" t 
, 

aachine description accurately canveys the co.poter's 

architecture. 

, 
.. 

Cattell ( 19 l. ln bis 1I0rk OD a prod action quali ty 

co.piler, deyelope4 a aethod by vhich he vaula gEnerate a set 
1 

of tables froa a· aachine description and aD interJledii.ate 

14n90age cal1ect TCOL. ~hese tables contalnea a aapfing·froa 

) !'COt operators, ta aachine operators. Once tbese tables vere 

created, the code generator si.plf traversed the progra. tree. 

expressed in teras of the TCOL operators, coafaring parts, of 

it" against pa.tteras on the left hand si des of the productions 

in th. tab~~ 'hen a pattera Vas fa.Da ta .atek, the right 

hand' sicle of the production voulel specifJ the code to be 

.f 

-
generated as vell as s~cial "'co.pi~er actioDs (~uch as storage 

a1loca tion) and furt.her 8atches to be recursi ye1J perfor.ed. 

Cattell' s aethocl 15 a1so yerf aut08ated as ret,argeting si.pLy 

reqoires the ne •• achine description and the generatica of ne • 
. t1() , 

~. 

tables. 

t 

1 

1 
l ' 
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Code qeneration fro. a semantic aachine description ls a 

pro.ising area in co.piler research. 1:ts .aiD goal ls ta Cree , , 

the coapiler vriter froa ~a.ing to analyse nUlerous special 

cases vhen choosinC} code sequences and allovs the entire code 

generatio~ processto be Yieved ~ro. ai hiqher,"lore abstract, 

level. In ~hiS v f, aore of the \ iaplementor's tiaE can he 

SpeDt studyiag the proble. rather than searchiJlg for possible 

solutions., 'rhe fact that a \code geneIator caD. be 

automatically created provides the possibllitl of 1iriti~g a 

pract~ca/.., easily retargetable co.piler, that vill DO~ req_ire 

years Ji deve10pment ti.e. This is beeo.lng increaslngly 

important vith the growing nu.ber of co.puters that are 

"aY~i1~fle todaJ. 
,. 

;, 

. 
ls is apparent fro. the past research in tbis area. there 

" are t1l0 vaJs of generatinq code trOll the seaantic description 

of an instr/tion sef. One 'vay is to haye an interaediate 

language that is fair!y high-Ievel and to ottaln code 

sequences for each operator in this inter.edia te language la 
, 

"teras of the target _achine t s instrùction se"t. These code 

sequences are then eaitte4 for each correspondlng interaediate, 

"" 1allgu&qe opera tor that ls encountered. !he other vay, Is tG 

use a very 10v-1e.e1 inter.ediate language and the. to express 
~ 

the tarqet aachine' s instruction set i"a teras of thls 

iuterae4iate language. 1 process si.:llat t.o pattern aat.ching 

18 "tben use4 to .~p target ~chine instructions ooto\ the 

interaediate code. 

" 

! 

1 
\ 

! 

1 
... 1 
\; 
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1 
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Ji 
1.3 'his 'Iort 

,'lbe approach presented in this paper 18 si.llar ta the 

• for.er ODe iD that the interlediate language la Dot lav-level. 

This approach is vell suited for generating high qua11tr code, 

and at the sase ti.e, facIlita tes retargeting of the code 

generator. 10- auto.atle aetbaIJ for selecti~9 and joining code 

te.plates so as ta .produce near-opti.al code bas been 

deve1oped. The basic apEroach is quite independent of t.he 

target lachine architecture. Retargeting the ca.pilEr for a 

Dev saehine requires 1itt1e aore than providinq ne. tables for 

the algorith.. As vult [20 J points out, 'a code generator aust 

essentiallJ eDo.erate aIl 

pick the .ost sui ta ble. 

the plausible code sequences 

The .ethod presEnted here 

and 

ls 

certainlr eDu.era'ti ve, .ba~ several techniques haVé bean 

incorporated to keep the eDu.eration under control • 

• 

\ 

, " 

ç' 

1 
1 
i 

• 
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Chapter 2 

code Generation principles 

Inter.ediate code in a compiler can take manJ forms, such 

as triples, indireét triples, quadruples or code for a 

hypothetica~ stack machine [3]. Let us assuae that the 

inter.e~iate co4e has the fora of a generalized ezpre~sion 

tree. The Dodes of the tree correspond to oEeratiôns of a 

stack. cOllputer. As an o»gqing exa.ple, conE~ the Pascal 

state.~t: 

.u ( (1+20) <= (B*C) ) and ( FLAG .su: (D>O, ) then.92!.2 10 

vhich could be translated to the inter.ediate code shqvD in 

Figure 2.1. ~he operations that app~ar in thE tree are (or 

are si.ilar toI Pascal P-code instructioDs [21 l. 'l'he lIeaoil1gs 

of the p-oper~ttons lIsed in the figure are su •• arized in 

lppendix 1. P-code operations represent instructions for a 
-J' • 

hJPothetical steek aachine ca lIed the P-.achiae. .Eac~, 
1 

P-instructioD can he classified Into one of three groups. 

pirst tbere are instructions that do 

) 

_0 

Dot operate ,on aDJ data. 

\\ 
~ 

; 

I-

i ~ 
r 

1 

, 
J 
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" '. 
For exa.ple, LDC and LOD represent suc~ p-instIuctions. They , 

ar.8 .ain11 QsecJ in settin9 up data for subsequent , 

ins~ructians. Ihen executecJ in the p-aachine, they pUsh data 

anto the stack. If P-iastructions are stluctured inta an 
1 

expression tree, they r~presellt the leaf Dades. Then theré 

~re single operand instructions soch 'as NOT ancJ PJP. When 

executed, theJ take their ope-rand tro. the top of the stack.. 

In a tree representation, the opera'Dd correeponds ta the 

sub-tree ~of tbat Dode (F3P or HOT). Finally, tbere are 
. ' 

instructions. sach as 1 DI. EQU and OB that cperate on two 

operands located on top of the stack. In the' tree 

representatioD, they are the nodes vith tvo sul:-trees. Since 

other interaed\ate code foras are easily convertible to 

expression tree fora, there Is little or DO lcss of generallty 

in considerinq~expression trees. 

Pigure 2.1. Sa.ple Bxpression Tree for a Pascal Stateaeat. 

~ . ri."'· -' 

1 , 

1 
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Before consider~ 

iato .achine code~ it 

~ns1ation o~,the 

stio\ld be pointed 
~ 
.~chine-independent optiBizati~ns can he 

page 16 

intermediate code 

ou t tha t various 

applt1:d to the 

expression"\"trees. Some obvions optillliza tions, Euch as folding 

of constant expressions, should definitely be appliid because 

they also tend to reduce the complexity' of t~e sub~eguent code 

1 
! 
, 

} 

" , 
qeneration process. Some other optimizations, Euch as findiQ~ ______ ~1 

,.~ 

cOBmon subexpressions, make the code generation process Bore 

co.pler. (Comllon subexpression elimination lIay destroy the 

tree structure, transfor.ing it into a DAG.) It is also 

useful to break up certain p-instructions into othees' that 

already exist, but that are simpler or more general. In doing 

$&-,--- one -reduces the number of P-instructions that must he 

considered by the code generator, thus reducing its size and 
~ 

complexity. 

tfhen the intermedia te code is transla ted, the expression 

tree qets Bapped into a corresponding coaputation on the 

target co.pater. The mapping process to perfoe. this 

translation can be very coaplicated but, in its siBplest fora, 

each subexpression in the tree is transla ted in to code that 

viII generate ,the vaIne of that subexpression. !he place . \ 

vhere that value vi11 reside in the target cOBpoter dEpends on 

the possibili ties of fered by the lIachine a rc;hi tecture and on 

the selections .ade by the COd; gene'rator. l'or a , typical 

computer.. the choiees iJIUde: .e.ory, register, 

condition-code register (vhich often represénts a Boolean 

, , 

1 
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.... 

.~alQel. and progra.. counter (vhich can i.plicitly encode 

inforaation, as viII be seen la ter). Once these cboices are 

lIade, the code generatioD process la 9uite ,,~i9'htlf 

cODstrained,. 
-~ 

.. 

cc 

) .. 
, , cc r-

, ) 

ligure 2.2. Labelled Expression 'tree. 

Let us nov retura to the tree of Pigurè 2. 1.. 1 Flausible 

labellinC] for the' IBI! 360/370 series of coaFu ters that shovs 

vhere the values of subexpt:essions could reside, ls given in 

Figure 2.2. ('fhis i9 Dot an optiJl&.l labe11iDg_) Given this 
." 

particular labelling, the code generator i5 constralned to 

produce code alonl) the f olloviDC] lines: 

~ '/-' , 
'..-r 

" 

J 
t 

1 
1 

l 

l 
1 
~ 

. , 
1 

1 

1 

\ 

t 

! 
! 
1 
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Ll Rl,20 
A Dl',l 
L B2 .. S 
" 12 .. C 
CR RJ.-,R3 
Ll Bl, 1 
BLE .+6 
SB Il,Rl 
SB R2,R2 
.lC R2', PL.JG 
SB B3,13 
C B3,D 
LA R3,1 
BLT .•• 6 
SB 13,R3 
Oll 82, R3 
!fil Il .. 112 
BHZ LlO 

a 

(Iesult of LOC 1,20 p~ illto 9pr 1} 
(Result of ADl: put i Ilto gpr 1) 
(Besult of LOD I,B put into gpr ,2) 
(B esult . of 8PI crea ted in. gpr ;J) 
(Result of tEQ temporarily in the 
condition code, but is ccn verted 
to a 0 / 1 value in. ~pr 1 . J 

(Besult of LOD B,PLAG put into 9pr 2)" 

(Res ult of LDC 1,0 put i nto gpr 3) 1 

(Besalt of GBT temporarily in tbe 
condition-c9de, but is ccn vented 
to a 0 / 1 value in gpr, 3 ) 

(Besult of OB is 0/1 value in 9pr 2) 
(DesuIt of AND i5 io, 'condition code) 
(Èffect of NOT and FJP L 10 combinEd~) 

The code geoeration pro cess can thus be decoaFosed into tvo 
1 

main steps: 

1. Labe1 the expression tree vith storage claSSES to be 

used for holding values of the variotls subexpressions. 

The labelling should correspond to an efficient code 

pattern for the target computer. 

2. Traverse the tree, selecting code '.seguences (or "code 

teap.lates") that accept operands "an·d" , generatE r~sults 

in the specified storag~ classes. 

.. ~ --
In principle, code teapl.ates for evecy P-code operation using 

every aeaningfnl coabination of storage classes could be 

provided. Bovever, the sellantics of P-code an d the perllitted 

usage of soae aachine r~sources in the target co.puter aake 

many coabinations aeaningless. Such te.plates, therefore, are . 
n ot provided. Each template càn a cast. be associated vith , 

: 
\ 

1 
1. 
i 
1 
1 

: 
1 " 
1 .. ! 

, 1 
1 
l 
\ 
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,. 

fhis cast aiqht •. for exa.ple, be the estt.atEd execution tiae 

for the code segnence, o~ thè length of the coae segueDce, or 

Bo.e co.binatio. of the tvo. The cost of a non-existent 

te.plate i8 iaplicitly infinite. 

cc 

cc 

Figure 2.3. 1 Better Tree Labelling. 

" 
, Q 

ID theory, al1 aeaaiDqful labelliDqS of the expression 

lovest total 

enuaerated and then the labelling that has the 

cost se1ected. producing aachine code that 

conforas to this labelliDg vlll qi.~ us optiaal code for the 

'elltire expressipD tree. As an exa.ple.. conside~ the labelling 

for the tree of Fique 2.3. 'l'he tree ls the sa.e as the OD8" 

of Figure 2.2 but the labelliaq ls "fferent. Vith this 

1 

1 
1 

! 

1 

1 
t 

i 
1 
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labelling certain features of the lB" 360/310 instruction set 

(sach as the ase of éonditioD codes set by arithaetic 

instructions) are taken advantage of to producE the folloving 

code: 

LA 
A 
L 
li 
CB 
LA 
BLE 
SB 
S8 
IC 
L 
L'ra 

. BLE 
LA 
NB 
BNZ 

81,20 
81,A 
82.B 
R2,C 
R 1, Jll 
Bl,1 
*+6 
Bl,Rl 
82,R2 
R2,PL1G 
R3,D 
Bl,R3 
*+6 
82,1 
R 1 ,82 
LlO 

{Result of LDC 1,20 put into gpr 1} 
{8es~lt of ADI put illto 9pr l} 
(Res aIt of LOD I,B put luta gpr 2) 
{Result of "PI crea tEd in 9Pt 3} 
{Besult of LEQ temporaril} in the 
condition code, but 15 converted 
to a 0 / 1 value in gpr 1 } 

{Result of LOD B,FLAG put into gpr 2} 

{Result of LOD I,e put into gpr 3} 
(Result of GBT tellporarily in the' 
condition code ) 

(Set true value ln gpr 2 ) 
(Result 'of A ND is in condition code ) 
(Effect of NOT and PJp LlO oollbined ) 

, 

The code sequence- above i5 2 instructions shortEr tban the one 

for the tree of Pigure 2.2. Uslng the nuaber of instructions 

per code seqY~ce as a criterion, one can say that the 

labelling of Figure 2.3 i5 better than the one of Figure 2.2. 

