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THE CHM3I=2 ZUHSET COMPILER

INTRODUCTION

The CH3-2 compiler represents the culmination of an effort to
condtruct 2 producktion ecompiler for militavy application=s. The
material that follows is an effort ko  render succinck
explanations of the structure and rationale Behind the compiler
design.

The thesis contained hereln is submitted i fulfiliment of the
Master of EScience degree in Tomputer Selence a3t Rochester
Institute of Technelogy. :

HOST 3SYSTEM

The ©CM5=-2 compiler was develeped on the the DEC-10 ar MCCONMNELL
COUGLAS  in Huntington Heach, Talifeornia. The DEC=10 runs under
a TGP5=110 Dperating Syster wusing a KL=10 processcor. The machine

possesses 256K words ol memory.

A wariety of software tools were used for the construction of

the compiler. For example, the front end of the compiler was
written using the Hetatranslater, a oanpllevr-compile= that
generates FORTRAN. A few of the sarly ssrantic rautines were

written in FQATARAN, whille fthe remainder @ Lhe compller was
written in FRAR, whiek 13 a 3tructured pre-proceisor for
FQRTRAM, Lastly, a string manipulatioen rautineg was writben in
BARCO=-10, the assembly language of the DEC-11.

THE <HE=2 LANGUAGE

CM3-¢ 1g a Havy language that 12 specjalized {or real time
applications. Cne notable feature of thris language is its
capability for Fixed peint operatlions.

The ponly recggnized CMSE=-2 compiler 1as the one developed by Lhe
United 3tates NHavy. The Havy's compile= will compile for either
the AHAUYK-T or ARAUTE-22(¥) compubers. The compiler described
in this report compiles for a subset of the original CRE-Z
language.

TARGET MACHIHNE

The target machine for the compiler is  the MDA 475CX
miergprocessor, which 1s essentially a single accumulator-pne
address machine. The YTECX possesses B bhit data words and 16
tit addresses. The accumulator is register A , whie¢h may be

used for single precision cperations. Far deuble pregision, Ghe
reglster pair LB is wsed. The machine centaing A' and B', which
are 3shadow registers of A and B respectively. In other words,
when & is loaded, reglster A' recelves the previous resyult of 4

&
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before the load. The same relationship holds for B and B, A3

for hardware, the microprocessor possesses a 181 ALY ehip.
Mareover, the 4F760X 1= classified as an iselated I40 machine.
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PURPQSE OF THE CMS&~2 SUBIET COMPILER

The CHE=Z2 compiler 12 esaentlally a orass compiler that produces
an input f{ile to bthe 476CK assembler, which is also hosted on
the LEC=10. The assembler generates an object file that Llnpuls
ta the M4T6CX linkage editor, producing a relocatable load
module. This lead moedule iz then used to program PROM chips for
the UTECX microprocessor. Tn essence, the inptended use of the
compiler iz te act as a partial translation actep in multiple
cross translations,

COMPILER DEZICGH QBJECTIVES

The compiler was designed aecording to six fupdamenval design
goals, whieh are listed below: '

1. The compller wilill generate cptbtimal assembly code that
Willl execube a5 fast gz possitlea. Thiz was the prime
ocbjective, since ©the target machine will be used for
real time applications. Therefore, the compiler will
generate the minimum number of assembly language
instructions apd take advantage of thoase instructions
that are leszs expensive.

2. The compilar will oaptimize storage allocaticn of
variabies and temperaries. The minimum npumber of
temporaries will be generated while the alleocatian
pesitions of wvariables wlli be optimal {or <ode
generatian.

3. The c¢ompiler will be flexible. Ino the Ffuture, il it is
desired to pgeperate assembly language Cor a new tLarget
machinea, only the third and fourth pass will be
changed. (In all prebability & fourth pass wWill not be
neaedad since it performs code geéneration that 15 unique
ko the 476}, 1If a language cther than CM3-2 1= needed
to be translated Iinto 4F76CX aszembily code, only the
first pass will Be rewritten. Therefore, the CM3-2
aomplier will be reconfligurable for future needs.

o, The compiler will generate assembly code that is clear
and readable to the user. User names for varlablés and
labels will be garried through to the assembly language
file. Compiler generated labels and tempéraries will be
distinpguishable from wuwser labels and variables., The
aompiler will alzo aid the waer by géenerating some
comments.

5. Compilation errors will be eastly debugged. The
compiler will produce understandabie error messages
rather than confusing errof codes, Warning messages
will alsoc be outpub %t ald the programmer.
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f. Cempiler maintenance will be eazily performad. If an
internal compiler erfror ogecurs, the interpal compilev
errgr number will be printed cut, indicating the ecause
and loeation of the error.  Tha ecompller will also have
the capabillty of parsing debug [lags set by the systems
programmer for the purpose of displaying tables, arrays,
and other debugging aids.

Qverall, the optimizations of the CHM3=F compiler include thoze
that are uder independent. Tt will be assumed that the user L&
an experlenced programmer who poessedses a0 understanding of
CM3=2 33 well as the 4T6TX assembly language. Optilmizaticons
will ' genter on improving inefficient intermediate language
gquadruples (guads) produced by the parser and machine dependent
optimizations intrinsie to the asaembly language. The cbjective
af Lhis project 15 npot to optimize Sguree code that the ujer
could imprave by rearranging the CME-2 statements.

5
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OYERVIEW DF COMPILER S3TRUCTURE

ThE diagram in Figure 1.1 illustrates the flow of =Source code,
intermediate code, and target language through the system:
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1 11
1 3 ]

- e e P { ------- PP
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' ---------- ﬁ - e P R PP oo

: ~ PASS U = —mawamsmwmmmammamaman % = FILE.ASM -

r - - - L.

| - - - -
. _FIGURE 1,r %

The CME=2 source statements are located in FILE.CHMS. This [lle
iz read in by pass 1, which performs lexical and syntactie
analysis. The output of this pass s an intermediate language
in the form of quadruples (quads)., Pazs one also generates

&
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assembly language statements that reserve storage for variables
of the SYS-PROC. Pass 2 reads in the quads and perferma machine
independent cptimizations on  them. The cutput of the gecond
pass ls 3 3et of optimlzed guads. Fass 3 reads in the cptimized
quads and generates assembly code for all the guads except the
fallowlng:

» Branches

Subroutine calls

Entry to procedures or functlens
Feturn from gprocedures or functions

s Y -

I'he gquads listed above are <¢arried through to pass 4, which
generates assambly language for them. Fazz 4 reads in the
aszembly language gonerated by pass 31 and merely writes it out
te FILE.ASK.

The temporary [iles genperated by pass cne, two, and three have
the extenaions IL1, TILZ, AND IL3 respectively., The file name
(or all temporary files 1s NNHCKS. The HHH receives the job
number that i3 assigned fto the wuser upon logging onto the
aceount,

The compiler utilizes two files that contain global variables (n
COMMOTN . CHM3P,COM c¢ontains the comman variables for all of the
user written routinez plus 3ome commen parser variables.
CME2.CCH contains the common variebles for the parser; this file
iz autcomatically generated by the Metatranslator.

The sompilar genorates aode for each SYS5=-PROC uwsing the
following ecalling segquence. Initially, pas3a 1 13 called. ‘When
the end of the 3YS~PROC i3 reached, pass 2 ls called, When an
end of file econdltion is reached, pass 3 i3 called. Upon end af
fila, pass 3 calls pass 4. When pass & finishes procesaing, it
returns te pass 3, pass 2, and pass 1. At thils point a aross
roforence map 15 generated by the first pass. HNext, pasa 1
clears out the local symbels of the symbel table and loads in
the new =z2ymbols. By purging the sSymbel table after each
SYS5=-FRCC ia processed, the secope of the variables is
maintained.
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CEEUGGIKG FEATURES

The debugging features of the ocompiler are intended for
Taintenance systems programmers rather than general compiler
users. Lebugging ¢enters around the uszage of debug flags, which
optlonally coexit with CM3«-2 statements in the source fils.
The=ze flags are parsed like regular CMS-2 statements but de net
generate guads that produce assembly code. Ipnstead, they =et
flags which perform varlous functicns.

Debvg {flags can be cturned on and off at will., JTan fact, more
than one debug flag ¢an be turoed cn or off at one time. For
example, debup [flags 5 and 7 are turned cn when an input c¢card
beginning with ".%+57" ig encountered.

411 of the debug flags of the Metatranzlatar are avallable as
well Az a few sthers. The mest useful include:

H40T STEP UP ANCG STEP DOWH TO THACE PARSE
LE+5 ANNOUNCE PRIMITIVE TEREMIKAL ELEMEKNTS
204 DUHE THE PAESE IMAGE BEFORE PAREINHG

el PAUSE (DCES NOT MEED TO BE TURNED QFF)
+§+F FPATKT THE IKTERMEDIATE LANGUAGE AFTEA

PASS 2 QPTIMIZATIONS HAVE BEEN PERFCRMED

B3 COMMENT LINEE CONTAIMING DASHES ARE
IKSERTED IN THE ASSEMBLY <COQDE T4
SEPARATE THE CODE CGEHERATED FOR EACH

QUAD
54T TRACE AND EXIT TQ/FROM FORTRAL ROUTINES
“FY PRINT QUT PASE 2 QPTIMIZATION ATATIETICS
E4H PRINT OQUT GCTC TO GOIO TABLE
54X PRINT CUT SOULRCE AND TL QUADS BEFQRE
PASE 2 COPTIMIZATIONS HAVE EEEW PERFOQRMED
TR PRINT QUT LABEL AKD BRANCH TAEBLES
AaZ FRINT GUT CONTEKTSE OF REGA DESCRIFTCE IH
PASE 3

tne of the advantages of uwsing debug (lags ls that {v is not
necessary Lo recompile the rouvtines compesing the TH5-2 compller
in order to display debug information.

B
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OVERVIEW OF THE METATRANSLATOR

The Metatranslator is a vser=criented syntax-directed translateor
generator cLhat iz machine independent ogver a large class af
machines.

The Metalanguage ts the languzge that the Metatranslator uses to
define a pregramming language. The Metalanguage is very similar
te BNF. A production in & grammar corresponds to 3 Metalanguage
delfinltion statement, while a nonterminal corresponds ko 2
metalingulstic wvariable, which 13 referrad Lo as an mlv.

The compller may be copgidered a translator system that is
composed of the following elements:

1. Control DOriver This is the main program of the compller,
which 15 wrikten din FORTRAM by the wuwser. This pregram
ipitistes translation.

g. Q=Aoutinas ThesSe are exterpal support reutines that are used
by the Metatranszlator orF user routines. Their fungtions
inesludea input, oubput, text editing, packing, unpacking,
gonversions, and branching from mlv to mlv.

3. Semantlc FRowutines These are vuvser writtem routines that
rerform ELhe semantle actlons of the parse. These routines
determine the outpulbt of each metallipguistis variable.

H, Parzer Thiz is a recursive deacent parser generated by the
Matagranzlator. The parser iz defined using the
Metalanguage.

" §&. Precedure Exesvtor This is5 a reoutine generated by the
Metatranslator that executaes deferred procedures. A defarred
procedure may be though of as a semantic aetisn routipe that
can be user defined or built-in (as in Ehe case ofF TEXT).

