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Abstract

A Commu n ications Oriented Language (COL) is a high order language
designed to be maximally effectiv e as a vehicle with which to
program communications applicat ions. A hypothetical compiler for
a proposed COL is described . (A companion volume describes the
COL language.) Possible code—generation strategies for three
different computer systems are presented. Finally, security
aspects of the languag e are examined , and the language is
compared with CS—~ .

Acknowledgments

The research reported here was performed by Arthur Evans , J r . ,
and C. Robert Morgan . Professor Edgar T . Irons of the Computer
Science Department of Yale University made important
contributions to the early part of the compiler design. Mich ael
Condry of Yale wrote the first draft of Chapter 1~4 of this
document , and Spencer Rugaber of Yale wrote the first draft of
Chapter 16.

We are partic ularly grateful to Paul M. Cohen of the Defense
Communications Engineering Center of DCA , both for making
technical contributions to the design of the language and for
providing us an unhind ered opportunity to perform this work.

(

~1

C 
~~~~~~ 

- -
~~~~~~~

-
~~~~~~~~-



Report No. 3533 Bolt Beranek and Newman Inc.

Table of Contents

Introduction 1

Chapter 1 Introduction to the Compiler Design 6

Chapter 2 Command Decoding 10

Chapter 3 Lexical , Syntax and Semantics 1 1

Chapter ~4 Lexical An alysis 114

Chapter 5 Syntax Analyzer 214

Chapter 6 Semantic Analyzer 30

Chapter 7 Local Machine Independent Code Optimization £47

Chapter 8 Global Optimization Phase 58

Chapter 9 Register Allocation and Code Generation 714

Chapter 10 Code Generation Phase 80

Chapter 11 Peephole Optimization 85

Chapter 12 Assembly Pass 88

Chapter 13 Pluribus and DECSystem—20 Examples 89

Chapter 114 How COL Compiles for the IBM 360 103

Chapter 15 Security Analysis of the COL 152

Chapter 16 Comparison of’ the COL with CS—4 163

I

I

l -••-

V ~~~~ kDI?G PAGZ S IK~ZaOT ThJI~D

vii

— — --—•~~~
-— — . —-~~~,.— 

_—.



Report No. 3533 Bolt Beranek and Newman Inc.

Introduction

The United States Department of Defense (DoD) spends about

$3 billion per year on computer software , exclusive of those

computer functions commonly referred to as automatic data

processing. There has been a growing realization tha t this cost

could be decreased significantly, indeed dramatically, by

suitable use of a high order language (HOL). The De fense

Communications Agency (DCA) has long been involved in programming

digital computers to perform communications applications ,

invariably in assembly language with its high attendant costs in

both programmer productivity and difficulty of maintenance. In

an attempt to reduce these costs , DCA has requested that Bolt

Beranek and Newman Inc. (BBN ) develop a high order language

oriented towards communications applications. In an earlier

contract with DCA (Contract No. 100— DCA—75— C— 0051 ) , BBN has

studied the needs of communications programming and investigated

existing languages to determine the extent to which they meet

these needs. The results of this study are reported in BBN

Report No. 3261 , “Develo pment of a Communications Oriented

Langua ge ” , 20 March 1976. The conclusion reported there was that