In fact thls ~oae sequence Is the best ~ossiblE one that can 
• 

be aChieied using the storaqe classes 'discussed 50 far: 1 

better code sequence Is still possible using an additional 

storaqe class as viII be dellonstratea furtber on in this 

éhapter. Bot.e that the labelling giTen in figure 2.3 Is on11 

valld for a left to riqht evaluation of the expression tree as 

the condition code can only hold a value temporarily. Since 

.aDJ machine instructions viII alter the condition code, It 

can on11 he used in a restricted .anner. It maJ not alvays be 
. 

possible to preciselJ deter.ine in advance the cost of a 
'$ 

----.-;r;;--:-------- -----~-----.-. --_. -_ ... -. 
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j J, 
jJ 

~e.plate. For this ~easonr opti.al code geoeratiou will oot 

alvays b~ possible. Hovever, ln lIost cases, the .achine code 
-..J " 

gen!rated viII be the best aossible vith eut performing 

sophisticated optillizations. 

l/tI 

Of courser a storage class label doe s not provide 

co~lete information bJ itself. 
, 

Along ~th the label, we 

should associate adcU.tional infor,ma tion sach a s the nUlIlber of 

a register or the address of a lIellory locaticn to he used. 

Bovever, this information can usually be added after the 

labelling of" the tree has. beeu perforllEd and alter ail code 

te.plates have been selected. 

'l'he concept of a . storage clàss can he 
" 

csed in a very 
, 

'general vay. For exallple r short-circuit evaluation 01 Boolean 
oi 

expressions {1 Jean be handled by addln9 a seB ("Sbort-Circuit 

Boolean") storage class. 'S~-circuit Evaluation is 

/ sOlletiaes referred to as "~cearthy Evaluation" (troll the COND 

~unction in LXSP). Treatin9 ses as a 'storage cl the 
• 

sa.e val as the other storage classes, vill q the 
, 

labe11in9 that is ShOWA in 
~ 

Figure 2.4. This tree voald then be translated ta IB8 360/370 

'code-sillilar to the following: 

L1 il,20 
A Bl,. 
L 12,B 
Il a2,e 
CI .1,H2 
BR FALS'. 
Tf1 l'O''~FLAG 

PILSI 

BIZ LlO 
SB B 1 ,a 1 
C Bl,D 
BLT .Ll0 
• 
• 
• 

r 
1 

J 
j 
1 
1 
: 

.' 
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The booléan yalue corresponding to a SCB stccage class is 

actaa11J encoded in the progra. connter when tbe code is 

executed. Ho"eve~. this does not preyen tus h:ca treating seB 

as a storage' class. Associated "ith the seB label, 

infora.tion about the "true" aDd "false" exits out of a block 

of code (but only when the code i5 actually generated) vould 

be needed. 1 code te. plate for a p-code operation such as 

"AIr vith SCB operaBds voald aerel;r reguiee book-keeping vork_ 

Qn the iBforaation and vould not dsually require any .achine 

instructions to be generated. 

Bcb 

/ 

Bcb 

Figure 2 .... Labelled ~ree vith Short-Circuit BooleaDs. ., 

i , 
- - ~ .. f" -;;~~---'-. ---. t l , 
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Chapter ;) 

practlcal I.ple.entatj.oD for the lB! 3EO/370 

The basic aethod of Chapter 2 has two Iain drawbacks. 

First, the nu.ber of'code te.plates woald be' excessive. 

Second, the storage classes need further refime.ent if nigh 

-quality code is vanted. In this chapter ve IIi 11 DOV show how 

the .ethod cau be evolved ta solve. bath probleaf. 

The nu.ber of' teaplates can be greatly reduced br a 
1 

factori%ation process • CODsider, for exaaIle, the P-code 
..... 

operation IDI to add tl/a int~gers~ 1 suitatlE te_Flate for 

IDI vhen both operands and the resnlt haye the "aeaory. 
• 

storage class and 

is: 

L 
1 
Ji! 

( 

Il,1 
Il,8 
1l1,'f 

e 
~ 

vhen the tar-get aachinel ia. the lB! 360/370 

,,1:. 
(Load first operand into register -) 
(ldd the second ope"rand ) 
(store result iDto téaporary .e_orYl 

j 

Bovever, this code ls si.l1ar to the te.plate neede4 for .. 

.. 

b. - 4 

'1 
! 

1 

, 
1 
! 
1 
1 . , 

j 

1 , 
1 
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result in a -register" operande The difference is that the 

te.plate ls surrounded bJ load and store instructions. The 

load essentlally 

.. ae.ory" c lass 

converSionr, 

"" converts fJ:oa the "register" 

and, the store implellents 

class to the 

the opposite 

By ha vin"g iapUci t, auto.atic, conversions between 

(, 

\ 

storaqe classes vbeneYer convenient, the DumbeI tt elellentary f 
, jOPhtes needed for the !DI operation te reduced to 1 

approxilla tely the number of sui table machi ne instructions for f 

J 

integer addition. vith the lB! 360/310 architecture one lIight 

need oolJ tellplates corresponding to the AR (adè register) and 

l (add mellory to register) instructions. AlI of tbe p-code 

operations are a.enable to this factorizatien ijto basic 

teaplates plus conversions. III that is needed is an 

additional 'group of te.plates vbich are used only for 

perforaing conversions fro. one storage class te another. 

One also Dotes th/at aaDJ p-code operations, snch as ADI, 

are cOllllutative and ,tbe encoding schelle fJ'ltEIIFlatEs can take 

advantage of this to reduce the storage ~cOPied by tellplate ... 
tables even further. 

~o de.onstrate hov refine.ent of the storage classes 15 

useful for generatlng good' code, a practical exallple viII he 'r­

pro't'ided. 'l'he exallple dEals vith the lB" 360/370 series of 

coaputers [22]. lith this architecturer 1I0st instructions 

that access .e.ory (IX foraat instructions) use an address 

co.posed froa a base register, aD index reqister and a fixed 

1 
'--, ---- --- --_.~--~------
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displaceaen t. Hovever, 8anJ other instructions (RS and 5S 

for.at instructions) access seaory vith an address coal'osed 

froa only a base ~tEr and a displaceaeot. If the c~ 
generator cao discriainate betveen the tvo address formats, i~ 

viII be steered towards usinq the 1I0st appropriate instruction 

sequences. !l'bus .ellor1 storage classes lB D aod BD are 

introduced to correspond to tbese two cases. ID addition, a 

distinction lIust be .ade betveen a Ile lIory location an d the 

address of that location. 'l'hus, tvo Dev storage classes are 

introduced to correspond to a lIIe.ory address. Since they are 

as th~ XBOA and BDl storage classes. The è!ifferencE betveen 

the XBO and X8DA storage classes is that the IBO class refers 

to a IIlEllory locatio that holds a val ne vhich is directly 

accessible and 

forlat instructi 

in ae.ory v here 

can be used as aD operand for 

the IBDA class represEnts an 

ta objects reside. In the Case of 

-~élass, the data itea tbat is referenced can have 

length of 8 bytes, as tbis is the size of the 

aIl RI 

type that -cao be directIy used as an operand iD an 

instruction, vhile there ls DO restriction on the length of 

the data object referr~ to using the leDA class as any 

operation perforaed on tbis object viII be carried out using 

its address. As an exa.ple, the value of a variable in ae.ory 

voald have thé XBD storage class vhile the tasE address of an 

arral use4 as an operand iD the calculati.oD of an element 

address vould be teferenced vith the IBDA class. Purtber 

-. 

~--_. 

) 
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storage class refine.enta can he applied ta iaprove on the 

qualitf of the code that can be produced. one snch refine.ent 
t . 

could be the subdivision of the "register" class .into three 

sub-classes referred to as the "even register" class, the "odd 

register" élass and the "double registerN class~ This 

subdivision vill perllit better usage of tbe "ultiply and 

divide instructions as vell as the registers tbeas~lves (since 

unnecessary loads betveen eVén and od~ registers vill he 

avoidedl. Considering the hea" usage of the aultiply 

instruction in tl'pical prog'~aas, this si.pl'e refine.eut can 

\ i.prove the overail quality of the gEnerated code 

significant'ty_' 1 list of sui table storage classes and a 

su •• ary of possible conversioD tellplates is given in 
. 

Table 3.1. Note that lIIap1 other CODyersions can be 

sInthesized hl' concatenating tvo or more tasic conversion 

te.plates. It should .. 
classes provided here 

of other featares of 

aiso be noted that tbe list of storage 

can be fJther refi .... d ta tate adv •• tage 

the in~ruction set. In general, the 

aore storage classes that are used, the bettEr the quality of 

~Ode that can he produced (but at the expense of reqairing 

aore teaplates, aore 

ther~ore a slover 

te.p.la tes). 

conversions, and,.uch larger 

a 19oritlaa for selecting 

) 

- --. -r" .~-----._. , 

tables and 

the right 
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sto,rage 

Cl~sses for 

lB! 360/370 

!leaentary 

cODversion 

Te.plates 

GPB 
EfB 
ODIt 
DOit 
FPIt 
IBn 
BD 
IBDA 
BDl 
CC 
SCB 

GPR 
GPR 
BVR 
ODa 
DOR 
GPB 
BD 
BDA 
IBO 
IBDA 
CC 
SCB 
ODR 
EVR 
EVa 
ODa 
XBD 

-IBO 
GPR 
BD 
CC 

Ç" 

" -

--) 

--) 
--) 
--) 

--) 

--) 

--> 
--> 
--) 

--> 
--> 
--) 

--) 

--=i 
-> 
--) 

--) 

--> 
--> 
--) 

-> 

General Porpose REgister 
EyeD .Beqister 
Od4 Reqister 
Double Begister (IYea-Odd pair) 
Ploat~Dg Poiat 5egister , 
"eaory (IDdex/Bas'/Displaceaent) 
Bea ory (Base/Displaceaent) 
lddress constant CIBD foraat) 
lddress Constant (BD foraat) 
Condition code 
short-Circuit Booleaa 

EVD 
ODa 
GPR 
GPD 
ODU 
BDA 
XBD 
.lBDI 
GPD 
GPD 
GPD 
GPB 
EYR 
ODB 
DOD 
DOD 
FPB 
BD 
CC 
CC 
SeB 

( No code genErated ) 
( 10 code geaerated ) 
( No code geaErated ) 
( No code geaerated ) 
( No code gEnErated ) 
{ No code geaerated } 
( No code geaErated, ) 
( Bo code generated') 
{L inst ruction } 
{ LA instruction } 
( LA,BC,S& seguence ) 
( LA. BC#S& segu.eace ) 
{ LB instruction ~ 
{ LB iast ructioJl } 
( SRDI la~tructioD ) 
{ LR,SBtA sequence } 
( LD instruction ) 
( IR inst rUQ;tioD '1, ) 

{ Lm las traction } 
( TI! iast ruction ) 
( BC ;1ast r\lctioll ) 

Table 3.1. rB! 360/370 Storage Classes 
and Ele.entar} ConyerSioDS. 

l saaple exp~ession tree labelled vit~ IB! 360/310 

storage c1asses is givea in Pigure 3.1. The arcs betveen the 

Dodes of the tree are eacb labelled vith tao storage classes. 

One of the. represents the resalt storage claBs of. the 

sub-tree haloy aad the other represents the storage class 

,reqaired as the operand for thf! BeIt operator acde. 1 storage 

1 
1 

1 
f 

1 
, 

.'.'. ~r _____ _ 
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• 
., ....... -~.-

~ 't. 

conyersion ia reguired when.Yer tkese tVQ stocate classes are 

4ifferent~ Pigure 3.2 shows the saa. e~pressioD tree vith the 
• ,1 

addition of e.zpllclt cOllversion operatOJ: ,Doctes. lote that 

soa. of these cODyerslons are free ana do not rEquir. aD, code 

to be qenerated vhile others are not ,n8Ces5aJ:ily ele.eAtary 

conyeraions, as cao be seen fro. 'l'able 3.1, ând that theJ lIay 

require the expansion of several code teapl,tes. 
~ . 

) 
1 

/ 
1 . G 

gpr 

qpr 

,. 

Pig~. 3.1. BxpressioD ~ree tahelled vith 
lB! 360/370 Storage Classes. 

'j 

"€' 

i , 

1. 