Metalingulstie definitions are used to define the parser. Eaeh
metalinguistic wvarlable begins wlth a dollar sign. The format
of a metalinguistlie definltion is the falloWwing:
fmlv=-rtame .= metalinguistic definition.
The first mlv in & language definition defines the highest
syntackie level, referred to a3 the head node. Each mlv
correspunds to a node In the implicit parse btree. For example:
SUNCONDCOTO .= 3GOTO,FINTEGER.
defines a FORTRAM unconditicnal goto.

The Metatranslator generatez a block of FORTRAM ccde with a

l



Fage

THE {ME-2 SUBSET CCOHMPILER

lake! to denote an entry peint teo a popterminal (mlv}. The last
several digits of the label denote the {dentification number af
the mlv. When ap mlvy steps dowsn to another mly, bhis is
performed By a goto rather thap @ subroutine cail. Eercause
recursion is  net  sSupported in FORTRAMN, the generation of
subroutines for each nonterminal is not feasible. Therefore,
the Metatranslator maintains ics own stack of informatian about
the parse and return points. The Metatranslator uses 3 stack
called Qocrab to record the state of the parser at each peoint.
Some af the major variatbles include the Following:

Gursor. This vartable points to the current character
in the image buffer.

Omlw. Penotes the mly id number of the noade which is
being entered (stepped down into).

QEave. Denotes the label number of the mlv which the
parser will vreturp after the gparse of the
current nmlvy is completed.

The Metatranslator generates 3 parser Witk the Same name as the
head node, At the beginoning af translation, the driver calls
the head node. Ezch node steps dewn to the aext successive node
as defined by the metalinguistic definitions., When the parse
finally steps back up to the head node, translation is completed
and the system returns toe the driver.

Each time Gthe Metatranslator steps down to the next node, the
status of the parse i3 pushned onto Getab. When it steps back up
te¢ the previous node, these attributes are poapped from the
stack. Il the parse succeeds, 38 variable called truth is satbt to
ane, else it is% set to =1.

10
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STMECL TABLE

The sym%el table is bazleally a Rash tatle woleh points Lo oa
nade  wWithin a deseriptor list. This node contains additlownal
Infermation a%out the hashed symbel. A sectian of the symbol
table 1z shown below:

SYMTLE LABEL LIST FAGS LIST

= DESCRIF = mrecccccmcccmaiaas B omrmmmmnmene mmassam = ———
---------- ~ LABDEF - ~ PHIE -
~ HKIND = i ;e e e e a2 e -
.......... - Llon - - PoALZ -
- ALGE{ED - Trird—rrrr e N N L T e ]
---------- ~ LVARY - - BPTH -
- QTQPE - eememamcasas | mmmmem—e—ea
---------- - LLCE - -~ PHOUT -
- CIGUSE = ——————————— ———————————
---------- - PRPOUT -
- QECLUG - mmmeem—mme-
~~~~~~~~~~ g
---------- 1

e DSORTE o o e e s s e

= KTINEC =

- ALUKALD -

- SCTLFPE -

= RICUSE =

- DECLNG =

ER T

SYMTRE i3 the npname glven to the hash takvle representing the

symbol  table, Eacn symbol will hash into a bucket in 3Y¥YMTAR,
IfF a eollisiern occurs, a polnter asageiatbed With each bucket,
Ilink, is set to polnt te & free hash record. The

Fetatranslator G-routines perform the storage management. T no
collision saecurs, Ilink is set to zeroc.

fach hash bucket contains six attlibutes that are common to all
of the symbols; they are as [ollows:

11
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DSCRIF This is a pointer that points %o
& node in a descriptor list

ALLOKED This is a flag that indicates
whether the symbal has been
allocated. It i3 =et to 1 if
the symbol has already heen
allocated, ctherwise 0

SCOFE This exzplain3 the scocpe for the
variakble. The values are as
follows:

1 External symbol
o Local symbol

3 Glochbal symbol

i Entry point

DICUSE This 1z a flag that iz 1 if the
symhol has bkeen wused (o =z
SYE=FROLC, otherwise 0.

DECLWO Thiz atgribete §3 used (or Lhe
erass reference table. It i=

the line number on wWhich the
symbol 1s dec¢lared.,

KIND This attribute Jndicatez Lhe
symbol type {variable, lakel,
procedure, =t2.]

After the symbol iz hashed inte one of the buckeks, a node is
allecated 1in the descripter list. CESCRIP i3 then set bo paint
te that node in the list., For example, & variable points to a
node  in the variable list and a procedure name polnts to a ooade
in the procedure list. Although the node also points to the
next node ang the precseding node, these pointers are not used,
Whenever a node ts allocakegd, the storage management Q=-routines
automatically allocate 1t as a node Ln a doubly linked list.
However, for the symbel table, these Fforward and backward
pointers are not necessary. The local symbels in the symbol
table are releazsed by returniog all of the nodes in the linked
lists bagk Lo the storage pool.

The T[ollowlng lists are used to contain descripter infoarmation
about hashed symhels:

12
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LISTUAME FUNCTIOHN
YREL Variable list
LABEL Label 1ist
PRGOS Procedure list
FUNZ Funetblan list
TABLE Table lizt
FIELD Field list
EQUALS Equals tag list
for example, pracedure list eontains the fellowing

desgriptors:

FHIN Hurber af input parameiers

FCALZ Flag to indicate whethe= Lhis
procedure galls anakther
proceiure

FFIN Folnter £ lnput parameters

FNOUT Number of oubput parameters

FFROUT Peinter Lo gulput parametars

All the «<ata structures used in pass 1 are generaktel and

manipulated by

Metalanguage. Therefore, the stacks, hash

tables, and linked ln the first pass have been cefined
uslng bullt=in Metalaoguage declaratives. There are alsn
Metalanguage sktaktements will add and delete items from

linked lists,

add ltems to hash tables, and test whether an item

1s already in a table.

Ocher data structures that pass 1 utilizes include stacks kthat
are used during parsing and & nash table called RESEEVEL Ethat
contains 3ll of the reserved words of tne THS=2 language.

13
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PASS 1
LEXTCAL ANALYSIZ

Dne of the funetions of a2 lexical analyzer i3z to read the scurce
program  c¢haractera inte a buffer. The Metatranslator performs
this aetlon bhrough varleus Q-rovbines. Qinput reads in the
characters and places them inte a bulfer. As the characters are
pead in, GQconv econverts the characters and integers into the
internal w©character-integer code of the Metatranslator. This

conversion nelps to  preserve the machine independence of the
first pass.

The second role <f a lexlcal analyzer is to partition an input
tbring inte a stream of legical wunits 2alled btokens. Tolkens
gonerally inciude items =such as keywords, identifiers,
constanis, and punctuation symbols.

The Heratranalatoer incorporates lexical analysia into  the
ayntactic analyzer. One can  easily usze BHF to deseribe the

Eyntax of a symbol. For example, the following defines the
syntax af an identifier.

fidepntifier? ::= {letker? 7 <{ldeptifler:><lettar> ¢

tidentifier»<digit>?

11

Clettors

/b /..
4digid ! /

o .2 '
fz A8 5 SR ST SR FY

=R |
1= 1
A possible Metalanguage definitlon for an indentifler iz as
fellows:

SICENTIFIER .= 1 TQ & LETMERICS.

The Metatranzlator nas reserved keywords that represzent varicus
subszets of the entire character set. Moreover, these kKeywords
are LuUSed to define tokens. The koeywordsz represent the Lhe
terminals of 8 metalingulstic deflnition; they are shown below.

KEYWDRD TYFPE CHARACTER TYPE

LETTEE 1 L=7

DIGTT £ d=0

ALMERIC 3 A-7,0=-19

LETMERIC 4 Letter, followed by digits aor
letters

SPACE 5 apace ar blank only

sPECTAL & all FORTRAN special characters

HONQHOTE T all except quote

T4
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DPERATOR a arithmetic operators
fe, =, ¥ 7  AND W¥}

CHARACTER 9 all

HONESPACE 10 all, except space or blank

HEX 11 -9, A-F

BINARY 18 0GR 1

OCTAL 13 n-7

The U-routine Gterm has the respensibilty eof identifylng

terminals. Suppose the following metalinguistic definition is
being parsed:

SINTEGER .= 1 TG 5 DIGITS.

In this case, Qterm aompares sach character under Lhe cursar
With & digit. The parse succeeds and thus terminates when the
maximum noumber ofF digits has beeon recogrnized. The parze fails
if the minimum number of digitzs i3 nct encounterad,

A  Syntactie definttion may alsc inelude kKeywords. For example,
the metalinguistie deafliniticn of a gete statement may be the
following:

SCOTOITHT .=, "GOTO" ,SLABEL.

Wwhen the Metatranalator generates the parser, Lhe keyword
enclosed iIn quwoted i3  placed into a literal table called
Qlvect. When Lhe parser 18 parsing a card image and the present
mlvy iz a8 $GOTOSTMT, then it 13 expected to recocgnize a 'GOTQC
keyword. Therefore, each c¢haracter in the card image i5
eompared with the 'UGSTC' in  the literal tabkle. If they are
equal, the next mlvy, SLABEL, 1s parsed.

SYRTACTIC ANALYEIS
The idntricate mechanism of parsing 1% best described by an

gxample. The fellowing metalinguistic definiticons are similar
Lo those in the CM3=2 parser.
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$SIMPLESTMT .= $GOTOPHRASE,$ECL.

SLOTOPHRAASE L=
'GOTO!
$HAME ,
EEGIN
IF 3NAME IH 3YMTAB,
BEGTIN
IF KIND £Q LABELX,
L IL{ILJ,KEYLAB,SYMPTR,EJECT)
i L TLCILERE,12 . ERHE,SHAME EJECT]
END
ir ETC. ..
END .

$ECL

I‘SI.
CALL CMEZEX,
CALL MORE.

The sasyntaetle Jefipition states that a simple stakement 13
compoesad of a goto phrase followed by an end of line marker. A
Eete phrasze iz composed of the literal 'GOICT followed by a

hame . If the nmame iz in the symbcl table and kind egquals latel
kind, chen a link it5 established to the user-defined procedure
ealled IL. The Tlirst reference ftgo IL ilinks 1IL wiltn the

arguments of an wneanditlonal jump quad. Otherwise, link te IL
containing the argumenktzs of an error quad. Wnen a link to =
deflerrad procedure is established, Ethe procedure is not
executed. Instead, itz arguments are 3tacked in Getab. When
the parsing of $0OTOPHREASE 13 finfished, SEOL ts then parsad.
This mlv parses a dolilar sign and then calls CH3Z2EX, which fs
the name of the procedure execuicr generated by the
Metakranslatoer. Tne procedure executor executes the defarred
procedure  IL, whicn unstacks the quad arguments From Qetab and
writes them out to the lptermediate language ile. Next, MCRE

is called which reads in the next card image. .

Boalean eonditionals in CM3-2 are parsed in the most effitcient
manner possible. Let Eoolean factors be defined as items
separated by OR'3 and Beoolean term be items separated by AHD's.
IfF any ¢f +the Boolean faectors are true, then a branch to the
Lrue exit is made without evaluatiog the other Boaclean
conditonals. For eranple, sSuppege the follewing Boslean
gxpresslon is encountered:

IF ¥1 EQ 5 0OR ¥2 EQ 6 THEN 3ET V3 TO ¥3i+1 &

The {following gquads are generatad. The comments do not appear
in the actual listing bul nave been added here for elarity.

16



Fage
THE €MS-2 SUBSET COMPILER
NE,¥1,I5,0G4 :IF FALSE, FALL THROUGH T KEXT CONCITONAL
i J,G1 ;OTHERWISE JUMFP TO TRUE EXIT
KE,¥Z,I6,G5 i IF FALSE, FALL THRAQUGH TO WEXT CONCITIOWAL
J 01 (OTHERWIEE JUME T TRUE EXIT
G5 .
J,G2 s JUME TO END QF STATEMENT
213 sTRUE EXIT
+,¥3, 11,11
SET,T1,¥3
G2 . i EXKD OF STATEMENT

If the conditicnal statement i{s an if-ghen=-else conatruct, then

the Jjump t&  the end of the atatement i3 easentlally a jump to
the else portion.

IT any Beglean terms are false, then a jump to the falze exit is
performed immediately, atherwlze the next Baslean term is
Lested. The diagram below 1lluatrates the short circuiting of
pbolean conditicenals. The diamends represent each Booclean
conditional test while the stralght line downward represents the
shortest path.

OR ARD
LA £y
oo £y
LN Y fma
WO T Wl F
! ! ! !
FAT FAT
AT | don !
v =1 T YW of=1 F
WSOl A |
! ! Pl
PR | AT |
PR | Fon !
L A YW S=t F
WOl Yoo !
Pt I !
F T T F

The problem with this method 1s that it generates goto's to
Zote's. For Boolean faetors the algarlthm geéenerates conditenal
quads to jump to the next conditicnal test and an unconditicnal
jump gquad to exit early (far Heolean terms it 1s the other way
around). The last conditicnal quad Jjumps to a labkel whieh then
jumps to the end of the statement; this 1% the goto to goks.
The goto o goto code i% optimized during pass 2.

Arrays in CME=2 have an Index Srigin of zero and are stored ino

17
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colume major Fform. The baszic equation wsed for array
referencing given an array ACI,J,FLD} is as fellows:
base+{{0%¢c+ ) ¥rei)buidtheoflaet where
tase = addre=zsz of the array
€ = number of ecoalumns
t = number of rouws

Width = the totzl number of words for all of the Fields
offzet = the number of words up to the field heing referenced

Juppese FDX dias an array thac 15 declared with the dimenslions 3

by & by 2. The algorithm used to generate c¢ode ta reference
FOX(1,2,0,F0{2) iz as follows:

1. Push on 3 stack a4 pointer to each subscript. The top
of the stack now polnts te the fleld FOXZ while the
bottom points o the 1.

2. Pop cthe stack 5o that the pointer to FOX2 is In &
varlable and the top of the stack points wao 0.

3. Lenerate a2 SET guad that places a 0 Inta a temporary
called T1.

4. Ceperate a gquad thact oultiplies T1 Ly the number of
elements of the dimensicn pocinted to by the top af
thz stack, stering the resuvlt in T1. Add the
subseript pointed to by the top of the stack and
store the result in T1.

%. Fop the stack. Repeat step 4 wntil the stack 1=
emply.

f. Generate a quad that mueielplies the width times T1.
The result is =2tored In T1. Add the aoffzetr to T1 ang
sLore the result in TY.

The pgeneration of guads for accessing arrays stered in column
order form requires that the subseripts enter in  the
cgleulations in reverse erder. Because 3 parsse scans fram left
to rlght, it was necessary to stack the Subcripts as deacribed.

Farameter transmissicon te subroukines and functions 1s basieally
s eall by value with copy restore. Before the eall, quads are
generacted that copy the arguments Ilnto the lnput parameters and
the call guad 1z genarated. If the item being called 15 a
procedure, then the quads are generated Lo copy the output
parameters into the output arguments. For example, the ealling
sequenece for & procedure ecalled PROC(X,Y,Z] with &, B, T as