no s ingl e lan guage met ad equately the nee d s of commun ic ations

applicat ions. BBN therefore pro pose d a commun ications or iente d

language (COL ) specifically designed to meet the needs of such

commun icat ions pro g ramm ing .

— 1 —
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In t ’~e pre~;en~ c o n t r a c t , for w h i c h  th is 1ocumen~ is pa r t  of

the f ir ~ r~ rep~ rt , BBN h a s  cont i n ued to ref i ne the  d es i gn of t he

~OL.  The input fo r t h i s  p roces s  h a s  come f r o m sev er a l s o u r c e s :

~e have designed a hypothetical compiler fo’ the COL.

The com p i le r h a s  been d e s i g n e d  w i t h  c a r e f u l  ~t t e n t ion to

ma king as much of it as possible totally independent of

the object machine. The design of the compiler provided

important feedback to the design of the language. In

particular , an immensely important criterion in language

design throughout the two contracts has been that object

code mu st be highly efficient. Py design ing the

com piler , we were  a b le to i s o l a te those  l a n g u a g e  f e a t u r e s

w hi ch w e r e  i n c o m p a t ib l e  w i t h  th i s need  fo r  e f f ici e n c y  an d

t c remove such features from the language.

BBN programmers not affiliated with the COL contract were

aske d to study the COL documentation and to program three

modules in the COL , modules which they had previously

code d in assembly language. They reported to us their

impress ions of the language and their suggestions for

i m p r o v e m e n t , both of the language and of the

documentation. (Both sets of suggestions were extremely

v a l u a b le  to US.) Our  ~;t~~dy  of the code which they wrote
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helped us to understand better the interaction between

COL features and communicat ions applications.

Three programmers not prev iously familiar with the COL

were asked to stud y the documentation. They did so and

provided us with further feedback about both the language

and the document.

• We compared the COL with the language CS— 14, studying

those features which were in either language and not in

the other. This process gave us further suggestions for

changes in the CaL.

• We thought through to a limited extent the implications

of the need for security in the object program on the

design of the language. We were able to commit only

limited resources to this part of the study and were not

able to undertake It until fairly late in the contract.

N o n e theless , this study pointed out to us some features

of the COL which are not fully compatible with security.

Wer e ther e more time to pu r s u e  th is mat ter , t here a re

certain aspects of the COL which we might change as a

result of this study.
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r . p ’ ’r . T h i : ;  I i -  ~ 1 r i~p o r t  c c n t - I i ~~s a ~~~~~~ isc : r  c’~ ~~~~~~

~OL w~ t o  t t r ’  “~~F~ N~-’A ’~’ r e p o r t .  ~~~~ . :;~-‘ :-al , c u r

: i~ : e r e r - ~~es w i t h  hc  “ I R  N ’ -’A ~~’’ ~re ~~~t r :~~r • I— v mlr:or o’

a r -  h~~sc~-~ or: ~~~~~ fee l ing t h a t  the ~p e c . t a 1 i z  r ; F E 3 S  o f

C n ~~: i 1 1~~~~~ i . r s  h f f e r  i n  ~~ m * w a y s  rr~~ r t h e  - - e l s