1 
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1 
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'1 

1 • 

() 

.( 
Figure 3.2. Labelled Expression Tree with 

Bxplicit Coayersion operators. 

the pxocesa of finding the best ,seguence o~ code' 

te.plates (i.e. but. tree labelliJi§) fot a qiyen expression 
s 

tree la handled br aD aigorith. that essentiaIlr Rèrforas, aD 

exhaustiye search·'for t'. bast seguence over aIl plausible 
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te.plate sequences. The coaplete alqorith. iE detaiied, using 

a .1xture of English aBd Pascal, as follo*s: 

beCJin 
if EXPRESSION TREE is leaf node then • RESULT :.-list of sinqle node trees where each node is a te.plate 

that implementa this (elementary) expression 

ehe begin 
RESULT :- (empty list) J 

BUILD_SOLUTION_LIST( LEFT sub-tree of EXPRESSION_TREE, LEFT-.LIST • " 

BOILO SOLUTIO!< LIST( RIGS-tree of EXPRESSION_TREK, RIGIlT...r.IST 17" 

for TEMPLATE~:C each temp· . e for the current p-code instruètion do 
~or LT:- each tree in LEFT LIS~ do 

for RT pa eaçh tree in R1GHT-loIST do ,.. 
if there exist conversions from the resultinq storaqe classes 

of LT and RT to the storage classes required as operande 
by TEMPLATE ~ ,. 

beqin 
STOR CLASS := resulting storage class of TEMPLATEI 
COST-:m cost of usinq TEMPLATE plus 20sts of evaluatinq 

and converting operand, sub-treesl 

for T:.. each tree in RESULT dO . . 
--:if cOst of ,T + cost of conveï;ïio~ from 

class of T to SroR CLASS <... COST 
g01:o EXIT _ LOOP 1 

for 'l': - each tree in RESULT do 

result storage 
then 
---r-

--:if conversion co,t from STOR CLASS ta resultinq storage 
class of T, <- cost of T then 

remov~ T from RESUL'l'; ,----

concatenate the tree formed wtt}( TEMPLA'l'E as 1t8 root 
and L'l', R'l' as «?perand sub-trees onta the end of RBSULTI 

EXIT LOOP: end 
end 
end BUILD_SOLU'l'ION LIST 

ligures 3.3 and 3.4 show an erpression~tree Along vith their 

solution trees as thef would he generated bf the algoritha. 

~ 

f· 
1 

f 
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'l'he rectangles in the figures hold the fOl.lovlag iDfor.a~ion: 

<storage class ; cost table entrJ • >. 

'""-,..-----, r-"-"'-~--.--- -., .-._---- .. _--~ 
1 r 1 

'l-----

d 
cost-o 

• 

• ., 
1 bela 9' 

cost-8 

------------.., 
1 

~t-8 
~~ 

1 

jiil 101 

• l:ndieates solution t.re",s tlt"t 
are dto~ beq&u.. bfttter 01:' 

*lWllly 9004 solutions "a". 
.... n prevloua1., gelMrated. 

Figure '3.3. Sa.ple OperatloD of the Code 
l'e.p~ate selection llgorith •• 
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- ----, 

- -.. 
1 

;.:-- .... --------
• * 

rlL.;:-::'!:M 

1 

J 

-, 
• 

r-- ... - - - ... , ,---_.--- ---, 
l , 

l' 

\ 

rr .. - - - - - - - - ..... , , 

-------..-. ,-- - - -- -- - - --, ,..- ---- - - - - -..., , 

• 
lb'd 101 

* l' , 
cOlt-ID coat-6 

". 

.. ÎI.clie.tel lolut.ioa tre •• tb.t 
are dropp~d bec.u .. bettet or 
.quall, ,oGd solution. bave 
beea pr.viOll8ly ,B\luated. 

Piquee 3.4. r Sa.ple Operatioll of the Cod.e 
Te.plate selèction llgorit •• 
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The algorith. relies beavily on the use of tvo tables. 

'l'he first tanle holds the infor.ation about the use of aIl 

possible te.plates for aIl P-code operations. Bach entry in 

this table holds the infor.atioD described in table J.2. The 

cost, table entries required br the algorithll for the 

expression trees of Pigures 3.3 and 3." are 9i ven in Table 

3.3. 1:n this table, the left anel righ t storage classes 

appearinq in the BESOLT colu.n refer to the storagE classes of 

the left and right. operands respecti velYe The "--_fi notation 

indicates an ite. of infor.ation that ls not Ieguirsd by the 

table en try. ~he TEST field i5 used in the case of the CNV 

operation to d istinguish betveen the Ioad of an integer and a 

boolean. The ;'tellplate nu.bers refer to the follcvinq code 

sequences: 

Te.plate 0 · Ho code · 'l'e.platé 1 · LA B,D (I,B) · Te.plate ,2 • L B,D(I,B) · Te.plate 3 : SB R,R ; IC R,D(I,B) 
Te.plate " · LA li, 1 . BC .ask,*+6 • SB D,Ii • • • Te.plate 5 .. L'rH D,R • 
,e.plate 6 · 1'8 D (B) .X· 01' • 
Te.plate 1 · BC ilaslt. ?? • 
'l'e.plate 8 • 5LL B,2 • 
Te.plate 9 · AB B,B · 'l'e.plat'e 10 • 1 B"D (1.8) • 
re.plate 11 · ST B.D (1 .. B) · Te.plate 12 • CR B,a • 
Te.plate 13 • C B,D(I,B) · Te.p1ate ., Il • OB B,B · Te.plate 15 • BC .ask, *+8 . LA B.' · • 

The second table thai: is used br "the algorith. is the one that 

holds ail the storage conversion costa aDd the conversion 

te.plates. l third table is 'required, but it is not directly 

Qse~ by the algorith •• This table cames ato use iD the final 

-\ 
>" 

.. 
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code genera tion phase and holds the, code sequences for each 

te.plate. 1 sche.atic vie" of the entire code generatioD phase 

is given in Figure 3.5. 

,. 
After the code tellpla tes have beeo selected (1. e. the 

best tree lal>eUing has been ,detenined) ~ister 
allocation àl~orithll traverses the ezpression trej and 

attaches register numbers to aIl the uses cf a register 
4l 

storage class, such as GPB, RVR, ODU or DOB. If the 

expression tree makes use of the EYB, ODB cr DOi storage 

classes (i.e. the lB.! lIultiply or diviae indructions are 
, 

osed) then the algori th. should replace aIl UEes of the GPR 

storage class by either the EVR or OOS storage clasSEs. This 

substitution is lIade in order to avoia subseguent unnecessary 

transfers betveen registers as a result of using an even 

register vben an odd one wou1d be .ore appropriate or 

"ice-versa. If the sellantics of the source language perait, 
. 

the algoritba _a, rearrange the order' of cOllputation of 

expressions 50 as to 1Iini.lze register usage. In the unlikely 

eyent that tbere registers, the algorithll 

vill .odlfy the tree 1abelling by replacing a register storage 

class vith a teaporary .e.orJ class. The cboice of vhich 

sub-ezpression to force into mellorr is cletenined br the 

"distance to nest use" hearistic [231 in our iaElellel1ta tion. 

,---------

! 
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The actual code qene;ça tion process bas nov bEco.e very 

si.p1e. lt this point, the DotIes in the eXFression tree .hold 

all the iafor.atlon (so.ch as vbich te.plate t.e generate and 

vbich registers are to be usetI in each teaElate) needed to 

..,generate the code. 'rhis makes the code generaticn . process 

littl.e .ore thaD a siaple t-ree traversaI. It Elbould be noted 

tbat the traversaI does not force the postfill code generation 

property [1 J. Our Ilethod of code generation provid~s . /" 

, 
the 

capability of generatinq code in a prefix or infix manner tao. 

Tbe ability to geDerate prefix code can he useful. COllsider, 

for exallple, the follovi Dg Pascal statement: 

A := (B > D) .QI: P 

If one is cODstraioed to ose the postfix cede generation. 

approach, the code vould Dor aall! be as follovs: 
---. 

J. Bl,C SR Bl, al 
c B l,D B *+8 
BB ,.a08 TBOE L1 Dl,l \ 

TB l' 01', P ST Bl,1 
BBZ TBtJ! 

" 
Using prefix cotie generation as ve~l, the code Elequence can be 

iaproYed to: 

LI Il 1,1 
L B2,C 
C B2,D 
BB T1lU! 

ra 
BIZ 
SI 

~.DE st' 

X' 0 1', f 
'lID! 
Il,11 
Il,1 

As ca.D hl! seen, the secoDd instruction sequence geDerated is 

short.er by ODe illstructio.D than the code generated in the 

strict post-order foraat. 

--'--_ .. _----_.-:-,~----,-_._-,. ~ ,,- • 1 .. , •• 

, 
! 

, . 

1 , 
4 

. 1 

(J , 
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OP!Bl'fIOI, 
L Ut SNI CL&SS 
aXGsi_s'foi_CL&SS 

• • 
• • 
• · a BSDL! S~OR CLlSS : 

, COIJ1UJTiTI'B- · · • • 

p-code operat'loD beiDg ilpJ.elented 
storage class of left operand 
Storagè class of righ t operand 
storage clas8 of "resalt 
Indiclltes cO •• lltatl"i ty of 
lef~ / rlght operaD4s • . 

COS! : ' cost of usin9 this te .plate 
T EfiJ PLA "l'B_lfO 

SPEÇXAL_TES'l' 

· · : 
• . ~ 
• · 

Index into table of te.plates 
vh$re lachine code is listèd 
Indicates special tes"ts for 
app1icabili tl' are nEe ded 

'l'abJ.e 3.2. Inforaation CODta~ned in a Cost table EJltry. 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 -
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

, . 
OPERe LEFT RIGHT .RESULT COMMUT. caST TEMP •• 

'-

CNV ~ xbda 
CNV xbd 
CNV xbd 
CNV cc 
CNV qpr 
CNV bl! 
CNV cc 
lXA bda 
LDA 
LOD ---
IND , <.bda 
IND xbda 
ADI qpr 
ADI qpr 
S'l'R 
GRT 
GRT 
OR 
OR 
OR 
OR 
ln 

qpr 
qpJ: 
qpr 
qpr 
qpr () 
qpr 
Bcb 
Bcb 

gpr 
) . 

,#---
qpr' 
xbd 

qpr 
·'xbd 

qpr 
',qpr 
~c 

Bcb 

gpr 
gpr 
gpr 

J/& g:pr 
cc 
cc . 
Bcb 
xbda -
bda 
-bd 
bd 
xbd 
1eft 
1eft 
l.. __ 

cc 
cc 
1eft 
~c 

1eft 
• Itob 

ù " 

no 
no 
no 
no 
no 
no 
no 
no 
no' . 
no 
no 
no ' 

. no 
yes 
np 
no 
ye. 
no 
no 
no 1>. 

no 
no 

4 
4 
6 

10 
2 
4 
4 
4 

, 0 
o 
o 
o 
2 
4 
4 
2 
4 
2 
2 
8 
o 
o 

1 
2 
3 

\ 4 
5 
6 
7 
8 
o 
o 
o 
o 
9 

10 
11 
12 
13 
14 
14 
1S 
o 
o 

TEST 

\-­
integer 
boo1ean 

-- ~ 

Table 3.3. Cost 'table Entries :aequired hl Algorlth •• 
, 

.. 

, ... 
~f1 l' 

1 

~. 
1 
! 
1 

1 

1 

l, 
1 



-. 

1 
• 1 

Practical I.pl~.eQtation for the IBI 360/310 Page 37 

C) 

construct 
!xpr~ssion Tree 

. 
\' 

-Perfora Basic 
optiaizations 

\~ 
Tra verse t'ree 

F indinq opti.al 
Label1ings 

. 
, 

Perfora 
Begister 

Allocation 

\ 

7 ra verse Tree 
i , 
! '1 ~ 

GeDerating Code 

Figure l.5. Code Generation lIOdules. 
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Chapter 4 

other rapleaentations 

rn this chapter ve vill describe tvo other ~rojected 
.' i.plellentations. One of the. is for the PDP-11 and the other 

one deaJ.s vith t~e 'i &1-11. lie have chosen these .acbines for 

tlfO reasons • First, tbe PDP-11 ls very different fro. the 
. 

IBI! 360/370 and thus poses severai probleas that aust be dealt 

vith. t'he 'ilX-11 is aIso quite different as i ts archi tecture 
t, 

posesses features that are absent on bot h other .achiDes. The 

second reason for choosing the PDP.,.11 and the V.lX-11 is that 

they are bath videly used a~prit therefore Iélkes sense to 

deaonstrate our code geoeratiQD aethod for tbesE .achines. 

Il .. 1 PDP-11 raple.entation. 

~ 
AS a second laple.eotation ve chose the PD'-11 [2C1]. Of 

aIl the addressing ,.odes ayailable. for accessiD9 aaia ae.ory 

00 the PDP-1', oulf t~ree are ased by the code geoerator. 