arguments iz illustrated by the following =2et ¢of pseudo guads:
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SET A,X tCQFY IN FIAST IWNFUT FPARAMETER
SET B, Y ;COPY IN SECOND INPUT PARAMETER
CALL,PROG

SET,Z,C ;COFY BACK OUTPUT PARAMETER

If FPRCC was a function called PROCF, then the calling segquence
is the following:

SET a,% sCOPY IN FIRST INFUT PARAMETER
SET B,Y SCOFY IN SECOND INPUT PARAMETER
CA4LL PROCF,TY

If the f{unetion returns a zingle precision reswult, then the
result is automatically loaded into regilster A. If it is a
double precision function, then reglster pair AB 15 uszed. The
temp T1 indicates a temporary into which the result of the
function may be stored il there {2 no next use.

It 1& alsc pessible bto pass arrays to a furnction or procedure;
thiz 15 Achieved wsing call by address. The Function or
procedure 12 defined using CORAD(ITEL)Y, where ITBL is5 Some
indirect table. Indirect tables may be thought of a5 templates
which reterve no storage [(except the double word containing
their addreszs). Ta pass an array, a <all iz performed usling
CCRAD(TEL), where TBL is & direct table thav actually exits.
The CORAD 1intrinaie funcilon passes the address of the direct
table,

STORAGE ALLGCCATION

The alleccation of variable: iz termed paszs 1.5 hecause It is

per formed aftar paraing (paszs 1) and belfore guadruple
cptimization f{pass 2). Moreover, during this oeas asszembly
language necessary for allocation of variables is wWritten to bhe
ASM file. The gcode for this pazs 12 written in  the

Mgtalanguage. 4 mlv called HALLOCATEGLODRAL allocates all of the
glabal variables, which are contained in a 8YS5~-0D. For example,
suppase the variables XYI and ABC were found inm a SY5-0D called
OLOBAL, Fass 1.5% would generate the {ollowing assembly-coded

HODULE GLOBAL

D3ELT
ENTRY ABC
ABC RE3 1
ENTRY iYZ '
XYZ RES 1
END

411 glokal wvariables are alleocated in a module With the same
name as the syatem data deslgn. The ENTRY azsembler directive
indicates that the wariakle 153 a3 glokal entry point and its
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definiticr follaws. If ABS is used in the procedure, ther it is
declared with the EXTERKAL directive indicatipg that it is an
external variable that has been declared elzewhere.

The mlv called $ALLOTATELOCAL performs the allocation of local
varlables. If & TMLZ~2 statement is written in which two lgzal
variables ave wsed in a binary gperation, the most efficient
assembly ocde (2 geperated when the two variables are allocated
heit L& each ather in storage. The secticr ap paszs 3 explains
why more cptimal code is generated in bthis case.

fass 1 keeps a ¢oubly linked list called IMTEROP which contains
pairs aof lécal variakles that would benefit from adjacency. The

list starts cout as three nodes, which serve as markers f(or
pricrity levels.

PR HIGHEST PRIORITY

T (Inserticns for highest priority nades)
T';"T"E-T’j*T'T*T HIGH PRICKITY

R et el PR (Irsertians fer high priarity nades)
V50 L1 LOW PRIORITY

““““““““““ *TE::______ (Insertions for low priority nodes)

The allocatlan =z=eheme iz based en the gremise that the vaviakbles
that are allcoccated at the beginning of the l1lst will have @
greater ohance of being next to each cther. Therefore, those
varlables with a high pricrity will be alloeated at the head of
the liat and thoze with low prilerity will be allecated at bhe

reg= of bhe list. The highnest priority 13 assigned to those
variable pai*s that are ir a vary bleck thart is pesited inside
ancther vary bleck. These variables are apt to be used the rost
aoften. High prierity is aasigned t& wvariables within a vary

Bleek, while low prigevity 13 given to variables not withln a
vary block. When a new sei of birary Spesators is epcauntered,
the wvarlable components are lnsevted inte the list aeescrding ko
thejr prioriky level as shown.

Suppose wariabkles X1 throuth X§ are lceal. IKTEROF is injtially
get to £0,%3;{(N,N3:{0,7) ,which are the three priority levels.
Ir E1+%7 iz found, thiz will +wesult 1in INTERDPF being

E0, {0, Gy 0,03 0K, XT). I X1+¥B 1% encountered inside a
VAEY ©bleek, it i3z added under the hlgh pricrity level; this
results with INTERDF = €0,0);00,G;0X1,58);00,0 061, K77,

Suppase after 3zervergl mure trials, I[KTERCF 1= egual to
fignoring the zerses) (X1,X873;0K1, X301, X701 0X5,47).

Fass 1.5 builds an allecation medel in which sequences reguiring
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ad jacent allecation are separated by zeroes. MOCEL is a doubly
linked 118t usee for the final =equencing af bhe variables.
Initially, HMODEL - 9,0. <Considerimg the first gair in THTERCP,

MODEL = 5,X1,X8,9. The =econd pair cawvses MODEL to be
A I I 3 PR The thi*¢ palr cannot fit inte the model and Ls
therefore ignored. The fourth yields MODEL =
83,21 ,X8, 3,45 ,X7, 0. When INTEROP 1s exhaused, X2,X4, and X6
are allocated linearly, thus giving the crder:

L3 FES 1

X1 FES 1

X8 RES 1

X5 RES 1

X7 FES 1

xXe FE3 1

x4 REZ 1

X6 RES 1

Laskly, . pass 1.5 writes the a3ssembly code it has generarted
directly Lo the assembly lanpuage file. .

CRUGSS REFERENCE TAEBLE

A sross relerence table Lz generates by pass 1. The cross
reference Lable lists global elements of a system data design
and the Jloeal] elements of a 3Y3-PRECC. 4 mly called FCROSSEEF
generates the c¢ross reference informaticon. The formay of the
listing is as fallaws:

HAME KIHND TYFE LINE ADDE

Unfer the name heading 1iez2 the npame of the elemeny. Kind
specifies the kind of data element; the following possiblilites

include FROT {proeedure}, EOU0 {=guals declaration}, WHEL
{variablel, TARBLE, FIELD, OF FURT (function). The type
attrlbute indicates the type of variable listed. Type can ke [
{integer}, A {*eal}, A {arithmetrtic fixed ppoint), or B
{Bogzlean). Line 1pgdicates the line an which the element was
declared. Addgr  indicates the address of the element. TIF the
element is a varlable, then it represents the hex biags From the
LSECT. If Ly i3 a name enclesed in parenthesis, then it refers

te the name of the table that the item {(a field) belocngs. Tf it
iz '®%+ then It is an indirect table. Anocther cclumn preceeds
the name solumr; itk lists the scope qualifier for each element.
The keys include 5 (global scopeld, N (entry}, X {external}, and
blan¥ indlostes loeal sScope.
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IHTERMEGIATE LANCUAGE

The follewing is the intermediate language generated by pass 1:

GLaD MEAMING

L.ptr tser label

J GP Jump to OP1

JE QP Jump on false ta GP1
JT,0F Jump ar trus be OF1
SRC CME&~2 zmpurce statement
Z0M Commant

DIa Direct code flag

+ ,LPF1,0F2,0P3 PDPT £« DP1+DP2

= OF1,0F2.,0F3 OF3 <= CP1=-0FZ

* OP1,0F2,GP1 OP1 ¢« QP1¥0P2
/,0F1,0F2,0P1 OP1 <- DP1/OP2
CR,CP1,0P2,0F3 OF3 <= 0OF1.0R.CFZ

RHG 0PV, GP2 0P OFi1 <- GPF1.AKD.OFZ
KOR.QF1,0Fe ,OF3 DF3 <= OF1.XQR.0OF2

EQV ,0F1,GP2 ,0F3 P31 ¢- OP1.EQV.OF2
SET.OP1, QRS OFe <~ DF1

3HR,OP1 P2 ,0P3,0F4 Perform a type OF1 shift upaon

JF2 for QFY pumber of times.
The destinaticon 1z GP4.

AEE,QF1,0F2 OF2 <~ AEBS(OFP¥]

CALL,OF1,0F2 fall proecedure or functlon CFY.
If 2 funeticn, result iz left in
orz.

ENTER,GP1 Entry te fuaction o progedure

RETF ,DEA1 Feturn From Function; the r=etuwned
yalue 15 left in QF1.

RETP Retur=n from procedure

CORAL Tall ta TORALC

ERR.OF1 , DFE Print out error messapge number
OPF1 with zeverity level OF2.

EOQF end of file flag

« P71 ,CP2 OF2 <« «{QF1]

COMP,GP1,0F2 QF2 = COMPLEMENT(GE?Y}

{1'5s complement]

EQ,OF1,GF2,CF3 IF CP1 = QF2 GOTO 4GF3
KE,OF1,0F2,0F3 1F  GF1 tz GP2 GOIC OF3

GT,nF1,CP2,0F3 IF GP1 » GF2  GOTC 0F3
T QF1,0F,0P3 IF CF1 »= OF2 GOTO OFF
LT,OF1,0P2,0P3 1F GF1 ¢ GPF2 GOTC OF3
LE ,0F1,0F2,CP3 IF GP1 ¢= OPZ GOGTC OP3

G.no. Compliler generated label
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HEVER Inaccessible ecde

AGET ,QF1,0PZ,0F3 Aead from am aweay
OF3 <+« CGFRETOFRY]
(OP2 I5 THE SUBSTRIPT)
(Kote: there i3 no base reglster
in Lthe 47H. The npotaticn is
used inm che abstract 3ense.]

APUT ,QF1,0P2,0F% krite to an array
CGP3ioP2] <= 0OPM1
(OP2 IS THE SUBSCRIPT)

[GET,CFY,0P2,CFP3 fead from an indirect array

[FOT,GF1,0F2,CF3 Write to an indir=ect array

TCAD ,CF1 ,0P2 ,OF% -Set the addresz of an indirect
arcay.

DEEUG, OP1 3et dekbug lag

KILL Generate ne code ln pass 3

The following iz Lhe format for the operands in the intermediate
language:

AL A AL AL A W e a mL A

T ErErw R T E W T TTTm T T o

Fach operand is composed aof two elements: type and value. The
vyalue element iz -either an integer o+ r23] number. The Lype
element determines the meaning of the value element. The eight
different type elements are listed below.

SYraol EHOMERATICHN WALUE MEANIKG OF WALLUE

INTECER

REAL KWUMEER

PCINTER TG VARIABLE
TEMPORARY NUMEER
POINTER TC USER LAEBEL
FOINTER TL FUNTTICH
PLTNTER TL PROCEDURE
COMFILER LABEL RUMNBER

[ B e T - B
a0 b O L= Ll Y —
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PRSE 2

Pazs 2 performs tws kasie furetions:

1. Constructian of a label reference array
2. Machine independent cptimizaticns upon quacruples

The label reference array iz a one dimensicnal Boolean matrix
whieh 15 1inittalized ta gll zerces at the beginning of pass 2.
Caeh pesition corresponds to 5 compller generated label number.
When a conditional or uwncanditicnal branch quad is encountered,
the array 15 updated Wwikth & ane in the location corresponding to
the destinatior of cthe branch. The purpaze of the label
reference array is to 1inform the thirg pass which compller
labels have been actually referenced. This table i5 necesszary

because optimization during pass 2 may leave a few compiler
labtels thet are no lenger needed.

Twoe types of machine ladependent aptirizatcisons are performed in
paszs 2. The first {5 termed pinkgole optimizatlion, whichk is
defined as the transformation or mapping of 2 quad Q into an
cpbtimized quad Q' by some optimizing furnction F.

F
0 o--> g

The secand l= termed peephole aoptimizakicn, in which two or more
quads are coptimized at a time.

PTHHOLE GPTIMLZATIONS

The three optimizing fumetions that are wused for pinhole
optimizations ln¢lude che following:

1. Legical Simplificatiocn
2. Algetraic Simplification
3. Dptimal Commuting

Takle 2.1 illustrates cthe list of pinkele cpeimlzaticons uvsed.,
TABLE 2.1

ANY VARTAELE

ARY TEMFORARY

ARY TOUSTAKTCREAL CFE IRTECEER)
= VARTAELE CR TEMFORARY

= SCMPILE TIYE COMPUTATICH
MEANS NOT EQUAL TQ

-y T
=™ I n

[T
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Logieal Zimplification

CT,C,C,LABEL
CTI,C,C,LAREL
LT,C.C,LAREL
LT,Cc.C,LAREL
LE,C,C,LABEL
LE,C,C,LABEL
GE,C,.C.LABEL
GE,C,C,LAREL
EQ,%, 5, LABEL
EQ,C .S, LABEL
NE,C,C,LABEL
NE,C,C,LABEL

AND,C,C.T
GRL,C,0,T
KaR,¢,c,T
COMP .G, T

Algebrajie Stimplification

+, 0, VAR, T
+,0 VAR T
+,VAR,D,T

+ ¥AR,D,T
+,0,%,1
-0, ¥AR,T
-, ¥AE,Q,T

« ¥YAR,0.T
-, VAR VAR, T
-.c,c,T

¥ D,¥VAaR,T

e VAR.O,T

% -1, V4R, T
£ VAR, -1, T
® } VAR,T
k) ,VAR,T

¥ VAR, 1.T
VAR 1. T
LI
AWARLT,T
ALVAR LT

A VAR,-1,T
A0 VAR, T
/ WAR VAR, T
"I“!CZI"':PT

4 VAR, CON,T
SET,VAR,T

THE CM3~2 SUEBSET COMPILER

DETIMIZED QUAD

DELETE
J,LABEL
LDELETE
J,LABEL
DELETE

J, LABEL
DELETE
J,LABEL
DELETE
J,LABEL
DELETE
J,LABEL
SET,CON,T
5ET,CON,T
SET,CON,T
SET,COM,T

DELETE
<ET, VAR, T
DELETE
SET,VAR,T
SET,CON,T
-, WLE,T
DELETE
SET,VAR,T
SET,0,T
SET,CON,T
SET,N,T
AET, 0, T
-, VAR,T
«, V&R, T
DELETE
SET,VAR,T
CELETE
SET,VAR,T
SET,CON,T
CELETE
SET, VAR, T
- VAR,T
SET,0,T
SET,.1,.T
SET.COQN,T
», VAR, INY,T
CELETE

Fape
IF © HCT »
IF C > C
IFE © NGT <«
IF € £ C
IF C HOT <= ©
IF € <= ¢
IE < HOT 2= C
iF C =<
IE ¢ 1= C
IF C = &
IF S =C
IF C 1=
CON = T AND ©
CON = C OR €
CON = T X0R
CON = COMB{C)
IF YAHR =T
IF YAR '= T
IF WAR = T
IF WAR '= T
TOH = C+0
IF %aA = T
IF ¥aR '= T
IF VAR = VAR
CON = -t
IF ¥ar = T
IF VAR = T
IF VAR =T
IF VAR = T
TON = C*C
IF vah = T
IF VAR !'= T