~~~ - e i ~~ed t y Hh ~~W r ~. ~e 
h;~

;
~- t . e r e f o r e  de:: i~2 n e 1  a

~~~~~4 a g e  1..ith s~ ~~ht1y  d~~f f e re t cha~~~c t e r i s h ic s .

~ ; I of t . e~;e rr . . i t t e r s  ;ire r e p o r t ed  in tH~ preie’ i t. f i n a l  r - e p r t

TOI S f i n a l  r epo r t  is p r e s e n t e d  in tw o  vo l  me~~, if w~~ich ‘- his

1 • r.e f i r s t .  Th is  vo l~~-:e c o n t a i ns  a J e s c r i p t l  n of  the

p O t he f i e j I  CdL c irnpi le r , as w e l l  a~ ce r 4 . i:-: ot~r;er .. t e n s

d s c r i b e 1  be l - w .  Vo lume  U is a d es c r i p t i o n  of t he ChL ~an~~uap~e

a d is r e f e r r e d  to h e r e a f t e r  as “the COL Manua l ” . The reader is

.i 4 v ised to read the COL Manual be fo re  a t t e m p t i n g  th is  volume ,

r:L nce this vol ume has been w r i t t e n  w i t h  the assumttion that . the

‘‘~ader is famili ar with the COL language.

— 1 4 —
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Th is volume is organized as follows: The first 12 chapters

conta in the description of the hypothetical COL compiler ;

org a n iz a t i o n  of these chapte s is presented in chapter 1.

C h a p te r ~3 describes how the COL might be implemented on the

DECsystem— 20 or the Pluribus system , and chapter 1’4 describes a

possible implementation on the IBM 360 (or 370). Chapter 15

descr ibes the impact of security or the COL , a n d  c h a p t e r  1 6

contrasts the COL with the lang oage CS_L4 .

Thr oughout the entire effort close liaison was maintained

w i th t h e  DCA co n t r a c t i ng o f f ice r ’ s rt presentative (COR). The

direct ion in which the work proceeded and the relative emphasis

given to the various tasks were the result of decisions reached

mutually between DCA and the study team. However , a l t h o u g h  the

status of our work was pe riodically reviewed by DCA , t h e

conclus ions and recommendat ions presented in this report should

be cons idered solely those of BBN. Preliminary oral

presentat ions to DCA were given approximately half way through

the task an d shortly before its conclusion. Feedback from the

first presentat ion has Influenced this report. Further , it is a

pleasure to acknowledge the a ssistance and suggestions made to

the study team by the CUR .

— 5 —



enc- No. ~- ho ‘~ t ~ r u r e k  i l  N e w ~i a r :  I n~

C a p ~ er 1

T n t  rod j c r  i - n  t0 t ne ~nrnp~~ler ~esi~~n

nc - 1 ar~’uat e oas teen de~3igne hy ~~~ i c ’  c O n t r  ~ C2 t

ror t t -e fe : ise  to rrm jr: i c a t i o n s  A g e n c y  to prov~~d ~ ~ f c - a t u r e s

~ f l i  :~~v - r . t a ~~t s of h;~~h le v e r  lan~~ua~~es to c , m r r - . ;r , i c a tio n s

- - ro g r i n r i n~~. In com r~~n~~c a t i o ns  p rog ramm ing, o ne o f the pr ime

‘~~
.- ; u i remen t 5 is t h a t  ‘~f f ic i e n t  c o l e be g e n e r a t e d  b - i ~h~~tever

rr;. i ler or as s e o h l e r  is used .  Thus par t  of t te  T~~L d~~c i r ;

~ f f : r t  is ~he ‘iesi ~~n of a compi le r  for the C ) L .

~he :ur r ,iiler des i R n  ha s been pe r fo rmed  to d e t e r m i n e  t h ree

t h i r g n : first , t . guardntee that an efficient cnmp Her is

; ss it-l e ; .jecor J , to find those parts of the language which are

:iff Ic ~~1t ‘
~~~~ implement and to modify them in order to improve the

ef f i c~~~ncy of th e la nguage;  and third , to de te rm ine  L a w  a

c~~r r p i i e r  f ,r  the COL could be w r i t t e n  wh i ch  would  be e a s i l y

p a r t a b le f r o m one mach ine  to another .

)
The comp iler will be divided into functional units , called

chases , as follows:

command decoding
• lexical analysis
• syntax analysis
• sem antic analysis
. machine independent local optimization

machine independent global optimization
• register allocation

- 6 -
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• code generation
• peephole optimi zation
• assembly of object code

These phases are grouped into units called passes , each pass

corresponding to one scan of the original source program or some

internal rep resentation of it. Machine dependent local and global

optimizations are contained with in the code generation and

peephole optimizat ion phases. These phases are divided into a

specific pass structure. In part icular , the lexical analysis ,

syntax analysis , and semantic anal ysis phases are combined into

one pass. The machine independen t local optimization is another

pass ; the machine independent global optimization and register

allocation phases each consist of several passes. Code

generation and assembly of object code are each one pass , while

the peephole optimi zation may include several passes over the

generated code.

To assist in understanding the compiler design a sample COL

program is shown below. Whenever possible this program fragment

is used as an example to illustrate the operation of each phase.

It is the QUICKSORT example from section 7.6 of the COL Manual.

Alt hough this is only a fragment of a COL program , the  COL

compiler compiles each routine and function as It occurs. The

( whole module is considered a special routine , so this code

fragment Is indicative of the complete compiler operation.

I ~I



i eport No. 3~~3 ho~~. ~f’ran .~k .i n i Ne wr an Inc.