1 
!" 
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\ 
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1 
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lddressinq Iodes sach as autolncrelent and autodecreleJlt are 

not needed bJ the code generator as there are DO p-code 

operations. tbat, tden indiYiduall" correslond to tbese 

addressinCj lIodes cOlbined vith anotber p-o~eration SllCh.~S 

add, subtract, etc. X n our code genera tor .odel, i t 1s up ta 
, 

the peephole optiaizer to in troduce uses of the autoincrelent 

or autodecreaent Iodes hetwee D code t~.p la tES vhenever 

possible. Thes~ addres5ing lIodes are used vi thiD sale code 

te.pla.tes, hovever, (mainlt" for certain P-operations on sets 

or for so.e love operati<lDs).' Tbe storage classes selected ta 
~ 

represent the three addressing modes are IR for "Indirect 

Register", BI for "Inde:red Begister" and. 'IEX for "Indirect 

lndexed Register". A sUlllary of the possible storagÈ classes 
" 

and conversion te&plates is given in Table 4.1. 

iaportant differences froll the The ;jDP' 1 has tvo 

IBPI 360/37. he first is that lost instructions have a 
. 

tvo-address for.at and therefore clestroJ the value held in ODe 

of the operands. vith the IBB :J60/370, th~ cperand destroyed 

i5 allost alvaJs held in a register and i t vas ilplicitly 

assa.ed iD our co.piler aodel that registers are llsed on1J as 

telporaries and could therefore be reased. IIi th the PDP-l1 the 

operand could be either register or ae.ory. If it is le.ory, . . 
ve insist (unless optiaizatioD analJsis proves ctherv.ise) tbat 

this .eaory be a. teapararf location generated b} the co.piler • 
• 

" 

Tbetef,ore. a nev storage class, TB!!, vbich refex:s to a 
1-

teaporar} ae.orr loca ti aD and vhic. can be Irovided as a.n 

! 

1 ~ 



.. -...--..----...---_____ • _. _._._-------__ 1 "' __ .. ~ __________ ~_..._'_ .. ~ ...... ~ ........ 

(~ 

......... ..".., ... _------

• 
·ot.ber X .pleaeDtatiClf\s Page 160 

iuput storage class to destructive illst~ucticD E., is required. 
• 1 

stuce the "se of a register ~ .or~ efficieut tban t.be use of 

a le.ory location, the TrUI- .istorage class viII g~Deralll on11 

be used Ilhen there àre .0 available registers. lnothEr use of 

the aellol:1 class as a destination .operand could arise vhen the 

destination operand ls one of the source operands. ConsideJ:' 

for exa.ple the Pascal sta teaell t 1 :== 1 + B. In this 

s,ta te. eu t, it 15 1I0re efficient to add the contents of B 

directIy to the contents of A in mellory rather than to use a 

register. Althouqh, in this case, A does net repxesent a 

tellporary lIelDory location but rath er a lDellory location that 

has been determined to t:e reusable, for the fUrfose of the 

code genera tor i t can he treated as such. ~he inforllation 

indicating that a lIelDory location is reusatle sbould be 

supplied to the code generation" phase br a prier optiaizatioD 

analysis phase. Since the Tl!E/'t storage cl ass is to be 

exclusively used in the tvo cases .entione'd above (i.e. it 

viII Dever be obtained fros the code telp la te selection 

. algori t.h. or fIO. cost table entries), tbere is no proYision 

for converti..ng fro. another storage class to the "l'ISE!! class. 

a saaple expression tree usiug the ~II!IS $torage class i5 gi ven 

iD Pigure 4. 1. Care allst be taken, hovev er, iD the vay the 

'l'flElI storage class is used. In the folloving statellent 

.& :: l + (1 + B) , ODe .«st be careful Dot to assign the resuit 

of l + B ta the TIIElI c1ass thllt corresponds to the storage 

1ocation for l (as vas done in the previous e naple) because 

the yalue o~ l ls still needed in tb-e expressiom. 

~- --- ... ~--------;:- -
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REG - GeDera~ Beglster (1.0-85) 
P~PB Floatiag poiat Begister 
IR ftellPry (Indirect 1. ddressiag liode) 
ax se.orr (I1l4esed IllcSressing lIode) 

Beco •• endé" Iax lIe.orr (In41rect 1 adexed !Iode) 
Storaq. Iftll I.aediate CoastaDt 

Classes for .OPID Operana (BIGII I/BX/! 81/1 Il ft class) 
PDP-11 CC - COlldit1.0D co4e 

SCB Short-Circui~ BoolEall 
T!lE! - Te.porarf !eaori LocatioD 
RXA lddress Consullt (EX for.at) 

REG --) OPBD ( No code generated ) 
lB -) OPID I No code generated } 
RX -) OPID No code generated } 

Ele.eD~arJ Iax --) OPID ( 110 code generatecl ) 
1ft! --) OPI» ( No code generated ) 

COD,ersioD OPID -) BEG ( IIOV instruction J 
TIIE! --) BEG ( IIOV instructioD } 

Te.plates CC --) aEG ( ftOY.BB.!OV sequence ) 
SCB -) BEG ( "0'.5i.80Y sequence ) 
CC --) SCB ( 8GE •• __ iDstruction ) 
OPIfD --) CC ( !ST ins trUj:tion ) 

(' 
t'able ".1. PDP-11 Storage Classes and cODvecsiôn Te.plates. 

tille. 

Pigmre 4.1. ExpressioD Tree Labelled vith PDI-l1 storag, 
Classe. for Pascal St.teaeDt FLAG:= (1 ) B) allcl 'LAG. 

,..; ....... _-------.~--_. -
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rhe second difference inyolving tbe PDP-l1 is that Dost 

instructions accept operaods tbat cao baye anJ addresBing 

aode. since different storage classes vere allocated to 

different addressing aodes, tbe iaplication is 

tellplates '~d for one instruction 

that distinct 

operating on 

different'storage classes. tet a~l the teaplates for ~he ADI 

p-code operation, say~ vpuld gener~te the saae PDP-l1 

instruction, 100. To eliminate the obvious œdundancy, ODe 
l,. 

aore storage cl~ss OPID, vhich denotes an oferand vith an 

arbitrar, storage class (out of those suitable for direct use 

in a PDP-l1 instruction), ls added. conversions fro. BEG, lB, 

BI, etc. to OPBD (vhich do not actually generate code) are 

provided. with this technique, the ~Dullber of te.pla tes for 

addition is gceatly' reduced. Hovever, tbis aIso lIeans that 

different costs cannot be attached to the different 

the IDD instruction (i.e. the cost of using IDD OD 

operand as opposed to a register operand .ost be the 

Instead, the costs of using a particular kind of 

.ode aQst be attacbed to the appropriate te.~late that 

provides the conversion to the OPRD clas~ Beil is a sUllaary 

of aIl 

addition, 

the te.plates that 

101:' (. 

voald needed for integer be 

REG + TitE" --) BEG {Cos.utati we} 
OFRD + BEG --) REG (Cos au tat ive) 
OPIO + TltEJI --) 7ft!! (Ccs. a tati ve) 

Since conversions betveen BEG, l'SE Il aDcl CPIrD are all 

ayailable, thi!. co.pletes the set of te.plates.. Figure. 4.2 
; 

shov,rB sa.ple tree Along vith its solutions as produced bI 

--.J' 
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the code te.plate selection algorith •• The cost table entries 

required for tbis tree are glyen in Table Il.2. 

. 
* 1 la. 91 

)1 

_ ..... -- -- - -, ,- .. _ .. _ .. ----- ---_.-- ... . 
c:o.l-lO 

-----_ .. _---t ,.._ .. -.............. __ .. -... , . 

- ---- - ... _---, r-- ... ----- ....... - .. , ,. -" _ ...... -- ......... -., 
* 

* Indieate8 .olution trec. tbat 
arc dropped bec.v.e batter o~ 
.qully looci .olutiOll. 11 ... 
beea pr.yiou.lt len.r.t~. 

Pigure Il.2. Solution rree for Pascal State.eut 
l := l • (1 + B) Oll' the PDP-1'. 
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• BH'l'. t OPERe LEP'!' RIGBT .RBSULT COMMUT • caST TEMP.' TEST 

, 
1 CNV rx ~-- opnd no 3 0 
2 CNV opnd reg' . no 2 1 

3 CNV tIIlem reg no 4 , 
4 ADJ) req reg' left 0 no 3 : 2 
5 ADD oprid reg right yes 2 2 
6 ADD req tme. le ft yes • 4 2 
7 ADD req tm_ right yes 5 2 -.. . 
8 LOD rx no 0 0 --
9 LOD tmem no 0 . 0 reusable 

1'0 STR reg' no 3 , 
11 sm tmea no 0 0 mem- dest 
12 sm tmem no 5 tmem04est 

'fable 4.2. Cost !'able Intries Bequired
J br Code 

Te.pla~ Selection Algoritha for the PDR-11. 

'l'he third implementation deals vith thE Vll-11 [25]. 

laong the addressing Iodes available for accessin~ Iain me.try 

oa the YlX-11, ten are used bJ our 'Qiilde ,geDerator. \rite W 
storage classes selected to represent these addressin,~ .odes 

are IID for "Iegister Defer'red", BOl for' "Beg ister Deferred 

Indexed", BD. BDX." BDD, and BDDI 
~ 

for "Byte Displaceaent". 

"Byte Displaceaen't Indexed", "Byte Displacelen.t 'Deferred" and 

~lte Displaceaent Deferred In~![ed", 'res pècti yelre In 

adcUtioD the ID, VDI, WDD and IDDX storage cl asses represeat 

the vord displace.ent equivalellts of the BD, Dtl BDD and BDDI 

classes. " su •• arr of the possible.. st.orage classes and 

conyerSiODs t~.plates for this machille Is qlyen in Table 4.3. 

" 
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'l'Ile YlX-11 is siailar to the' PDP-11 in that i.t. Cao 

lod!fy operands held in aeaory. For this reasoD, a ~e.porary 

aeaory class is also requlred for this .ach ine. The fBE! 

storage class is used in the sall'e vay a s vi th the PDP-11. 

Bere agaia a general storage class, OPID, is IIsecl to denote 

an operand vith an arbitrary storage class. ODe iaportant 

difference fro. the PDP-l1 and the 18ft 3601370 15 that 

certain instructions on the 'AI-11 allov a destination 

operand that is different fro. either of i t s sellree operands. 

'l'bat ls, i t has sOlle three address format ins~ru~,ti:ons (,26 J. 

In the ca.se of the PDP or the YB!, the rEsult of an 

instruction is al.ost alvafs p~aced at, the salle location as 

one of i ts source operands. The destination operand can be 

taken advantage of to cOllbine the effects of a P-code 

operation> folloved 'by a conyersion fro. the res~lting storage 

class to the class required as an operand fOI -'a,. ~s)1bsequent 

i.\1 operatioll. The aeJstination operand is handled by a nev 

storage c1ass called 'TREG for "te.porary, regis~er". The l'REG 
, 

c1ass caB be yieved as an internal register used to lio1d the 
" 

result of ,an instruction until the destinaticn operand has 

been deter.i'Ded. COllversions are provided fro. the l'BEG 

class to aIl other stora ge c1asses. 'riais fil:cilitr cao. 

greatly --reduce the nUlber of con~ersiODs. bEtveen" storage 

classes. that are nor.ally required fo~ both the -lB! and the 

PDP-. !be dest~!latioD operaDd provic1es a great .echanisa for .... 
chaininq instructions together ~o obtaia a code sefJuèn.ce for 

an eDtire expressioD tree. 1:t can. 'also be uœd ta coabine 

. , 
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~the effects o~ a p-code operation ~olloved bl a "store 

,P-instruction". 1 sa.ple expression tree ie gi ven in Figure 

4.3. The' cost table entries required for this tree aré given 

in Table 4.4. 

ENT.' OPERe LEFT RIGBT RESULT COMMUT. COST TEMP.' TEST -
1 CNV bd opnd no 2 0 
2 CNV reg opnd no , 0 
3 CNV opnd reg no 2 , 
4 CNV treg reg no 0 
5 ADI req opnd left yes 2 
6 ADI opnd opnd treg no 3 
7 MPI reg opnd left yes 1 4 
8 MPI opnC:! opnd treq no , 5 
9 LOD bd no 0 0 

10 STR reg no 4 1 
11 STR treg no 2 0 

'fable 4.4. Cost t'able En tries Required tl Code 
'fe.plate Select ion llgor itha fo r thE V JI-ll. 
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* Iadic.te •• olution tr.e. that 
are dropped bec.uae bettttr or 
equallr ,oad solutions hsv~ 
beea previoualy ,enerated. 