[F VAR = VAR

CON = CSC
IR = 1750
IF VAR = T
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dptimal Commuting

LT,VAR,COH , LABEL GT, 00K, VAR, LABEL

GT,VAR,CON,LABEL LT,C0N, VAR LAREL

LE.VAR,CCH,LAEEL GE ,CON VAR, LABEL

GE, VAR, CON , LABEL LE,CON,VAR,LABEL

EG,VAR,CON,LABEL EQ, @GN, VAR, LABEL

ME,VAR,CON,LABEL hE,CON WAR,LABEL

Logical simplificacian takez advantage of ecompile time

comparl=on and

compile time logircal aperations while algebraic

simplification utilizes compile time computatiens.

Altheugh cptimal commuting performed here may not apply to some
machines other than the A476C wmicroprocessor, the sammuting
achieved 1&g still machire independent im the sense that the
resultant quads are equivalent to the criginals.

The sequences of eonde shown below illustrate the optimized code
generated By the UTLECK alter aptimal commuting is performed.

EQ,¥.00,1.85 G5 EQ,T.7%5,%.01,65

ADF HA ) LET A=-:=%

LET AzRAM ACR X¥Z

ADR 2CCHD TEST A«NGT &AM
TEST  A+NOT R4N IF =1,3L5

1% -1,5L5

During code zeneration, one lezs ADR instruction 15 sfererated.

Other reasons why optimal commuting was included in pass & with
the other pinhole optimizatiens inelude the feolleowing:

1. It was a4 one-quad transfoermation, the reguirement for a
pinhole optimization.

2. This optimization réquired no machine degpendent descriptors,
such as ' register or ZAM descriptors that are needed in pass

3.

3. This opkimization was easier to implement kn pass 2.

The pirhole cptoimizaticr in which diviseon by a constant is
charged to multiplicatior by its inverse may z2lsc be considered
a borderline machine lndeperndent cptlmizaticon. The
Justilficatian for this trarnsfermation iz that cguring code
generation, divisieon involves a <zall te & single ar double
precisien external routlne, since the 47& peossessez no hardware
divide instructlen. Less gverhead [s lovelved if a harware
multiplicaticn is performed.
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Fi"hﬂlﬂ Artimizaticns are performed twlece dJuring paas 2. This
eptimization is  acecomplished directly afte- the guads are read
1t &nd directly before the quads are written gut. The rationale
behind this 1= that constant folding may result in a guad that
can underge further pinhele optimizatians.

All optimizations inm pass 2 are perforred within a five quad
windew, which 45 a buffer that possesses the capability af
observing five quads at a time. The data structu-e of the
window i3 shown below:

LINK{S) MATRIX(S,40]

A CTTTTTT T :
- 2 - -
- - N -
S s - - R

Ak ey T W T L N N N RN RN BN R W R BN AL R L E

The linmk array contains a pointer to each guad in the matrix
array. Celetiens are performed by updating the pointers and
=eadlng a pnew =ecord into tke guad that was just deleted.

The data st*uctur=e wvsed fa= the five guad buffer iz essentially
an open ended =ingly linked list af gquads. The advantage af
using thils sc¢neme is that deletilon of any guad may be performed
quickly ang easily.

turing plnrhosle optimizaticon, the one quac transformation 1s
perforred on the kop gquad of the window.

The remaimnder of this section involves a brief description af
the peephole optimizations performed duving pass 2. Examples
are providez to show a  seguence of Juacs before and after
optimizatan.

TEMP COMPHRESSICH
A typical bBloek of guads produced by pass 1 i3 shown belaw:

Eoy.nge, v.g2,T.0t
£y .n&,v.13,7.02
+ T.02,T.00,1.93
SET,T.03%,¥.23

Howewer, In  the third guad, neither tempcorary 2 or temporary 1
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will ever be used agaln. Therefore, the result of the addition
operation in the third quad can be fssigned to temporary 1.

+«,T.02,7.01,T.03% Sy +,T.92,7.01,T.01

Since  temporary 3 is used Inm the fourth quad, it alse must he
changed to temporary 1 to reflect the Initial change to quad 3.
Temp compression will transform the above bBleek of guads 'inte
the following bkloeok:

V.5, V.22, T
¥ V.D6,V.13,T.02
+,7T.02,7T.01,T.M1
SET,T.01,¥.,0%

Temp compression reduces the number of temporaries, which
enables- the code generator to allocate the minlmum humber of
temporary locations for a3 SY¥YS=-PROC. Moreaver, more efficient
assembly weode is gernerated. This opbimiztion is performed on
the rirast and second guad of the window.

T TEMP COMMIOTEHG

oy.ns, w22, T.01
+,R.05,T.01,T.01

Temp commuting will commute the seeccnd quad as follows:

N Y.05,¥.22,T. 0
+,T.01,R.05,T.01

When code is generated for a given guad, the first cperand l:z
loaded inte register A {single precision) or AR (double
precision) and the second operand 13  addressed. Since Lhe
result of the arithmetic pperation of the first quad iz left In
register A or AR, then if the third cperand of the first gquad
equals the first cperand ©f the seccnd gquad, there is a next use
th reglzer A and a store 12 hot necessary. The temp commuting
attempts to create this next use.

CONSTANT FOLDING
SET A TO 2%=2T74/92%E
The akove eguation woulg zenerated the following set ol guads:

. I.02,0.276,T.01
A.T.01,0.92,T.N2
# T.02,¥W.07,T.N3%
3ET,T.03,. V.37

Tt is eclear that the first Lwo quads could be evaluated ag
eompile time. The compiler will perform the multiplicaticn and
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¢ivision fer the first two guads and produce the following
resulting cuads:

L L.O6 V.07, T 0%
SET,T.03,¥.37

tonstant folding is performed by ustng a two dimensional array
called Tmptbl. Eac¢h column of Topthl eorresponds to a tenporary

number. The first row correspends to the type of constant bhat
the temporary in the tatle presently contains, which i35 elthep
real oFf integer. The second roaw cantains the value of the
constant, Wken 3 saurce statemenk is encountered, all entrlas

in  Tmptbl are zerced cut. A zero in Tmgkel(t,n) means that the
value of the temporary is% unknown. If a gead is ensountered in
whish a temp iz assigned & eonstant, then the table i3 updated
with the ecentkants's type and valuya. If the gquad i3 an
arithmetis operator and a temporary in the quad corresponds to a
temporary in Ttmptbl, then the syubstitution 1% made. If the
sybatitution results in both operands being constants, then the
computatlion 18 performed at coppile Elme, bhe table l: updated,
and Ehe gQuag is deleted.

Tmrtbl is initialized after each source statement because the
parser generates new temporaries starting with Tt after each
source atatement.

The parser alse tends Lo gensrate guads that can be folded when
it generates guads for subseripting during array referencing.

If a quad encounters a division by zere, then the guad 1% left
unfolded and pass 3 detescts the error and prints out am error
meEsS5aLe.

COTC TO QOTC ELTMINATION

The parser generates many gote ta goto's during pass 1. Faszs 2
will rchange a oquad Lo brancgh directly to its destination and
delete unnecessary Llabals that are no lenger needed. Far
example:

GT,¥.0%,Y.05,5.M

G.01:

J, 005
G.NG:

J.G.12
0.12

+,¥.12,1.91,T.01
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WILL BE TRANSFDEMED TG

GT,¥.03 ¥ .08 G612

G.12:
+,¥.12,1.0%,1.01

The elimination of gota's to goto's is accomplished by Lthe use
of & Eoto bto goteo table that is construeted during pass 1. Tlre
table {5 an array Eqli{z,200}). The fivst row £5 3 compiler
generatead label and the gecond is its branch destinaticn. The
followWwing is a gotd to goto table taken Frem a test cases

noy a2
101 073
010 Rk
6 T
017 nig
n15 n13
n&3 n21
H2n 311
21 a22
Qg2 ni
12 N2k
232 024
by P 237
n37 LR
ROW 1 ROWE

At the begioning of pasa 2, <complete tranzitive closure is
prefarmed on the goto to gota  table, which results in the
fellowing table:

3i
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no4 ang
oot 03
01g Q2aT
QNG o7
Q17 n16é
n1s nz26
n23 011
nen 011
021 011
N2z n11
oty n2e
o3z 02U
oYz Q34
n3y 234
ROk Flw2

Pass 2 usez the transformed table te perforo the aptimizations.
[f 3 compiler generated label quad is encountered and that label
matches an  entry on the left hand z2ide of the table, then that
labvel quad is deleted. If & %bvranch quad is found and its
destination matehes an entry on the left hand side of the table,
then that destinaticon i% changed to the corresponding right hand

entry.
ELTHINATION OF IHACCESSIBLE CODE

The compiler will delete those guads which are inaccessible.
The algorithm wuwsed iz as feollows. If the current quad 1is an
uneanditional branech and the next guad 1is not a user Qr compliler
genorated labtel, then the next quad is considered inacecessible
and i3 deleted. For example:

J D4
J G5

The sercmnd guad will be deleted.
CIRECT TRANSFERS

The elimination of geto's Lo goto's sometimes produces the
following bit of useless code:

J.0%
G5r

For this optimization, the jump quad iz deleted.
EXIT S=ITCHIHG

An example of a recurring three fuad pattern i3 as followsd

Fage
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GT, ¥.91,v.02,04 -
J LG5
G4z

Tnis pattern ean be optimized by changing the first quad to
brarch to the false exit and deleting the secand quad a5 shown:

LE,¥.01,¥_ 02,65
Gu-

3z



Fage
THE TM3I=-Z SUB3ET CUMFILER

PAZS 3

The CM3=-2 subset compiler was origirally designed to be a three
pazs cgmpiler with 3ll af the code genergkion geeusring in Lhe
thirZ pasz, However, 3 very serisus prablem arouwse with branck
instructions using this atvpeture, The compiler initlally
generatad short bBranech  lnstructions using the *'IF' mnemarnic,
btecause this wasz the nmost efficiernt methad of executling a
conditional bransh, However, when a program with an ¢xtremely
large leoop was compiled and assembled, the ¢ompiler Would cite
g errors  but  the assembler would preduge 3 warning that the
branch (nztruction eannst reash its destinacion. Any branch
executed by the 'IF' nmnemonic can anly reach 128 wWords away
while the GCTD mnemonic is able to *each anywhere withirn the
assembly medule . Howewer, more efficient ¢code could be
generated wusing the *TF' rather than the goto for any branch
instruction. T& was decided thabt pass 3 would not generate code
for the nine bBranch intermedlate language Lypes (iletypez). 1If a
branch 1ltype was encountered, bthe intermediakte language record
Wwoeuld be passzed fthraugh 83 the {ellows:

FOQRMAT 1

I GPTOGDE ¢ ILTYPE , LEKGTE . IL ARGUMENTIE |

The meaning of the elements of this regord is as fFollows:

OPCCDOE = Initialized in this receord as a numerig key wvalue faor
IL. Thkis means that the recarc egnbains lrtermediate
language argunents instead af generated aszembly
larnguage.

ILTYPE - Type of intermedlate larguage {(ILJ, TILJEGC, ETL.)
LEYMGTH -~ Mumker of [L arpuments that follew the {leype
IL ABCUMENTS ~ Intermediate language arguments

The =hrupcture of the record containing the gene-ated assembly
larguage is as Ffollows:

FORMAT 2

ek B B i el e W N YT W T e s LN Sm o mr w RS e d— R Ao SRR R

! OPCOCE | LERGTH | ASSEMELY LANGUAGE |

o Em e e e de ke ek e W e w mr Rb e AL BN SN B RN e e

OFCODE = The numerie enumeration value Ffor the assembly
lanpuape oprode
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LENGTH = The number eof characters for the remainder of the
recard

ASSEMELY LANGUAGE - Generated assembly language

Therefcre, in pass 3 a program ccunter is incremented each time
a line of executable assembly ecode i5 pemerated. If a branch
iltype is encountered, the PC is5 incremented by the amount for a
lnﬂg branch. The branch iltype i3 then writken out to pass U
nsing Format 1. Further detalls con hew thiz optimization is
performnes will be discussed in the pass Y secktion,

LISTING GENERATECN/ERROR CHECKING

Ine {first operaticn that pass 3 performs as the cptimized guads
are read in 1z an operand validity cheer. ALl the arguments of
the gquacs are checked to determine if the arguments are of Lthe
correct  Lype, Fointers are checked to see i they are within