- / w U T .TK SORT routine WhI TTEN N COL
/ TRA N t~~I T E R A T ~-~i FROM
‘I A LGOR IT HMS + DA T A S T R U C T U R E S  P R O G R A M S  p. 80

ec la r e ( I T E M  i s s t r m c t u r e
KEY : integer

int~ige r )

rou tine l~UICKSORT(ref A: array t i . .?NJ of ITEM)
decl  a re

( ~i 12
KEY : integer
I ,J ,L ,R : integer
S : [0. .M] initially 1
STACK : array{ 1 . .M J of structure

( L : i n t e g e r
R : integer))

STACK[1LL ::

STAC KI1J. R := N
repeat II  TAKE TOP ENTRY FROM STACK

L :~ S T A C K { S ] . L
R : z  STACK[ SJ.R
S :~ S-I
repeat

I :: L
J :~ R
KEY :~ A[(L+R)/2] .KEY
repeat

while A[IJ. KEY < KEY do I :~ 1+1 endwhile
while KEY < A [J].KEY do J :~ J— 1 endwhile
if I <: J do

swap(A [I] ,A[J])
I :: 1+1
:: J—1

endif
un til I > J
if I < R do I I  STACK REQUEST FOR RIGHT PARTITION

S :~ S+1
STACK [SJ .L :~ I
STACK[S].R :: R

end if
R :~ J

until L >~ R
until S 0

endrout m e

— 8 -
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Throughout the design documen t we refe r to various

algorithms and papers in the published literature , some of which

are included as part of the COL design. Rather than repeat the

details of these algorithms , we ou t l ine the i r ope ra t ion an d r e fe r

the reader to the original publication for the precise algorithm

and the data structures required . If the paper is not directly

applicable to the COL design as stated , we specify the

modifications required .

T he fol lowing two refer ences are use d th roughout thi s

document. Indeed , we assume t hat the rea der i s fam iliar w ith

their contents.

[Gries]
David Gries , “Compiler Construction for Digital
Computers ” , John W i le y & Sons , In c., 1971

[Bauer]
F. L. Bauer , “Com piler Construction ” ,
Springer—Verlag, 1 974

i—-

I

(
~1
r

— 9 -
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C h a p t e r  2

Command Decoding

Command deco ding is the the process of receivi ng fr ,:- the

~pe ratin g system the user specific ation for this c o ;~~~itiur. . It

s done separately from all other passes and consists of

receiving from the operating system the input file n :ne , output

tile names , and compilation options. This modul e must be

operating system dependent. For example , on an IBM 37 0 t he  m o d u l e

would decode JCL commands whil e on TENEX the module would require

a line from the user terminal which would decode into file names

and options.

The output from the command decoding module is the input

file identifier , listing file identifier , object file identifier ,

and a collection of internal compiler switches with associated

data. The input file identifier is placed as the first entry in

the macro invocation stack. Thus the input file is considered to

be one large macro. When other files are needed by the “examine ”

directive they are pushed onto the macro stack above the input

file (or - any extant macro invocations) . Thus the character

handling routines have a uniform method for accessing characters

from the input stream .

— • 0



Report No. 3533 Bolt Beranek and Newman Inc.

Chapter 3

Combined Lexical , Syntax , and Semantics Pass

The first pass of a COL comp iler will consist of lexical

analysis , syntax analysis , and semantic analysis of the input

file. The input to the pass will be the macro stack containing

the input file and a collection of options specified by the

command decoder . These options may be boolean variables or

boolean variables associated with other data. These three phases

are handled as coroutines since the lexical analyzer and semantic

analyzer will be called as subroutines from the syntax analyzer.

The lexical analyzer will be called each time a new atom is

neede d , and the semantic analyzer called each time the instance

of a rule has been identified and the grammar reduction is to be

performed . The output of the pass will be six items:

Atom table of all atoms
Line table of line beginning positions
Block Structured Symbol Table
Flow Graph of Linearized Program
Linearized Program
Call Graph of function and routine calls