Pigure '.3. Solutioa rrae for Pascal state.ent 
D :- A • (8 + C) OD the '11-11. 
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.4.3 Other Iaple.entatioDs. 
/ 

It i5 guite certain that other coaputer architectures 

vill require different storage ~sses. But, as 

deaoDstrated. in this chapter and the previous 

it has been 

one, these 

storage classes are general!y easy to obtain fIO. the machine 

architecture. . / 
For this reason the selecticn of storage 

classes and the' construction of the cost tatle should not 

require a great a.ount of vork. 'l'his vill be especially true 

if tables already exist for a different machinE as they viII 

re.ain .si.ilar froa one i.ple.enta~ion to another. 'l'he code 

te.plate selectio'n algorith. does not require any changes for 

either of the tvo iaple.entatioDs discussed in this chapter. 

It is possible, hovever, that for certain .achine 

architectures t~e algoritb. aight. require soae .inor changes. 
, 

ls an exa.ple consider a .achine vith very fev reÇJisters. 
l;I 

Such aachines R guite CO •• OD vhen one 

.icro-processors~ince there are fev regist~t:$., Jt 

be unco •• on to run out of registers durin~. t~e 

l:onsiders 

will not 

register 

allocation phas,e of t~e ·co.piler. For this r~ason, it aay he 

~od idea to treat each register as a separate storage, class. 

( The code te.plate selection algorith. should then be changed 

to reject tree labellings vith tvo concurrentl} active uses of 

the sa.e register class. 

", 

! • 
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Chapter 5 

Practical Besults 

The theorr and notation developed in the previous 

chapters vas used \0 constroct a code generator for the Pascal 

language. The target mac~ine selected vas the IBft 370. The 
-

IBft co.poter vas ~icked for the trial iaplementation because . 
of its gelleral availability and the)author's faailiarity vith 

,it. Pascal vas ,çpsed fo r the 
.-" 

source languagE becausE df its 
~ relatively clean design, increasing popala ri tf and the 

existence of Pascal co.pilers locallf. The code generator 

conta1ns several .ajor co.ponents: a tree construction 

co.ponent vhich b~lds expression trees frol the p-code 

operations read in; an opUI1zer lIhich perforas siaple 

optiaizations such as constant folding: the code te.plate 

selection algoritha co.ponent vhich fiDas the best code 

sequence for an entire expression tree; a register allocation 

co.po~ent; and finall, the code generation cClponent. Each 

coaponut perfor as- on!, the tast it is assigaed and ali . 

, 
,_. ______ ,. _____ ... ~ .. ~--='" ... _~--"h~ .. 

! 
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coaponents are independent tram each other. The ooly lint 

betveen thea is the expression tree vhich is successively 
. 

passed froa one co.ponent to the othe~. In order to produce 

Clodrif a better quality, the regist~,r allocation algorithll 

Dsed i5 soaevhat aore complex than the one discussed in 

Chapter 3. It relle.bers the contents of r~gisters within 

-*basic blocks, thus avoi41ng subsequent unnecessary loads [21). 

Wheo the iapleaentation vas first started, one of our 

major concerns vas the eventual size of the tables used by the 

code tellplate selection al~ori(th~ • ..As it turns out, hovever, 

the a_ouot of storage required for' the tables is slIall in 

comparisoD to the storage used by the eguivalent source level 

routines. The table sizes are given in Table 5.1. Tvo tables 

prov1de cross references betveen the major tables. The size 

of the te.plate tabl~ could be reduced ty a considerable 

allount if special data structures vere used to ~ke advantage 

of duplicated code sequences occuring in teaplates. But, 

since the total allount of storage required for the tables 15 

just over 51 bytes there is no need to USE co_plex data 

structures. lote that, unlite other experi.ental 

iaple.entations vhich onlf deal vith arithaetic operations, 

our 1apleaentation accepts the co.plete Pàscal language 

including aIl the set operations. The table sizes would 

Increase s1ightly if ne. te_plates vere added to iapcove on 
\ 

the quaIity of the code generated. 15 i t stands nov, the 

qqalitj of the code generated Is coaparable to that of a 
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productioD quality code generator iD a non-optilizing compiler 

and just as good as the code produced bJ other auto.atie code 

generatloD aethods (as vill be demonstrated later). 

Table Hase lntries Size of Bntry Total Bytes 

Cost Table 258 10 bytes 2580 
Conversion Table 14q " bytes 576 
'template Table 180 10 bytes 1800 
Cross Reference 1 80 2 bytes 160 
Cross Reference 2 180 2 bytes 360 

Total Size: ;. 5q16 

. 
• 

Table ~ 1. IBlt 370 Code Generator Table Sizes. 

lnother concern of ours vas the aBount of processing that 

vould he ~equired té deter.ine the best code sequence. ie 

have l'ound that the average nu.ber of te~pla tes for any single 

Dode is about 1. 25~ The maxillua BUllber of templates, which 

occurs in the case of the AID and 

Beasurements show that th~ iDDermost 

OB o~erati()ns, is ,4. 
, 

loop of the template 

selection algorithm is executed 1.32 ti.es on average per 

recursiye calI 't~ theralgorithm. The Dumber of recursive 
( 

, -------. - - ---
calls depends soleIl OD the Îèoaplexity of the Expression, but 

" . 
the average 'nuaber Is qaite sma1l for typical progra.s. The 

net! resuit ls that the amount of processing required to 

deter.ine the best code, segue.ce is Dot as great as vas 

auticipâ ted and ls a saall priee to pay for good qual!t! code. 
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( .Pascal Progra~ ) 

CQAst BllIIDEI z 9: .uu IIAttII! = arrll (0 .. 1I10IDEI] 2i 
,rrA! [O •• BAIX.DEI] 2' iuteger; 

RX9çedurl BlfBIIRUL! (~ A,B,C: ftATRII,: 

(

D[ 1. J,l, SUli _: iDteger; 

beg!J! 
t2[ X := 0 12 lIAIIND!1 ~ ru J : = a !.2 ftAII BOEl Ag begiu 

SUft := 0; ru Jt := 0 !J! fUIIlfDE}. ~ 
5011 := SUII + A[I,I]. B(K,J]; 

C[I,J]::; S'Off; 
~; ru: (1I1'lBIXl!uLT) 

( Pascal progra. ) 

char; val: ca . • . 
functioB BEIDI : integer; 

~ LVI!., BISE . integer: • 

beqj.! 
Xhilg CH = • • S2 read(CB); 
iÎ (CH <= '9') ~ (CH >= '0') ~ 

beqi. . 
il-CH = 'O' ~A BIS! := 8 
Hu BAS! := 10; 

\ LY1L := D, 
repea$ 

L'AL := L'IL. B1SB + ordceH) - ord('O'); 
read (CR) : 

hge S3 
'\ 

yt!1- (ca < '0') .2' (ord (CH) - ord(IO') >= BASB);' 
BJUDW := LT1L; 

e~BElD. := -1; 
eB~{BB1DI ) 

Pigure 5. ,. Pascal Boutines Used for Code ccaparisons. 
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1 Pract lcal lesult'S<~-

rn the re.ainder of tbis chapter ve viII cc.pare the code 

generated by our aethod vith the code produced bJ Glanville's 

machine independent code generator (18]. for this purpose, 

the saae tvo prograas that vere used bJ Glanville vere a1so-

used here. They appear in Figure 5.1. For coaparison 

purposes, the register allocation algorith. uSEd by our code 

generator vas replaced by a si.pler, lIore straightforvard, 
, 

one. only code for the body of the procedures is used in the ) , 

coaparisons as vas done by Glanville. The asse.~ly code 

prodnced by our code generator and br Glanville's· aachine 

independent code generator for the ftlTRIIftULT procedure is 

shown in Pigures 5.2 and 5.3, respectively. Aside froll some 

obvions errors. that are present in Glanville's code, the two 

code sequences are guite si.ilar. The code pEoduced by our 

code generator consists of 53 instructions occulying 198 bytes 

plus 3 halfvord constants for a total of 204 bytes of storage. 

The eguivalent code froll Glanville's lIachine independeot code 

generator consists of 60 instructions and occulies 212 bytes. 

The difference in size can be partIr attribated to the po or 

usage of the even/odd register pair bJ Glanville's code 

generator that is .ade apparent by the use of an unoecessary 

• the constants used bJ Glanville for the arraJ cOllponent 
lengths assaae halfvord integers vhi~the array ele.ents 
are accessed using fallvord instrncti s. 1150, the resalt 
of a .ultiply instruction ~s held ia gister pair of 
vhich only the odd reqistew is required for subsequènt 
operations (the eYeD register nor.ally only con tains the 
sigB extension of the result) as opposed to the even 
register as Qsed by Glanyille. 

1 
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LI instruction before each aultiply instruction. Our code 

generator ayoided the problea br USin9 the aore efficient 

aultiply halfvord instructioD. the even/odd rEgister pair is 

• efficientll used in our code genera tor as deaon strated further 

dovn in the code and in the code produced for the BElON 

procedure. It should be noted, hovever, that our register 

allocation aigoritha is partly responsiblè for this 

The use of literaI constants in our code is also an 

iaproveaent over the use of an LA instruction folloved by a 

reqister ta register instruction, as produced by Glanville's 

code generator. Our code sequenc~ œquires a· 4 byte 

instruction plus a 2 byte data constant, vherEas GlanviIle's 

code requires 6 bytes of instvuctions. Thua, cur apFroach is 

aore efficient in storage if the data constant Is referenced 

aore than once (as it usually is). 

instruction timings is also negiigibie. 

The difference in 

The code issued by 

our code generator for array indexing could be iaproved if the 

indexin9 aethod iaitated the one used bI GlanviIle's code 

generator. In so do1n9, 2 bytes woald be saYed for each ~ray 

reference thus reducinq the size of the code by 6 bytes. 

Hoveyer, the p-code operations used for array indexinq in our 

coapiler ~aake it difficult (but not iapossible) for us to 

produce the saae code seguence as GlanYille's. 

.. 
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Tbe asseabl, language ~utput for Doth BEIDN routines 

appeara in Figure 5.4. Our code generator produced 36 

,.- instructions (exclading the calls ta the read routine) 

requiring a total of 132 bytes of storage. Glanville's code 

generator pr.oduced 45 instructions requiring 1 164 bytes of 

memory. The difference steas from the fact that tbe global 

character CH occupies a single nyte in our co.piler and cao 

thus be coapared vith constants vithout fi~st being loaded 

into a register (hy mating use of SI format instructions). 

The allocation of a fullword toc a character value. can provide 
f 

a~ advantage in Glanville's code vben this cbaracter is used 

in some kinds of coaputation. In this case the character can 

be efficiently loaded into a re9ister using an L iDstructio~ 

while in our case the less efficient SB and IC code sequence 

.ust be used. since the use of characters in comFutations is 

fairly restrained, it is usually aore efficient to allocate a 
... 

single byte per character. Rote that in the code sequences 

produced for both these routines, additional code iaprovements 

are possible by si.ply usinq a good peephole optiaizer. 

Additional coa pàrlsons vere made betveen the code 

produced bJ our code generator and the code gEnerated by the 

lBS PlSCAL/YS co.piler. Por these coaplltiEons the full 

capabilities of our register allocation algoritha vere used as 

it vas not kno.. hoy auch optiaiza'tioll is perforlled by the 

P1SCAL/fS co.piler. Tvo prograu vere selected for these 

co.parisons. The first ODe ls a siaple tree trayersal progra. 
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• cODsistihg of 11. lines of soarce code. !he IBI co.piler 

generated 1_36 bytes of code while ~ur code generator produced 

1320 bytes. rhe second progra. 1s a silple statistical 

an&'lys18 progra. of 4JO l.1nes. For this pJ:oqra. the IBft 

coapiler generated 9444 byte$ of code while our code 9.Derator 

produced 1316 bytes. The results obtained are ~rJ-sa~isfyin9 

as Dar code qeDe~ator pertoraed extreaelf vell in the 

co.parisons, especiallr since·IBI clai.s that their co.piler 

perforas opti.izations. 
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() Cs: -"-

B8,B8 1,5: 1, B8,I (B11) 
18,t (B131 CR 18,=8'9' 

1.2: SR B8,88 SEQ 13 
st' 18,J (B13) L lie, 1 (113) 

1.11': SR B8,B8 lB 18,=8'" ... 
1 st' 18,SOli (113) ST 8B,I (R11) 

SR R8,88 B 1,2 

st' B8,1 (B13' 13: 
L6: t. B8,1 (113' 

L Il,l: (113) 
liB Il,==8' 40' 
1. 17,88 
1 16,1 (113) j 

SLA 16,2 
1. '11.0 (16, H7) 
I. IS,S (113' 
1. 111,(( (113) 
liB 111,=8'40' ,. ... ,85 

,-1 I. 13,J (1 U, 
SLA 13,2 
Il 16,0(83,84) ')~ 

1 ., ,Slnl (113' '1. 