the proper range. [ any argumenks of 2 quad are in errocr,
Internal Compiler Error lumber 11 i% printed sub to the listing
and the terminal. Zometimes user compiler errcra cause the
parser te produce inwvalid arguments in gquads, In this
situaticn, ne internal compiler error is printed and the quad is
changed to an  ILKILL in pass 3. In other words, no ¢ode is
generated for this guad.

Fass 3 alsc generates a listing for the user whlle generating an

azsembly language file. The liating contains each ©CHM3=2
Statement, If an error geoeurs, (6 iz writtanm under Lhe CM3-2
statement that 1is in errar. The majority of the errors are

detected In the first pass and are passzed through bt the second
and third pass a5 an intermediate language gquad called ILERR.
Fazs 3 performs its own error checking @n the cases where there
is divirien by zere or If a real argument i3 contained in a
Baglean Built=-in Funktion.

One of the problems in pass 3 is the analysis of multiple Lypes
of tnfermation. The input to this pass includes error iltypes,
CM5=2 source statements, and gquads. One preoblem that arcse was
that warnings would ccassionaly cocur bebWéen twa quads. When
this a¢ourred, next use checking resulbted with erroneous resulbs
berause it was perfarmed between the present and and the error
quad. The sclutien to the problem i3 as follows. Tf the
predent quad is a CM5-2 scurce statement and the hedi guad is am
errcr, them the error message 12 generated In the case statement
construct of the Fass 3 subroutine. If the present gquad iz net
ILSAC and tha mnext guad (5 ILERR, then the errar méssage is
generated early in the input routine that reads the guads in
fInputhl. The next gquad is then read inte a buffer, thereby
overwriting the error quad. The préocess is repeated until the
pext nquad is5 net an errer guad 30 that multiple erreor quads
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grouped together will be wiitten cut early.

DIRECT CODE

In CHM3-Z, the uger has the cption of imserting Lln line sssembly

language code in a SYS=FPROC, Thi=z rcode is keown as direck
code. The compiler merely copies this code to the fourth pass
untouched. o aptimizations are made upon direct cede. Ib is

assumed Lhat when the wuser writes direct code, it is already
efficient code.

CODE GENERATIQH/STOKAGE ALLOCATION

The third and feurth passes use a routine cslled GEN ko generate
assembly c¢ode. Pass Is5 a global variable that records which
pais the ¢ompiler is currently execubing., If Pass egquals three,
then GEN wWrites its assembly language to NHN.IL3. 1If Pass
equals four, then the assembly text 13 written to the assembly
language [ille. Pass 3 uses & routine called QUTIL to ocutput any
intermediate language record to pass 4 acoording to format 1.

Imput te pass 31 1z buflfered 1n ardear to percelve next use
informaticon. The current Quad is contained in an array c¢alled
Ildata while the next gquad i=s lacated in Ildatbh. TwWwo typesd of
next wuse <checking will be defined here for future reference.
One type of next use will be termed medt use in reglster A. An
example of this 1s given helaw:

+, V.01, ¥.02,T.01
+. T.01.1.05,7T.02

In this tcase, the temporary of the first quad has a next uU3e as
the first argument a3 the next guad. 3ince bthe first argument
af any quad is always loaded Lnto pegister A ar AB palr . then
the result of this [irst quad has a future wuse in reglster A.

The =zecond type of nexb use is termed next use in RAM, a3 shown
below:

+, ¥.01,¥.02,T.01
«,I1.05,7T.01,T.02

In thls case, the tempeorary of the first guad has a next use as
the second operand of Lthe pnext quad. Bercouse the second
argument of any guad i5 3lways addressed as a RAM locatlon, the
result of the first guad has a future wge in RAM.

Fass 3 then generztes code for the inputted guad and
concurrently performs machine dependent optimizations. To make
such eptimizations possibtle, 1t 13 necessary to monigor the
eompile time contents of the registers A and B and the RaM
location eurrently belng addressed. Moreover, the precisieon and
seale f§actor of temporaries are also dynamically changing, The
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salution tu these problems is to maintain s descriptor for bhe
register pair AB and RAM. The register deseriptor simulates
what 15 eontained in the register pair AB at compile time while
the RAM deseriptor Lkeeps track of what memory location RAM

currently points. The [ormat of the register desariptor i3
shown below:

The vregister deseriptor is a four element array called Rega.
Type and value indiecate what constant , temporary, ar variable is
currently reslding in register A. The precision attribute ean
take on two values: 1 or 2. If precision eguals 1 then the item
described by type and value is residing in register &. If
precision eguals 2 then the item deseribed by the first twe
attributes is contsined in register pair &6. The precisien
attribute enables the wusage of one deseriptor to record the
destination ¢f both single and double precision operatiens. The
fourth  attribute 4L& the current scale fFactor of the result im
register A or AB.

The structure of the RAM deseripbor is as follows:

{13 {2) {3}

W N SR dy ol wer el W e OSSN ESC OSSN EEN BN BN BN BN BN BN B BN B SN BN

i TYPE | YALUE | PRECISION |

L e v dr N EEN N NN BN BN BN B B NN L BN B L BN B B B B B R L AL

The type and valee attributes indicate the REAM locaticon ta which
register 0O currently points. If the bLhird attribute is one,
then register 0 points to 3 single word. If precisien eguals
twa then O polnts Lo a double word in RAM.

Whepnever a variable ¢r temporary i3 stared, the register
deseriptor is updated. If the item heing stored iz 3 temporary,
then the current precision and scale factor of the temporary is
updated in Tmptbl.

The third pass also has the responsibilty of allocating starage
for temporaries and constants. ODnly those constants Lthat appear
a3 the zecond operand 1in a binary cperation are allecated in
starage. Constants that appear as the first operand in a binary
operation are loaded into register A or AE pair using 3 LET
instruction.

Whenever & memory location needs toa be addressed, a routine
called ARAM is called., Thiz routine checks whether the item to
be addressed {5 a3 temporary, variable, or constant. IF the
argument is 8 tcemporary, then a search is made through the temp
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queue  te  check if the temporary is already there. IF the item
is already &there, then its Zdisplacerment i= returned. If the
item 18 not already there, then the tenporary is enqueued. The
same line of logie is5 followed for the allocaten of eanSLants.
If the argument is & variable then the name of the variable isg

exftracted from the zymbol table for use as the argument of the
ADR instruetion.

The temp queue is an array that has three rows and 250 columns.
Each column e¢orrespends to a mew allocated Lemporary. RoW ohe
15 the tLtemp oumber, row two is the temp's precision, and row
Lhree is the temp's ¢isplacement. Twa temporaries with the same
temp number but with gifferent precisiens appeazr as two distinct
entities In the gqueue. They are located in different positions
1t The gueue and possess different displacements. The structure
of the c¢onstant guewe is  the same except that the flest row
contains the constant's value.

Any identifier that is generated by the compiler i% preceeded by
a per cent sign. Compiler generated jabels are in the form:

iLn where n is an integer
that is >= 1

A compller reference Lo 3 Lemporary appears as:
2Tmp+n where n = 8 displacement

4 compililer reference Lo a constant allecated as a RAM location
appears as:

A on+n where = a displacement

Doubtle wWord vartables, temps, and conatants are stored in memory
backwards (ie., low order followed by high erder}). The reason
for this g¢rder i3 due to the observatlon that more optimal
doubkle precisicn code can be generated.

To perform siogle precision and double precision divisian, the
compiler calls two external routines, SU0DIV1  and SUDIVZ
respectively.

The compiler is able to generate code from a4 quad in which both
aparandgds are single precision, both operands are deuble
precision, or if there 13 a mixture of sSingle and double
precisicn. If both eperands are single precision, then the ceode
generated 15 az [ollows:

Load the first operand into register A (if necessary)

Address the second operand as a RAM ioecation

FPerform the cperation {single precision}

Store result left ipo register A to a single word temp (irf
necessaryl.

= let iy —
P

+ [ ]
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If at least one operand is double preecizion, then code isz
Eenerated according to the foallowing algorithm:

Load the first operand into register pair AR {Lf necessary)
Address the second operand as a FAM location

Perform the aperation (double precision)

S@are result  left in register pair AR to a double ward temp
{if necessary}.

sl By

I{f ©CHMODRE is specliied by the user as being POUBLE, then under
all conditions the waperations of addition, subtraction,

multiplication, and divisien are performed aregrding to the
double precision sequence.

Uuring a lfunction return, Iif the Ffunecticn returns a single

preclaion result, then that result iz loaded inte register A.

Eise, the result is loaded inteo reglster palr AB.

The &HT6CX micropracessor contains no Iinstreetions for [loating
point eperatlans; all cperations are done in fixed point meode.
Therefore, if a variable i35 declared in £M5-2 as integer or
arithmetie, then & scale facter (3 associated with that
variable. For example, if a variable is said t¢o have a zeale
factor of 5, then the binary polnt lies between the Sth and Bth
bit, as shown:

etk B E RN R R R R R

S e T EE EF YW EF HC TW WS EEE W HE N N W BNC W NN BN N N R RN N NN NN N BN BN BN BN BN BN BN

A CKE=Z2 user determines the position of the binary polnt by
speclfying 1o bthe varjable declaraticon the number of places that
follow the bBlnary polnt.

When any non-Booclean cocperation is encountered, scaling musg be
performed. The compiler fncreases the =cale factor of &
variabtle by generating shift-right Iinstructions and decreases
the scale factor by producing shift-left instructicna. The
following rules are used to perform scaling:

1. If the iltype is ILJEQ,ILJNE ,ILJLT,ILJLE,ELJGT, ILJGE, ILACD,
or ILSUB, then Find the operand with the lower scale fackor.
Increase its seale factor until it matehes the other
operand. The rasultant scale factor 18 the secale of the
higher cperand.

2. For ILMUL, the resultant scale factor is bhe sum of the se¢ale
facters of the operands.

3. For ILDIV, the eosultant scale factor i3 bthe difference of
the scale Tactors of the operands.
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Y. For ILABS, TILRMEC, OR TLSZT, srale the operand according to
the destinzkon.

5. For ILAETF, scale the returned value according to the scale
aof the function.

b. For array referenzing, scale the item being transferred
acearding to the scale af the destinmation array. Also, scale
the subseript te a scale af 7 for ILIPUF, ILAPUT, ILAGZT,er
ILIGET. Scaling must be performed here because the subseript
af an array iz always 3 single precision integer. Moreover,
the =cale factor of a double precision integer is always 15.
Therefore, the subscript of ILTOACD is sealed to 15.

COMMENT CENERATION

Opne of the wuseful functions of pass 31 1= the automatic
generation of comments. There are two types of comments written
te¢ the assembly language File. The first type (5 generated by
an 1iltype called TLERT, whiliech contains the text of each CMS-2
statement. These sop=ce statements are fdenkbtlical to the ones
that appear in the listing file except that tney ave prefirxed by
4 semicolen, which begins a comment. The obne* somments ace
those that Ehe systems programmers generates himsell by a call ko
the GzZR routine. Fresently, one camment iz pener~ated to denote
the eBptry and return {~am a procedure gr functblon. For example,
the fellowlng comments ase cantained inm a procedu-e fo= o an
aszembtly language module:

| ———————— ENTRY TO PROCELURZ
ASSEMBLY LANGUAGE STATEMENTS...
(e —————— RETURK FROM FREQLECURE

If the bloek i5 a8 function, then 'functicn' i3 substituted in
the generated comment,

finotner ocomment that is generated ko Aid the wuser is the
following:

--------- LGHS BRANCH

This ecomment iz generated whenewve® a long Branch {5 generated by
the ecompiler, The appropriate programmer aetlon is to divide
the procedures and Cunctions into amaller Blecks of code.

MaruIRE CEPENMCENT CETIMIZATIONS

An extensive numba* of macaine Jdependent weptimizations are
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performed during pass 3. These woptimizations are best
illustrated by aelected examples. Jequences of ©ode are
provided <¢omparing wunoptimited code vs. optimized code. The
examples glven wuse single precision code in order to allow a
clearer comparision but 1t must be pnderstoosd that the 3avings
are greater for doeuble precision code. Sgme ogptimizations apply
te both s=ingle and double precisicon code; if the cprimization
refers tc only one type of precisiom 3 comment will appear.

Ancther impertant note 15 that whenever an ADR instruccion L3
saved, two words are saved Tather than ¢gne hecause each ADP
instruction 1% expanded into two lnstructions by the assembler
a5 shown:

ADR  XYZ _is expanded into

ARRI XYZ
ADRL XYZ

In the expanded seqguence, the First Instruction places the g
most Significant bits of the address of XYZ inte the upper half
of register ¢ while the seccond inatruction places the B lower
bits into the lower half of register C.
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foellowing summarlizez all &f the machine dependent

cptimizations of the ©M5-7 subszet compller.

1.

Additien &f one to a variable or temporary

+, .01, 1.01,F.01

NNOPTIMIZER CCDE QFTINIZED CODE

ACR XY¥Z ADR XYZ

LET A=HaH LET A=HAM

ADR ZCDHN+G LET A=h+1

LET A=zA+RAM (STORE IF NECEESARY)

(STCRE IF HECESSARY)

Subtraction of one from a variable or temporary

-,¥.01,1.01,T.01

ADR XY 2 ADR XYZ

LET A=FRAM LET h=ERAM

ADR ICCN+D LET A=A-1

LET A=A=FAM (STORE IF WECEZSARY)

(ATCRE [F NECESSARY)

Loading a variable, temporary, ot canstant inko register A
anly if the register does not already contain the jtem.

Addressing a RAM locatiaon only if register O does neot already
polnt teo it.

Storing the result of an operaticn inte & temporary cnly if
there iz o lmmediate next use. For example:

.01, v.02, T.N
+,7.01,1.0%,T.0%2

ADR X¥Z ADR X¥2

LET A=RAM LET L=-RAM
ADE ABLC ADE ABC

LET azA+RAM LET a=A+RAM
ADE ETMP+D ADR RCOM+D
LET RAM=A LET A=zA+RAR
ADE 3ATMP+D

LET A=RAH

ACE BRCOH+G

LET A=A+RAM

For a binary operaticon, use LETI when bBoth cperands of the
quad are varlables and they are alloczated next to eaeh other
in storage.
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+,¥.01,¥.08,T.0N2

ADR XYZ ADR XYZ
LET A=RAM LETI &=RAM
ADR ABC LET A=A+RAM

LET A=A+HAS

In the optimized zebt of NTE instructicns, the ALCR inseruction
directs register O g polnt Eo the EAM lecation containing
RTL. The sgecond instructien [(LETI) performs the following
cperations:

a. The contents of register A iz loaded with X¥Z. Register D
iz incremented Lo point ko the sacend operand (both
operands are Jjuxtaposed).

The third instrustion adds the conkents of registe- A Lo the
zecond operand and stores the resulb intao 4.

Az 2 result of this cptimization, cochne ACDR instr-ucticon 1&
saved,

Thizs cpbtimization is alsa perforned on & SET quad, as shown:

SET,¥Y.01,¥, 02 (ASSUME ¥.31 IS KEXT TO V.32)
a0R XY2Z abR XY¥Z

LET A=sFAN LETI A=HAM
ADR AEC LET FRa™MzAh
LET HAM=A

If the present guad is addition o~ subbraction and there is &
next uszZe in EAM, then stoare the result of the operation into
RAYM rather than inte reglster A.°

+ V.01,T.08,T.08
-, ¥.N5,T.08,T.%3

&0R XYZ ACHR XY¥YZ

LET A=zRam LET AzRAM

ADR ETHP+T ADR =THRP+Y
LET AzA+FRAM LET EAM=A+RAM
LET EAM=A ADRE ABC

ADR AEC LET a=RAM

LET A=FAK ADR ETHP+T
ALR STHP+T LET d=ha=Hav

LET A=A-faM
This optirizticn eliminakes an unnecessary store cperakbion.

If the pressnt quad is addition or subbracbticon and the next
quad 1is a TIL3ET and there is & next wse in HAM, store the
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result inte RAM rather than register 4. For example:

+ ¥.01,%.02,T.04
SET,T.0H,¥.02

ADR XYZ ADR X¥2

LET A=RAM LET A=-RAM

ADE ARG ALRE ABC

LET A=zA+FaM LET RaM=A+RAM
LET RAM=A

wWhen & wuser writes CME-2 statements in which a variable is
ingremented or decremented by one and stored ifnto the same
variazble, a next use in RAM i3 alszc produced, as shown.

SET XYX TQ XYZI+ GERERATES

+,¥.0%,1.01,T.01
SET,T.01,¥.01

ADE X¥Z ADR XYZ

LET AzHAM . LET AzRAM

LET Azf+1 LET RAMch+t

LET RAM=z4

In the optimizations in which there iz a seguence of addition,
s2t, or subtraction gquads, then after the result has been
stored Lloto BEAM, no code L& generated for the set quad. This
iz done by generating the optimal code foar the present quad
(addition or subtraction) and ehanging the next gquad (ILSET)
to ILKILL.

&. Generate cptimal ecgde for the sguaring of a temporary ar
variable. This gprimization applies only to double precisian
operatichna.

£V 0%,¥.01,F.01

ADR  XY¥Z ADR XYZ
LETL E=RAM LETI E=RAM
EET A=HAM LET A=RAM
ADR  XYZ LET E=E
LETI B=-RAM LET A=A
EET A=HAM MEL

MUL

The multiply instruecion works by oultilplying the contents of
the register palr 4B by A'B'. TIn the sguaring case, it 1is
more efficlent to retrieve the 3decond operand from reglsters
A and B rather than from RAM.

5. If 3 gquad is encountered that i3 a mulbtiplication by a power
off two, then no assembly ¢ode is penerated. Instead,
inorease the scale factor containing the result &y the power
off LWo.
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If & quad is encountere? thnat iz a division by a power of
tWws, do not generate any assembly ecde. Instead, decrsase

the scale faetor of the temporary containing the result by
the power of tWe.

The algorithm im whieh eptimizations numbers 9 and 19 are
implemented is as follows. Suppese a  temporary is
multiplied by two in a guad 85 shown below.

¥.T.01,1.02,T.01

The pemp takrle i3 wupdatesd wikth the temp's resulting
precislﬂn and scale. In this case, the seale af T.01 is
lnocrementad by one.

Supgﬂse the quad was the mulgiplication of a3 variable by a
variable and stored in Lemparary one.

*,¥.01,1.02,1.09

In tnis c¢ase, one po3sible solution would be to increase the
stale faector oF the variable by one in gne symbnol tanle.
However, Ltniz cannot ©te done because the scale Fackors of
the variables: must remain constank for thia i1a  the
requirement of fixed point operaticns, what is done inatead
is that the =secale faetaor of temp 1 In Lhe temp table is
ineremented by ©ne a3 before. Fext the pointer to the
variable i3 also entered into the temp table for temp one.
whenever temp cne is referenced a3 8 Future guad within a
basie bloeck, the name of Che varlable will be wvsed hub the
seale of the temporary 13z used. What has oeccured nere iz
tnat tne scgale of the vwariszkle has been updated to repesent
tiie multiplicacion Witheut reszorting to changing its vwalus
in tne symbol table.

If Ethe destimation of the multiplicaticn by a power of twa
gperation 1s the same wariable, then tne aonly scaling
performed is the vwartable assignment. This scaling i3
performed separately and is done far a IL3ET guad. Howewver,
for the multiplication or 2iwvison quad, no scaling code i3
generated in this case.

Faor addigion, subtraction, and comparison gQuads, scaling is
per{armed by inereasing the scale Facter of the aperand with
Ehe lawar zcale, If ore af the operands is% a ¢onstant, then
there L& rmo problem  because the sezling ¢an Le done ak
complle time, Hoawever, if botn ¢perands are variables, then
scaling is perlormed oy loading the operand with the lawer
seale factor into register A @r AE and shifting right until
its scale nas inereased sufficiently.

The #most aptimal case 1z tae sicuaticn in which Lhe scale

qu
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factur of the first cperand is less than the scale facter of
the =zecond. If the scale Factor of the first operand is
greater than the scale factor of the second, then the
following type of code is generated:

1. %Eve the contents of regiser & ar AR pair in register

2, Load the second operand into register A or AR. Perform
scaling by shifting right.

3. Store the contents of register A ar AR back into the
tecond operand [a RAM location?d.

4. kgad the ([irst operand from RE back into register A or

Therefore, if both operands are variables or temporaries and
the [irst cperand's secale facter exceeds the second and the
iltype is ILADD ee ILJNE or ILJES, then the gperands are
cormuted,

When the precisicn of the two operands is unegual, then it
is net optimal when the precision of the (irst operand Lz
doubkle and  the seceond {3 single. If this is the casze, the
followlng type of eode must be generated:

1. Save the contents of register AD into register HE.

¢. Load the cantentz of the fthe second single precision
eperand Into reglster A.

3. Extend the operand Lo double precizicn by loading a tersd
inteo register B.

N, Allocate 3 mew temporary on the temp queue.
&. Store the contents of A2 inte the neW temporary.

f. Generate an APE Instructicen &g Chat register O now polnts
te the new tempcocrary.

The above algerithm results with the extension of szinmgle
precision te douwble precisien far the second cperanc by
alloecating & new Lemporary. Since this i% not efficient
code, LF the iltype 1is ILADC, ILMUL, ILOR, ILAND, ILXDR,
TLEGY, ILJEQ, or ILJHE, then the gperands are commuted.

If one operand is a <censtant and the other cperand is a
variakle and sealing needs to ke Zone, then perflferm the
scaling abt compile bime.

4S
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The gereration of a shift Lnatruction will be cpbimized. If
the number of right arithmetie zhift instruecticns required
iz greater than three, thern a multiply imstruction will be
generated to perform the shifte, For the other types of
ghifts, Aif the number of shift irnatructions is greaker ar
equal to elght, then eight les: shift instructicens are

generatad by perferming register swapping befere the
shifts.

¥henever pass 3 encounters a ecompliler generated label,
assembly code 1% generated and Lthe register and  faM
degariptors are initialized asz empty, sinece the conbtents of
the deagripto=a ave unkrown before the branch to the label
iz executed. 1f pass 3 enccunters a compiler label, then 2
check iz made 1n the label relerence array to Jdefermine
whether this 1labtel 15 the destination of any branch quad.
Ilfr noe, then no ¢ode is5 generated for this guag anct the
reglster and RAM deseriptors are lelt as (2.

L&
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PASE U

A3 mentioned earlier, pasg 13 generates codes lor all btype of
quads except Lthe fallowing:

Branches

3ubroutine calls

Entry to procedure or functiaonm
Feture from a procedures ar funstion

b B -

The cnde for the ahoye quads 12 generated during pass 0.

Azsembly language statements are merely written tao the A3M file
unchanged.

The sections that lollew deseribe the method of geherating code
for the forementiened guads.

ERANCHEZ/SUBRCLTINE CALLS

Twe tables that are built by pass 3 but utilized by pass 4
1n§lude the label and goto tables. Their formats are shown
Eelow:

LABEL TABLE KECORD BRAKCH TABLE RETGRD
- TerE - SrerE -
- VALUE - - VALUE -
S e - - ILTYPE -
T - mpic -

- P -

- PREC -