Î S!l" Il,SO!l(113, 
L . B8,S: (113) 

( ) CH B8,=U' 9' 
BEQ L1 
L B8,It(IU, 1 

lH .88,=H' li i 

ST B8,1t (813' 
i 

B L6 
, 

1 1.7: L B8,C (.813) 
1. Il,1 (113, 

_r 

1 
,-

!lH '11,=8'40' ! 
AR Il,88 
L B6,J (BU) 

. SL& 16,2--
L RS,SU!I (113) 
sor 85,0 (86,87, 

1 L lill,J (813' 
! CH 111,=8'9' 1 

1 BEg 1.5 1 

.! 
J. Il,J (813, 
AH 83,=8' l' 
st' 8l,J (813) 
B L" 

or 

Plgor. 5.2. lBR 310 Asse.hlr Code, Produced br oGr 
. Code Generator, for the B1~IIIIIOU Boutine • 

• 
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() sa :/ 8.2,12 1.4: L a2 "J.CBl4) , ;:J " 12,1 (1111' LA 13,9 i 14,1.2(115) CR 12,IJ 
th sa 12,12 .BC 12,13 (1 15) 

St' 12,J (a 111) 1.1 82,1 
Be ''',L4(11S, 1 '&2,I(B14) 

1.3: sa 82,12- ST B2,I (B14) 
Slf 12 ,.SU! (B 14' L2: 1. 82,1 (R14) 
SB 12,B2 ~ 1.1 D,9 
ST 12,.1(114) ca B2,13 
Be 14,1.6(815) BC 12,11 (R 15) 

1.5: LI 12,2 
LA 13,10 
LB 14,.13 
Il 14,1 t114) 
A III,Je(114) 
liB 14,82 
1 111,1 (114) 
t ,12,0(14) 
LA B3,2 
LI 14,10 
! B4,Je (114) 
1 14,J(Rl,4) 
liB B4,B2 
1 a4,8 (R 14) 

( ) 10 13,0 (84, j LB 111,13 
3 lUl 111,82 

1 JlfI,SUlI (K14) 
Si' III ,SUft (1111) 
LA B2,1 
1 82.1 (114.' 
ST 12.1 (B 14) 

1.6: L 12,1 (1 '" ) 
LA B3,9 
ca 12,Bl 
Be 12,1.5(115) 
LA 12,2 
LI" 13,12 

, La 1,. ,.Il ,,~~ 
Il ,,",X (11f1) 
1 1l4,JeI1.) 
lUl 14,B2' 
1 all,cCll') 
L 1l2,5UII (114) 
ST 12,0 (14' 1 

1.1 R2,1 1 • 

1 1l2,J(114' 1 , 
. sr 12,J (1111) , . 1 

0 
Figure 5.3. lB! 310 lss~tbly Code. produce4 by GlaDYille's 

lIachine Independent ~ode Generator, for III ~1lJ:XISULr. 

___ • __ ??~??_ 3 ___ ._-___ • ____ _ 
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t2: CLl: CH (R12) ,C' t L B2 ,CH (8 lJl 
BlfE t3 'tl 13,C' t _.- IEI·D(CH) ... ca B2,83 
8 . t2 dc 6,12 (B15) 

t3: CLÎ CR (a12),C 'g' / .... B!lb (CS) • •• 
B8 LII BC 14,L 1(B 15) 
CLIo CR(a12),C'O" t2: L 82 ,CH (Rll) 
BI. t4 , LI B3",C' 9' 
CLX CH (R 12) ,C'O' , CR B2,1I) 
BHE L5 BC 2,13(81~) 
tA 18,8 L 82 ,CH (R13) 
sr 18, BISB(R 13) LA B3,c' 0' 
B L6 CR &2,a3 

t5: tA 18,10 BC 4,13 (B15) 
sr B8 ,BASE (B 13) L l 82,c H (B 13) 

L6: SB R8,B8 L1 83,C' 0' 
ST B8,L.1L(213) CI B2,B3 

t7: L 81 ,I.'AL(R 13)' BC 6,15 (B15) 
II· B6.BASB(B13) L1 B2,8 
SR B8,88 st B2 ,BASE on 4) 
le B8,CH (112) BC 14,L6 (815) 
1R Il,R8 t5: LA 82,10 
SB B1 ,=.lt2 (C'O') sr 82 ,BISE (114) • sr 17,L Y1L (R 13' L6: SB 62,112 

C) .... BEAD(CH) .... ST i2 ,L'Il (B1'lI) 
CLI CH(R12),C'O' L1: L i2 ,BISE (114) 
BL L9 I! H2 , L'At (R 1 ") 
SR B8,R8 1 Il2 ,CH (813) 1 

IC 18,CH (812) LI 83,C'O' 
SB IB,=AL2(C'O') SI B2,B3 
C 88,B1SB(S 13) S! 12,1. VAL (B 14) 

t ' BL L7 ••• iBID (CH) . ... 
t9: L . ~ 18, LVAL (B13) L B2 ,CH (B 13) 

l' ST 18,REIDI (a13) LI 13,C' O' 
L8 B2,B3 ' . B CR 1 

LII: SB ,B8,"8 "BC Il,18 (B15) 1 , 
BC~8 18,0 L 82 ,CH (B 13) 
~ B8,DEIDI (813) LI B3,C' O' 

LB: SB 12,83 
C i2 ,BAS!, (Bl') 
BC 4.t7 (115) , .. 

L8: L ~ B~,LYlt (S111) 
, 

St I2.RBADII (&14) 
BC 111 ,L4 (B1S) 

1 L3: tl D2,1 
tCR, I2,B2 

\ 
st B2 ,RBADII.(S 14) 

... t,: 
-~ 

() a) Our' code h) C;laaYille' s Code 

ligure 5.4 •. IBB 310 Asse.hly Code for REIDI Boutines. 
, 

, ' 

• 
~ 
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Other co.plete iapleaentations for different machines 

vere Dot done in order to keep the vork aanagEatle bl' a single : 

person. Rovever, cost. tables vere c,nst.ructed for . both the Y 
PDP-11 and the V1X-l1 ,sing the storag; classes presented j.nÎ \. 

Chapt el:' 4. 

algori th_, 

code t.hat 

and 5.6 

using tbese tables and the code te. Ela te ~lectioD 

both sa.ple prograas vere band tr anslated. The 

vas pr~duced for the PDP-l1 is shawn in Figures 5.5 

alOng~ the correspondi ng code produced by 

Glan . .,ille ' S lIachl.Dè-/independent code generator. Note that 

here again 'tbe register pair is Dot properl J used in the 

aultiply instruct.ion. The code obtained for tbe BEADN 

procedure, using our cost tables, ls very silli Jar t.o the code 

produced br Glan.,ille's lIachine independent code generator, 

except for t.he use of byte ins~ruct.ions vhenever the cbaracter 

CH ls used as an operande In doing so, an additional 

instruction vas required to convert froll a byte to a word for 

a subseguent addition. The code obtainell for .ltATBUMULT, 

osing tbe t.ables, requires 67 vords of .emory cOIIFared to the 

65 vards requlre4 by Glanvi'lle' s code generator. The 

difference can be attributed to the lIore efficient. code that 

Is geDerat.ed for a~ray index iDg in Glanville' s code generator. 

t'he interaediate la1lguage operations used for inclexiDg lIalte it 

difficult for us to produce the .ore efficient code pattern. 

Each array reference vouid require aD additional 2 yards if it -
vere Dot for the ose of the shift ilistroctioa ta i.p~e.ent the 

doubling opet;atioD. Using this instruction! only 3 additional 

vords J,re rel)ui~ed for all 3 array ref~rences. The remainder 

\ 

) 
,! 

) 
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is very sim.ilar. Glanville a Iso noted t.he 

osiDg the 

addition~l 

shift i,nstructioD amd subsequently 
~ 

production to produce 
1-

that code 

The branch instruct iOD on the PDP-l1 has a limi ted range 

of 128 vor~s forvard or ta~vard. Whenever the destination of 

a branch instruction is .oce than 128 vords a vay, the JllP 

instruction lIust be used. ID the code ott ained for both 

sallple routines, the ,use of JBR, JNE, JGT, et c ••• , ,.represent 

lIacro calls vhich expand to BB! or BEQ *+2 fol.loved by JIU?, 

for the 

'is. 111 

BNE case, depending on 

our sample lu tines, 

hov far aval th e destination 

the Jl!P i nstr IlCtion i5 not 

required as aIl branches are over short distanc€s. 

, ~i.ilar1y, both test proqralls were han cl t J:anslated using'" 

the tables for the '11-11. 'l'he code that vas pJ:odoced appears 

in Pigure 5.7. '1'he code for the !l"rBII!lULT procedure consists 

of 28 i;'Dstructlons requiring 112 bytes of storage. Better 

code could be produced, particularl.y for a~rélJ indexing, if 

the interaediate p-code vas aodified ~o as ta he better able 

to tate adY8.atage of the sophistieat:ed iDdexillg instructions 

ayailab1e on the '11-11. The code obtaiDed for the BBADltI 

routine ls siailar to the code produced for the PDP-11 except 

""" 
that tbree-address instructions vere used whelleTer possib~e. 

t'he if'B&DI routine reCJuired 29 .instructions for a tota1 of 115 

bytes of storage. tJnfortunate1y, DO 'II vas readily aYailable 

, . 
! 
l' 
1 

\ 
j 
i 
1 
t 
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to co.pare our code vith the code produced.J)y one of their 

co.pilers. Hovever, ve ~nclude the code for the Vl%-11 to 
. 

ShOW, the 47P1iCa.bili tl 

of target aachines and 

o~ our code generator te a vide range 

tb sho~ the ease of tetaIget ing the 

code genera tor. 

1.2: CftPB CB," • L1: ClIP CD ,$,40 " 
JIIB L3 LBB 12 
JSB PC,GBTCBAB J~ PC,G ETCHAB 
JBB L2 JBR ,11 

1.3: CftPB CH," 9' L2: CftP CH ,$71 
JGT L4 JGT 13 
CftPB CB,I'O' ClIP CH ,$60 
JLT t.Q JLT 13 
CftPB CB,"O' CftP C8,$60 
JHE L5 JI! 15 
!OV la,4 (RS) ftOV $1~, -6 (RS) 
JBB L6 JBà 16 

L5: flOV 110,4(RS) LS: 1I0Y $12, -6 (RS) 
L6: CLB 2(15) L6: cta -4 (R 5) 
L7: !OV 2(R5),81 L7: !lOV -6 fil 5) ,&0 

BOL 4(R5),R1 fiOL -4 (RS) ,BO 
BOVS CH,BO ADD CB,IlO 
IDD BO,Rl SOD $60,-4 (&5) 
SOB "O'.Rl say &0,-" (R5) 
BOY Bl,2 (IlS, JSI PC,G .ETCH1B 
JSB PC,GETCH1B ftOY liO ,CH 
a 0, CBP ~CB,$60 
BPB .' , JL'l 18 

JLT ~,B1 BOY CR,ao' 
lia' SOB $60, BO 
SOB ,1(l',B1 ClIP liO ,-6 (liS) 
CBP Il,4 (115) JL'l' 11 
J!r J,1 L8: say -II (RS) ,-2 (RS) 

L9: 0 BOY 2 (15) ,DUS) JBB 14 
JBR 1.8 L3: BOY $-',-2 (R5) 

LII : BOV '-1,0(85) L4: 110' -2 (85) ,Ba 
L8: BOY 0(85) ,8,0 

a, Our Code b, GlanYille'-s Code 

. 
ligura 5.5. PDP-11 Isse.bly Code for HEIDI Routines. 

( ( 

'---
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(,) . 
CLa 6(15) CLB -2 lRS) ) L2: CLR e (R5) JBB 12 

L4: CL! 12 (R5) L1: cu -4 (15) 
- CLa 10(B5) JBB 14 

L6: lIOf (R5) ,RO 13: CtB -10(R5) 
!10f 6(BS)r B1 CU -6 tR5) 
lIOt. 1l0r Bl JBB 16 J 
ADD • (BO) ,Rl L5: !OY S12r RO 
!OV 2 (iS) r 12 !tJL -2 (R5) ,RO 
A51. BO ADD -6 (R5) ,RO 
ADD Il,RO !OL S2rBO 

lIO' . 2 (R5) r B2 ADD -12 (85) , BO 
BOV 10 (B5) ,B 1 • !lOV S12, R 1 

f BOL 110,Bl IItJL -6 (B5) ,B 1 
ADD (B2) ,B 1 ADO -4 (a5) ,Bl 

1 
80V e (RS) , R2 !OL 52,B 1 

1 15L 12 
'~ ... ADD 10 (BS) ,Bl 

1 

ADp Rl,82 !lOV (Bl~,Rl 
... f- ...... ", lia' (B2) ,R 1 BOL (R 0 r B 1 

/ 1 lIOL (RO) ri 1 ADD R1,-10(RS) 

1 

ADD Rl, 12 (R5) IIC -6 (RS) 
CliP 10 (RS) ,'9 L6: CliP -6 ,RS) ,$11 

rx:r 1.1 dL! L5 , 
10 (R5) 80Y $12, Ra 

JBR t6 BOL -2 (as) ,RO 

( L7: 1I0Y Il (R5, , BO ADD -II (BS) r RO < 

"av 6 (15) , al BOL • 52,RO 
"UL '20,111 ADD -6 (85) ,Ba 
ADD (BO) ,I~ Btf -10 (li5), (BO) 
!lOV 8 (RS) , BO HiC -II (15) 
15L RO L4: C"P -II CR 5) , $11 
ADD 1',BO JL! L3 
IlOY ... 12 (BS) ,(BO) IBC -2 CES) 

\ CliP 8 (B5) "g 12: C"P -2485) ,$11 

\ 
JGT L5 JLE 11 
IIC 8 (R5) 

\ JBR L4 
\ L5: csp 6 (R5) • t9 

\ 
JGT L3 
Ile 6 (15) 
JBR L2 

\ . 
a) Our Code bJ Glanyille' s Code 

\ , 
\ 

PDP-l1 P gure 5.6. , lsseably Code ,for ftlTIlIXlnIL'.r Routines. 

() . " 
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etH" l (B13) 1.2: CSEB CH(B 12) l'· , 
1.2: CLHI J (B 13) BISQ 1.3 
1.11: eLHI SOft (113) aSBit PC, GS'1CB1B 

etHI J( (B13) !JOYB BO, CH (R 12) 
1.6: !lU 1.13 '20,1 (113) ,11 "BRI 1.2 

ADDI2 1 (R13) ," LJ: Cil PB CH(B12) ,,'g' 
lion J( (B13) ,12 BGTB 1.4 
!lOLI3 120, ft (11 J) , B 3 ClIPB CB(R12, ,"0' 
ADDI2 B (R 13) , ft3 BLSS 1.4 
50VI J (R13) ,B4 ClIPB CU(112) ,1' O' 
!lOLI) (~lHB2],(Rl)[R4],Bl , BlIEQ 1.5 
ADDI2 B l,SOli (R13) SOVI '8, BASE CR 13) 
e!PI ft (R13) ,'9 BRI 1.6 
BGTB ) L1 1I0VI "0, BIS UI 13) 
l If CI ft (B13) 1.6: CLIII LYIL (B13) 
BBI 1.6 1.1: !lULI] LUI. (B13) ,BASE (Rll) , Rl 

1.1: SOLI3 '20,I(813),R1 IDDB CH(R12) ,Bl 
lDDI2 C (R13) , Rl SUBll "0' ,Rl ,LVAL (B13) 
110'1 J (Rll) , R2 BSBI PC,GETCBAR 
1I0VI 5UlI(B13) ,'(Rt)[ H2] lIOVB HO,CB (Il 12) 
ClIPI J(R13),'9 CSPB CH(R12) ,"0' 
BGTR 1.5 BLSS 1.9 
INCl J (Bll) SOSS] 1 • 0 ' , CH (B 12) , B 1 
BRV tif CIIPI B 1, L'IL (R 13) 

1.5: CliP' 1 (R 13) ,19 1.9: !Soy, BISE (S13) ,BEIDN (R13) 
BGTB 1.3 BBi L8 
INCl l (Il 13) 1.4: !!OYI 1-1 ,BEAtH (B13) 
BIV 1.2 lIOVI BEADI (R 13) ,BO 

L8: 

a) !SATBIllIOLT Routine b) READN Boutine 

Piqure 5.1. V1I-ll Isse.bly code. 

The code co.parisoDs should haYe de.onstrated ,not only 

the effectiveness of our aethod of code generation, But also 

the high gualitJ code that ls generated an,d the ease vith 

'vhicll this qualitJ cau be iaproYed by adding additional code 

te.pla tes or Ile. storage classes. in fact, in .ost cases, the 

addition of a ne. te.plate ~i.plJ consists of addiD9 an extra 

eDtty to the cost table and lllsertiag the actaal te.plate into 

i 
~ 
! 
~ ; 
" 
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10 the te.plate table. The ease vith vhich nev teaFlates vere 

added to our code 9~nerator during the trial iapleaentation 1 

el'en sarprlse6 the autbor. 1 

\ 
~ 1 
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Cbapter 6 

Conclusion 

Tbe code generatioD aethod presented iD this thesis 

represents a step tovards amto.atic code generation. First 

the concept of a storage class vas pre sen ted. Theo, using 

this concept, aD algorltha for selectinq and joining code 

te.plates so as to produce near-optiaal code vas developed. 

The basic approach vas ShOWD to be galte aachiDe independent. 

The qlla1ity of the code prodoced by oor .ethod ls at- 1east as 

good as, if Dot better than, vbat has been achieved bJ other 

auto.atic code qeneratioD .ethods. The tab1es ued are easi~l 

cODstructed and their size i~ll iD co.parisoD to the 

equivalent source level routines. PortherllOre, sach a 

description represents a .ajor i.provellent :la cl.aritl and 

aodifiabilitJ_ the ease vith vhich nev tables caD be obtained 

aDd sllbstltute4 for 
I\? 

the existiu9 ones, thus creating il cross 

co.piler, i8 Ilot present for stalldard code generation sche.es 

and represen ts il aajor st.ep tovards facilitatiDt'I the 
lb> ~ 

\ 

j( 
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• 

retarget iWWo-olu Sililarly, it ls straightforvard ta 

add nev code te.plate's to the tables either te i.pleaent ney 

intermediate language operators ~r to take ad'antage of ney 

instructions ayailable on upva rd co.pa tible coaputers in a 

" co.puter series. The .odularity of the code generator ls also 

an iaprovellent oYer currently existiog code geoerators. It 

allovs easy extensibilit y and lod ifiability, sOlet hing that is 

Dot true of 1I0st code generators. This lodularity ailovs us 

to treat regis-ter a llocatioo as a totall)' independen t phase 

and, therefore, it si.pIifies our task of designing and 

ilpleaenting our re91ster alloca tion algor i th.. The ose of 

our register al~ocation algoritba provides a 151 redlJction in 

the size of the generated code over a simple register 

allocation algorithme 

As vith lost code generatioD lethods, tbis app~ach does 

not varie tao vell vith spae of the 1I0re a vkvard instruction 

sets. Soae co.puter archit~ctlJire,s bave t9.o laDy exceptions 

sucb as special fnnctions associated ~itb specifie regi,sters 

o~instructions tha't different vays of handling 
.,,r 

addressiag Iodes. Hovever, as vas delonstra ted, our letàod 15 

yerJ· flexible and cau bandle lany intricacies tbat are present 

iD .ost architectures. As an exalple, our aethod had no 

trouble iD handliDg t be use of the· eyen/odd registêt pair on 
\( (' 

the XB! 360/370. In fact. our approach does sen to pro'f'ide a 

greater .fl.ezibilitr iD dea,ling vith these aachine intricacies 

) 

, , , 
i , ; 

, ' 
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than sale of the other autoaatic code generatien .ethods~ 

!'his is due to the abilitf 'of creating star age classes as 

needed ta represent machine storage locations. 

Several extensions ta thif7 research are possible. First 

the illplellentatioDs for the PDP-l1 and the Vll-11 should he 

cOllpleted. Tbese i apleaentations voald proyide furtber 

insigh t in our aethod of code geDeratio n and Fossibly reveal 

certain deficiencies or possible iapx:ovellents that I:eaain as 

fet annoticed. several enhanceaents hav~ already been 

considered. rirst, a sophisticated optiaization phase is 

cnrrentl} onder developllent and viII eyentually precede our 

code genera tiOD phase. l!ost of the standard optiaizatioQs are 

U 
planned and others that deal vith the aore exotic features of 

the Pascal laD~aqe,' sach as sets, are also ccnsidered [29 J. 

The opti aiza tion phase aiqht require changes in the 

inter.ediate language to allov further machine independence 

and to facilitate certain optilizations [30 l. The 

interaediate language should definitelJ be aodified to allov 

the code qenerator to take advantage af sOlle" of the aore 

sophist.ica ted instructions nov ayailahle on the never 

cOlputers. 1 priae exa.ple wauld be the use of the IRDBX and 

C1S! instructions oa the Yll-11. llthougb already quite 

sophisticated, seyeral iaprave.ent.s to our register allocation 

algorit.hl are st.ill possible. III these extensions vill ser.e 

to i.proye the oyeral1 qualitJ of the code gellera~ea a~d as 
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.ore and more system software ls vritten in high levei 

languages, this can become a major criterion in tbe selection 

of a language as a systeas programming language. 

None of the extensions mentioned 50 far viII increase 

machine independence. However, considerable research 15 aiso 

possible in\ that area. One of the Mere Fromis1nl] 

possibilities is the autollla tic genera ti on cf the tables 

required br the code template selection algorithm from some 

kind of , machine 

al<]ori thm could 

descr iption. 

he made 

The register allocation 
'-" 

substantially more mdcbine 

i ndependen t. In our current code generator the register 

1 alloca tion routines lie re imposed olier our code , templa te 

selection algorithm and thus are not very machine independen t. 

These enhancelllents vould greatly reduce tbe burden of . 
retargeting the code gcnerator. As nev micro-processors 

become increasiDgly available, the ease vith vhich a compiler 

can be retargeted becomes a major factor in determining 

vhether it viII he used or Dot. 

'----
Although mach research remains to be dODe on automatic 

code generation, this thesis represents a steF in the right 

direction. The approach taken in this thesis is significantly 

differen t froll other me thods taken in the pas t. Our lIIethod 

provides some distinct advantages. The tvo œost important 

ODes are the applicabili ty of our approach t~range' of' 

computer .architectures and the high guality code that is 
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produced. !lais research proYides additional groundllork for 

future research,iu this are •• hicb .ar so •• day lead to 

totallr auto.atic code geDerati~D. ADJ coDtrlbutloD iD this 

area should be usafu1 as it Is Dot yet. clèar IIhich 19 the hest 

approach to auto.atic c~de generatioD. 



( } 

( 

------ ... _----,----------,~-_._~ .. _ .. 

BIBLIO~R1Par 

[ 1] lho, 1.' ... and Ull.an, J.n., Principl!§ .21 ~Qlej.'tt 
]!esiq'h Addison Wesley, Reading, lIass., 1911. 

" [2] Barrett. 'illia. 1., and Conch, John D., CQapiltt 
~QDst'9ctioB: rheor! and PractiCg, Co.puter Science 
Series, 1979. 

[ 3] Grles, O., co.pileI çonstruct 10n {9' ..QigitA-l ~o.pu te!:!. 
li1ey, Rev Yort, 1971. 

[ 4] "citee. an, "V.ft., Peephole opti.ization, Coall. AClI 8,7, 
(July 1965), 443-444. 

[5] Davidson, J.t., Fraser, Christopher W., . 'Jhe Design and 
lp,plicatioD of a Retargetable peephole cpti.izer, 1Cft 
Trans. on prograllaing Languages and 5J ste.s, 2',2 (lpr11 
1980), 191-202. Ilso see CorrlgenduJ. 3,1 (January 
1981), 110 .. 

[ 6] 

[ 7] 

[ 8] 

[ 9 J 

Aho, 1. Y. aDd Johnson, S.C •• 
Expression Trees. Journal 
488-501. 

optLaal Code Generation for 
of Aell 23,3, (July 1976) , 

Aho, 1. V.. Johnson, S.C. a~Oll.an, J. D., Code 
Generation for Expressions vith 4o •• èm SubExpressions, J. 
lclI 21,4, (January 1911), 146-160. 

Aho, 1. V. ~ Johnson, S.C. 
Genera tion for !tachines vi th 
Proc. Pourth lCII S,.posiu. on 
Languages, (1917), 21-28. 

and Oll.an, J.D., Coae 
!lul. tiIegi ster operations, 
Pri.nciples of progra.ming 

. -
!1808, Il. and Bake, s. r., Code Generation rec~nique for 
Large l.anguage coapi1ers, 'IBft S1st. Journal 9,l, (1970), 
166-188. 

[10] lilcox. l'.B., Generating I!achine Cocle for 8igh-Level 
progra •• ing Languages, Ph.D. Thes1.s, corD:ell University, 
(Sept. ,1911). 

[11] Donegan, lI .. K., An Approach ta the Auto.atic GeD'eration of 
Code Generators, Pb. D. ,l'hesls, Ri.ce Uni versi ty, HOQston, 
l'exas, (lIaY' 1973). 

[ 12] IIUler. Il. ft. , lato •• tic: Creation o~ a Code Ge'nerator froa 
a lIachine Description, ~echnical aeport IIIC !B-85, Il. '1. t. 
Ca.bridge liA, (llay 1911). 

• 

) 

, 1 



( 

[13 ] 

Bibliography Page 73 
.' 

weingart, s. i., ln Efficient and systea et le ftetbod of 
Co.pil.er Code Generation, Ph.D. Thesis, CCllpoter Science 
Depart.eut, Jale 'Unlyersity, (1913). 