Type indicates: whether the branch &8 a wuser aor ocompiler
generated transfer. Indic indicates whether the transfer is
iong wor  short while Fre¢e indicates the precisicn of the
operatlon [(single ar doublel.

Whenever a3 label is enctountered during pass 3, an entry iz made
inta the latel table. When the current iltype 15 a tranch or
#all, an entry s made inta the gobts table. Indic is
initiallzed a& two, wWhich represents a long branch.

uy
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At the begZinning of pass 4, these Lwo tables are run Lhrough an
optimizing process. When a transfer iltype is recognized in
thiz pass, the record containing the kranch'z label destination
1z feund im the label table. The difference betwesan the FC of
the latel and the PC of the branch is calculated. 1f the
differenece 1% pgreater than =127 and les: than or eBgual to 126,
then Indiec is changed to 1, indleating that this iz now 8 short

branch. The FC af each succeeding branch record in the branch
table is decreased by the difference Between a long and shortl
branch. Hext, the FC of each label ceeurring after the branch

iln questicn 13 deeremented by the cdifference between a long and
short tranch. The algorithm is repeated until no more branches
can be converted to zhort branches. -

The table below 1ists the poumber of werds generated by long
btranches and sheort branches. Beth sinple and douwble precision
cgses  are oonsidered. With iltypes such as ILJ,ILJF,TILJT,and
ILCALL, precisicen has no real meaning. For the 2ake of clarity,
they are placed in the single preelzion ecolumn.

SHCET 2EAHCH LonG BEANCH
Single Double Single Douwble
ILJ 1 2
ILIF 2 S
[LJIT 3 U
ILJEQ 2 S ) B
[LJEE 3 4 g g
ILJLT é b 3 &
ILJGE z = 3 E
ILJLE Z S 3 £
ILJGT 2 & 3 )
ILZALL 1 g

The gzeneration of assembly language for branch illtypes entails
the wusage of both relative and absolute branching. Absolute
branching is wused to Jjump to the final destination while
relative branching is used te Jjump within the bloek of assembly
language instructions generated for a given quad. For example,
the following is wuwsed to generate code for a single precision
iemg branch for  TLJLT. Assume that the first argument is
already 1in R and register 0 already points toc the second
aperand.

LET AczA-RAM
IF & LT N,3+2
1F TRUE,$+3
GOTo LASEL

The dsllar siEn  represents the instructlen logation tag. The
advantaze af wuslng relatlve addressing 13 that the code

UG
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generated is pogition independent.
ENTREYSRETURY PRSTOCOL

When an  assembly moedule i35 galled wsing the CALL or IFS
mhemonle, the preogram  counter is stored in register 32. This
methed works fine until the procedure that was called contains
another ¢all instruetion. If multiple subroutine calls oocur,
then the original return address lound ln 22 is destroyed.

Each £M3~-2 GSYS-FROC generates an assembly language module and
each fuhetion or procedure generates a label entry point and a
return instrucktion. 2ingce there is no concept of a main
procedure  in CME=Z2, it is assumed that all procedures or
Funetions  have equal probabllity of beinp ¢alled by ancther
procedure or functian. Given a pracedurs, because it 1a not
known that this procedures {5 the main procedure (this is
determined akt link time), it 1s assumed that the glven procedure
was just called by some "'main' proagedure. Therefore, 1f the
given procedure containsg a CALL or TF3 mneoonlo, the long entry
and return prociocols are  generated. Upoen entry, the return
address found in 5T i5 stored Llnto & EAM lesatien. Upen return,
the return address in RAM is transferred to register RRE. FRA i3
a return register that can ke explicitly loaded. Exectien af
the FRER ipnstrustion tramsfers the eccntents af AR to the program
counter (OO

Therefore, there exit twe types of entry=-return protocolsa: long

and shoert. Eff chere are no subroutine or functlen calls in &
procedure er funetien, the shart subkreotine protocel is

exeruted. Ctherwise, the long protocol is performed.

Given a preecedure called PEDT, the follcwlng examples represent
the long and $hort perotocols respectively.

PROC Equ 3

RETURM

hg
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PRGOS EQU $
DEECT

tRA1 RES 2
PSECT
ADF RAT
LETT REHM=57U
LET RAMsSCL
ACH LRA
LETI A=RAM
LET EzgRAM
LET ER=AR
RAR

A inherent part of the long protocol {3 the aliocation of a
return address varlakle. This variable 15 contalned in the
DZECT or data seckion as shown.
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CCNCLUSEICHS
In general, the advantage of using a compiler is to alleviate

the difficulty invelved with programming & machine. It iz net
necessary Lo concern onesell with the contents of registers, RAM
locations, and the state of machine flags. Whepn milltary
appllcations arg conaerned, fixed point arithmetic 1=
comronplace; therefeore, the programmer must pay attention te
scaling. This 12 a rather difficult and tedious task on the
assembly langueage 1level for large programs. For the CH3=Z2
compiler, thiz tedium s lessened by the fact that the compiler
performs the sealing for the user through the use of tables and
the generaticn of proper shift Instructions. However, in order
for the compller to generate the mest efficient code, Lhe user
must Be concerned with scaling even on the level of CHMS-2. It
has been noted bhat when varlakles {n expression can be grouped
Lo produce Gthe minloum number of shift instructicens for
scaling. Faor example, the first equation cantalns variakles
that are grouped in a nonoptimal way while the varlakles in the
second equation are zrouped more efficiently.

1 g 1 =2 1 =2 v -z 1-
SET AP TC DDWAA-EPHIMEE-DTHETA*C-DPITIED 3

1 -z 1 = 1 =2 1T 2 1
SET AP TO =(DPHI®BE+DTHETA*C+DPSE*DI+DD*AA &

The rallowing summarlzes how code fer each eguatlon 13
generated:

Equaticen 1

T? <~ DD*AR 3

Te <~ DPHI*HE -1

T2 €= T1-TZ E| NONOFPTIMAL 3CALTNG IS PERFORMED
T4 <~ DTHETA®C ~1

T4 <« T2-TH 2 NOHOFTIMAL SCALING I3 PERFORMzC
Té <= DFSI*D =1

T& €~ TU-TE 3 “CHGETIMAL STALTHG 15 PERFGRKEL
tquation 2

T1 ¢- DFHI*RE -1

T2 4~ DTHETAMC =1

T1 <= T1+TZ -1

T4 <= DFST*D =1

T1 <= Ti4=TH =1

Te <= -T1 =1

TT <= DCYAA 3

The- TE+TT 3 ODPTIMAL SCALIHNG
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In  general, scaling for adéiten or subtraction involves scaling
the operand with the lower scale factor until it matehes the
other orperand's scale factor. In the First equation, it is
compulsory that scaling be performed becauze the scale factors
were not equal. Moreover, esch time uncptimal secaling has to he
performed becauwse the sc¢zle fastar of the first cperané is
greater the seeand. (see machine depandent optimization 11 for
more details). In =2ll three cases, seallng 1s done for
subtraction. For the second eguation, optimel scaling is
performed for addition. In this equaticn, mare aptimal code is
generated because the scales are grouped tagether soc that
secaling only has to be performed once. Mareover, when scaling
i1z performed, {t iz optimal because the scale factor of the
first operand iz less than-that of the zecond.

In general, the [ollowing rules generate hetbter code:

V. Group 3cale factors together sSo that addition andg
subtraction operands have equal =e¢ale facters.

2. Factor out minus =igns In  egrations. This will
change the subtraction eoperations to additien
operations. pddivion operations are mare desirable
because the compiler oan commute the operands if &
hon=gptimal sealing situation exists. {1f scale [actor
of the flrst operand exesads that af the secoand.

In the construction of the CSM=Z compller, the parser and Iymhel
table are generated by the Metatranslator. Whenever a new
symbol is hashed intc the symbol table, a pelnter {2 fet to
point te & node egntaining information about  that aymbol.
However, thiz node wauld alsc point to a previous node allaocated
in that same lizt via foward and backward pointers. The added
effart to es5tablish the list polnters entalls unecessary
overhead on the part of the Metatranslator. The Firszt change to
the eompiler would be te install = new eommand  in the
Metalanguage that would allecate a [ree node without the forward
and packward pointers.

The CHM8=2 subset compiler already centalns intrinsle functigns
to perform logical and shift operaticns. These built {in
Funations are sSlomple encugh to merely generate ATHLCH assembly
langusge without having to rescrt to a subroutine call. In the
future, mere intrinsic {funetions will be added in order to
extend the power of the compiler. Library routines will Gbe
Written 1in  fGM5-2 in order te perform the ¢ommon mathematlcal
functions such as emosine, sine, arctangent, hypertclic sine, and
hyperbalic casine.

Begguse the CM5=2 recompiler will be wsed _fﬂr rea; time
applications, it is necessary for the mathematical routines to
uge a hnighly efficient algorithm. [t would Ge dezlrable to
choose an alaeorithm which does nat econtain any divizion and
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EUItiP¥icati°“= for these are wusually the most expensive
Gperations on any machirne. The Zordic flporithm is an example
I such a method. Witk this process, the following mathematical

furcticrs can  be caleulated wsing orly cwo's complement
arithmetis and shifting:

LINEAR FURCTICOHS

Multiplication

wivisicn

Jeelmal te Binary Tonversion
Binary to lecimal Cerversion

CIRCULAR FUNCTIONS

Cosine
cine
Arctangent

HYPERBLLEC FUNHCTIOHS

Hypertolic S5ine
Hyperbolic Cazine

Are Hyperbelic Tangent
Jquare Hoot

Hatural logaritiam

g ralzed to a power of X
& raised to a pouer of =X

Tne LCordic algorithm regquires that tae precision of the result
be declared in the number of bits. This i35 =asily implemented
in GCk3~2, s5irnce =ach wvarlable declared contains an implilelit
birary peint. Moreover, GCh3=2 possesses a builk~in right
arithmetiz shift igstrustion tonat is required &y the algorichm.

The real advantage of usirg the Cordic algorithm is its speed.
However, the algorlifr possesses twe disadvantages. dne
disadvantage is that each funetien or s$et of lunctions contale a
specific domain in whieh the Cordic algarithm will produce
acorrect results. For example, for multiplilcacicon and division,
the bourndary requirements is as follows:

Eii'I L E 'y E!ﬁIq,"

2 iz the rmultiplier or wuliiplicand a&od I {5 soame leteper.
Annther probler 12 the storage requirement. Tioe ¢ircular andg
hypertollie functions reguire a table of constants. The amount
of starage {ir bits) needed to construet the constant table is
p¥Fez.n, where N iz tne number of blts of precision desired.
However, the lirear Fubetion: oo not reguire @ constant table.
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Une  of the strong polnts of the compller is its modular design.
Each pass consists of a separate main routine that call support
Foutines, Moreover, eagh past is contained in a separate flle.
For the future, it is possible to expand the present CM3-2
compller inte a multi-compiler that wowld complle different

military languages for different tarzet machines. A diagram of
such a system is shown balow:

TTOEE T
W e TTTTTTIITTTONT

- CMS=2 - - UTACK =
= FARSER ~ =msrarremeaa * -~ MICRQ -
.......... 3 R
.y 7
.................... ;
w JOVIAL = - - !
= PARSER = rmrec-mccaeaa P o~ PARASS 2 - rrmmmmm—— s
.................... %\
Fa Y
"""""""""" F Y m——————
= ADA s mmmrnemee / - M -
- FAR3ER = - -
The illuatrated system would have the capability of

grods=compiling for any of the three military languages to
g#ither target machine., Eaeh phase weould sfnare a8 commen symbel
table and use the Same machine independent language. The
compller user wowld execute a <ommand file that would link
together the desired gparser and targeb machine load modules
before running the compiier.
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