[111] Beveo.er, J. ft., Sachine-Independeut Genera tiqn of optillal 
Local Code, Ph.D. t'hesis, Depart.eot of Co Ipoter Science, \ 
Carnegie-!el.loD University, (Play 1975). .~ 

[15] lIulf, I.A,., et. al., 8L155: eA Basic Language efor 1,7 

1 apleaentation of Sfste. Software for the PDP-10, 
Carnegie-lIe1lon Uni versity eSD report, (1910). 

lIulf, I.A., et. al., 8LI55-11: progra •• er·s Planual; 
Digital Equipllent Corp., (1972). 

1 

FraseD, C.V., Auto.atic Generation of Code Generators, 
Ph. D. - Tbesis, raIe Uni verst ty, (Dece.ber 1971). 

[18] Glanville, B.S., 1 ftachine Independent Algocith. for' Code 
Generation and i ts use in Retarg,table C empile'rs, Ph. D. 
Thesis, Coaputer sciences Divi sion, Uni ,ersity of 
California, Berkeley, (Jove.ber 1977). 

[19] Catte11, B.G.G., Auto.atic Derivation of Code GeneratiO'D 
fro. !tachine Descriptions, AC! Trans. cn Prograll1ing 
Languages aD&} Systeas 2,2, (April 1980). 

[20] lIolf, I.A_ , Coapilers and Coaputer A réhi tecture. 

[21] 

[22 ] 

(23 ] 

COllputer, 14.1, (JuIy 1981), 41-48. 

lori, K., AUllan, U., Jensen, K., and lage1, H., The 
Pascal. P Co.piler ~ Iiaple.entatioD Notes. Beriehte des 
instituts fu,.: Inforlatik, E.T. H., Zurich (tee. 1914). 

rBft systel,360 Principles of operation, lB! coqoration 
ltanua1 (122-6821-3),- Youghkeepsie, R.t., (1966). 

Harrison, .illi~., A Class of Begister Allocation 
Algorithls, IBII Researc Report BC 5342, (ftarch 1915). 

[24] PDP-l1/4S Processor Bandbook, Digital !quiplent 
corporation, (1972). 

[25] Yll-11/180 lrcldtecture Bandboot, Digital 
corporation, (1977-78). 

!quipaent 

[26 ] stone, Haro14 S., et. al., lntroduçtiga 12 Co.put!,&: 
Archltect9re, Science Besearch lssociates, Ine., (1975). . , 

[27] Beatt7, J. C., Begister Assign.en t llgoritbl for 
Generation of 8ighl! optilized Object Code, rsa Journal 
of Jlesearch and Deye1oplent, 18 (1), (JanuarJ 1974), 
20-39 •. 

'. 

1 

i 
1-, 
: ' 
i, 

.. ) 



-' , 

o 

( 

<!.\' " 

Bi.bl1ographJ Page 14 
l' 

[28] ~restJ:,. V1.l110 1., Register lssigDaeDt in' 
1'rae-S~rllctQred Prograas. Infor.atiœ sciEllces >JoQrl1a~. 
18. (1979), 83-9,.., 

[,29] Borspoo1.,' 1. Bi gel.. DtlDt.l..an, LaureDce 1.,. lnalysls a~d 
oj)tialzatioll of Set: tzpressiop,s. 'he Co.pa ter Journal, to' 

[30] 

appear, (1982). ' . 

G anapa tlli, Sabadeyan. Fiscber,. Char les B... SclJ1PQDe,. 
St.ephén J., "lho.pson, .Kei!h C., Li:aear lnteraediate 
RepresentatioD for Port.ab-le code Gen~ration, CO. poter 
Sciences TechDical R~por~ "35# University of~.isoonsiD' 
1I_4i801l, (Septeaber 1981). ' 

, , 

r 

l , 

l'-
r 

1 , ' 

• 1 

1 
1 

. 
'---.. 
< 

-. 



o 

,1 
\ 

cP' 

1 
1 

1 

i 
j 
JO , 
J 

() 

~ 

'-

J 

1 
1 ~ 

) 

1 
l, 

1 

lJIt lit k A r 

Page 75 

• 
Appendiz 1: fteaniDgs of P-operations Osed iD Exa.{les. 

l-DX • lD~eger Addition. • 
101 • Beal lddition. • 
SBI · Iateger Subtraction. • 
SBIl e Beal Subtraction. · BPI · Inteqer !ultiplication. · 'BPB • Real ftultiplicatione • 
DVI • In teger Di .islon. · DVB · aeal Di .lsion. · J!OD • Beaainder of IDteger Diyision. · IGX · Ioteger Regation. • 
1GB • Ileal Negation. · IBI • Inteqer lbsolute Value. · IBB e ' BeaI ,lbsolute Value. • 
lOT • Loglcal Regation. ,) • 
IID • Loglçal 1Dd. ' • 
OB • Loglcal Or. • 
III • Arra, Indezing. ,.~ · 1\0 · Loa:4 Inilirect. 2 • · LOI · · Load Address. " LOD • Lo.-4 Data Itea. 2 4 • 
LOC · • Load CODstant. a 
Lei · Load Constant lddress. ,,) • 
5TH · store Data Ite •• 2 " C · '», 
STO · store ID~irect. a · .\ BOU • coaparison for Eqnal. a • 

\ IBQ · coaparisoD for lot l'Inal. 2 • 
LES • CoaparisoD for Less. a .. 
LIQ · -coaparisoD for Less or Equal. 2 • "" 'GR! • Coaparison for Greater; 2 • 
GIQ · coaparisoD for Greater or Egual. 2 · rJP • Jo.p if Palse. ~ • 
'UJP • ODcond~tioDal J ap. • 

Ihere 
1 • • lrray ele.eDt leagth as •• ia.ediate operaBd. 
a : Date type as an taa.diate (Gperâad. 
• : offset as àn i •• ediate operande 

Lexie leye!. and offset: as la •• dia te ·operaads. • • • 
t - .; 
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l 
1 , 
j 
) 
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1 
l, 

i -

t 
" 



~SDil 

( 

lDI: 

BPI: 

IGI: 

ADR: 

BPR: 

NGR: 

( ) 
lin: 

lOT: 
r;;. 

PJP: 

Ill: 

CI': 

(. " \ 

v 
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J 

lppendix B: lB" 360/370 Code Te.plates for 
P-operatioDs of Appendix 1. 

AB / " SBI: SB R,R B,R / 

1- B.D (I,B) 5 B.D·(X, B) 
AB B, D (I,B) 'SB R.D (1, B) 

BB Hf· DVI, DB R"B 
R 1., D (I,B) 1100: D . ~ B, D (J, B) 
RB 1.,.0 (X,B) 
5tl B,D .~~ 

tCR a,B ABI: 1PR B,B 

IDR B,R SBft: SDR R,R 
10 B,D (I,B) SD R,D(J,B) 

"DB B,R DVB: DDB B B . , , 
".0 R, D (I,B) DD B,O (1, B)' 

LCQ.8 R,R ABR: LPDB R;R 

NB B, B OR: OE R,B 

1 B,=P'1' 

BC aast,dest OJP: Be 15,dest 
t3 

lb 

Il I,B STO: Ste B,D (1, B) 
SU B,D S'lB B,D (X, Dl 
liB 1,=P'Jt· 5'1 H,DtX.B) 

STD B ... D(i, B) 

SI .,. EOU: CI R,B 
SB "a; B~R .,1 -' ltl I,B 
SI l,a; IC I,D(X,B) CB .,0 (X,B) 
LB l, D (I,B) C B,D (X, D) 
J. l, D (I,B) CU D (B) ;1 
LB I,D(I,B) CDa B,ll 
LI I.D(I,B) CD .,D(X. B) 
LI l,. l!DI l,. 
tri 1,1 etC' .0 (t,B) ,D(B) 
sIDa .,l2 
II '.,. tl 1,1; BC .. sk, ...... '; SI B,B 
ra , .0(8),1 
Be aas't,4.st 

\ 
j • 

-

L 

, 1 

f 

l 

1 

1 
1 
1 

1 

1 
1 
1 

1 
1 

r ;;}. ~v 
-~=..--; •• 
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lppendi% C: PDP-11 Code Te.plates for 
P-operations of lj)pendil l-. 

< 
\ 

ADI: lDD SRC,DS! SBI: SOB SaC,DST 
IIC DSIf IIiC DST 
DEC DS'! DEC DST 

!PI: IIUt SIC,fiEG DfI, 
ASH DST,DB lIOD: DI' SIIC,IIBG 

IG1: JlEG DS'! 

lBI: !'S-r DST; BPL *.D; IEG DS!' 

IDI: 1000 SIC sel: SOIfD sac 

KPI: !lOLO sae DVB: DIf& SBC 

lai: IEGO SI.C 18R: lBSD sac 

110: !lOYB sac, REG; CCII REG; 
BUB SRC,REG 

OB: BIS SIC,DS! RO!': COli DST 
.81S.8 SIC,DS! cellB DST 

PJP, Bz% dest 
OJP: JIIP dest 

Ill: lDD IEG,lBa STO: BOY sac, DST ( 
Isa BIG,AD !SOYB SaC,DS! \ 
Ilot SIlC,BBG S'ID DST 

CI Y: CLa OSt' 100: CRP SIC,SfiC 
eLal DSt' CliP E SIC, Sile 
CLID DS., 'tS! 1 SBC 
110f SIC,DS! 'tS'!! SiC 

- 1I01'B s.e,DS! CRPD sac 
LOD SIC 
t'51'S -SIC 
1101'1 .'.8IG; Bcond ~+2: CLIB Ils 

~. 

Ihere 
sac call be BIlJ addressi 9 -.048 froa .aoDgat 

1 •. (1). 1(1).1 CI) • a ,1.. . 
OS1'. cft he aDJ' .a4H" 9 1104.· froa .aoagat 

R, (1', 1 (1' , % (1'. l ' ~ 
f 
r 

1 

1 
1 
1 

~- ------------------~--------- -----~--~-___ l. 

I 

'! 

1 

1 
1 
; 
, 
1 

1 
1 
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lDI:. 

SPI: 

1BI: 

1DB: 

SPI: 

1BB: 

IBO: 

10'1': 

Ill: 

c.,: 

'h.ers 
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lppendix D: Yll-11 Code Te.plates for 
P-operations of Appendix 1. 

lDDx2 SBC,DS'l' 581: SUBx2 SRC,DS't 
lDOx3 SIC, sac ,OST SUBx3 sac, SBC, DST 
llCx DST INCx tST 
DBex DS"l DECx tST 

1I0Lx2 SRC,DS'l' D'l, DI'x2 SRC,DST 
IUJ,Lx3 SBC,SBC, DST 800: DI'x) sac, SIC. DST 
lSBL nn,SUC, DST 

~ -
TStx DST; BGEQ .+n; KGI: "NEGI SBC,DS'r 
BBEGx SBC,DSer 

lDDD2 SIC, DST " SBU: SOBD2 SRC,DS! 
lDDOl SIC,SBC,DSt SOBD3 sac ,SIC, DST 

1I0LD2 SBC,QST ... DiB: DlVD2 SBC,DS'l 
IIOL03 SBC,saC,OST DI'D3 sac,SBC,DST 

TStD OS'!'; BGHQ •• 8, 1GB: !REGD sac 
BlfEGD SBC,DS'l' 

BCOSB lSRc,IEG; 01: BISx2 SRC,"nS'l 
BItB2 SIC, DST BISx3 SRC,SRC,DST 

'IICO!B SIC, OS'!' fJP, BxX dest 
DJP: Jftp dest 

lDD~3 SBC,saC.DST STO: IIOYx SIlC,.DS! 
1I0Lx3 SBC,SIlC,Dst !IO'D SIlC. OS! 
lSBL BIl,SBC,DS'I' 

.' 
Ctlx DS'!' " BOU: CIIPx sac.sac 
1I0'x SRc,Dsr CftPDx ~Ilc,sac 

110'0 SRC,DST ts~x SIlC 
T$Tx sac TS'l'D SllC 
BBS Da,SIC,dest 
BBC nll,SBC,dest 
1I0'B Il,BEG: BCOD4 *+2; CUB BBG· 

x caB be B, 1, L, ,p. D dependiDg OD the data tJpe. 
SIC ca. he a8' .dlr ••• lag .ode fro~ e.aDgst ' 

l, (1'" (1)[8], BD(Bl., BD(I,[~],BD(I),8D(_J[I], 
ID ,a). _D (1) [B 1. ID (Bf ,ID (a) [. lI' 'A. . ' 

DS~ cala ba ally .aar.SSiDg aoct. froa allODgat . 
1. (B).,' (1)[ -l, BD(B), BD ,a) [1 l,BDC'" ,BD(ll) [1 l, 

. ID(.)~ ID(Il)[a],ID(B"ID(B)(.], 'D. " .. 

'"""'" 

... 

1 
1 
t 

1 
1 . 
~ 

1 
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