The atom tab le i s t he co l lect ion of all lexical un its w ithi n the

program . It contains one entry for each reserved word , operator ,

and identifier occurring in the program. There is only one

occurrence for each identifier even though it may be declared

‘ I

— 11 —
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aeveral t n  ughout the rest of the compiler each lex i c a l

m i t  ~s i dentif ied by its index within the atom tah~~e. The lin e

ta ble is a list of entries , one for each l ine of text - in the

program. This en try contains the character number of the first

character of this line and a pointer to a list of errors that

nave occurred in this line. It is used during the assembly phase

no merge warning and error messages with the l isti ri~ f i l e .  Th e

blo ck structured symbol table will contain entries for each

defined identifier together with the attributes of that

identifier. The flow graph will be a representation of the basic

blocks together with predecessor and successor information. The

linearized program wil l refer to identifiers by pointers into

this symbol table. Other fields will later be filled in with

predominator and postdominator information and loop structure

information. The linearized program will have all scope structure

removed , the scope being indicated by pointers into the symbol )
table where actual scope information will be implicitly or

explicitly stored . Complex control structures will be translated

into conditional branches and gotos. No definite decision has )
been made as to whether to store original control structure

inform at ion , though for the moment we have decided against it. It )
can be added later , If nee d ed , by indicating the start and end of

the control structures with information—only entries in the
- ~~~
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linearized program. The call graph of the program is a directed

graph. There is one node for each routine or function in the

program . There is one arc between two nodes if the predecessor

node calls the successor node within the program . Currently the

CDL compiler will not use this data structure. However , current

optimizing compiler papers are stressing the performance of

interprocedure optimizat.ion. This will be useful in the future ,

but the current state of the art has not completely digested this

approach so we have included the required data structures so that

future implementations may be able to take advantage of

interprocedure opt irnizat i o n s.

:
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Cha p t e r  14

Lexical Analysis

Lexical analysis is the division of the sourne file into

small units which the rest of the compiler considers to be the

indivisible portions of the program . These indivisible units

include the single and double character operators , the reserved

-9ords , identifiers , and constants. We will refer to these

indivisible portions as atoms. The lexica l analyzer scans the

source file of the program and emits a list of atoms. Actually

the syntax analyzer calls the lexical analyzer as a co— routine

and the lexical analyzer returns one atom each time called .

The lexical analyzer performs several major functions. It

breaks the source file into atoms , inserts semicolons when the

semicolon rule demands it , and expands macros when they are used.

Its major function is the division of the source program into

atoms. This is done by a finite state machine [Gries] as

specified by the following grammar:

<to ken> : :~ letter ( letter digit 
— I ’

<token> : :: digit { digit 
— 
}‘ (. digit ( d i g i t

digit ( digit I 
— 1’

<token> : :~ ( letter ( letter digit }* #
$ ( <char rep> “ ) —

< token> : :~ t letter { letter digit }
~ #

“ { <char rep> )* “
<token> : :~ digit ( digit I 

— 1’ ( # !
I letter I digit 1 

—

— i L l  —( .

-- -  - - - ~~~~—~~~~~~~~
-— -
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<token> :::
<token> ::= (
<token> ::: )
<token> ::~ 

[
(token> : :~ ]
<token> : :: ?
(token> ::: actual I
<token> ::z actual }
< t o k e n >  :::
(token> ::~
<token> ::~ +

<token> : : —

<token> : :: /
<token> : :z  I : 1 > ) { z I
<token> ::: < { I >
<token> ::: . I . I
<token> ::~ * { * 1 =

<token> ::~ z { < I > I }

In this grammar , <token> is the root symbol for the grammar. The

structure is basic BNF notation with the following additions. The

metabrackets { . .. I are used as BNF parentheses. The vertical

bar Indicates a choice of alternatives within metabrackets. If

a metabracket is followed by a ““ then zero or more repetitions

of the contents of the metabr ackets are allowed. If the

metabrackets are followed by “ i- ” then one or more repetitions of

the contents of the metabrackets are allowed, the notation

“a c t u a l  I” or “actual 1” indicates that an actual I or } is

al lowe d . The te rm ina l s “letter ” or “digit” indicate any

character of that form . This grammar is regular except for the

non—te rmin al <char rep> , which cannot conveniently be described

In BNF. It consists of those character constant forms described

in section 5.1.3 of the COL Manual.

in 

_ _ _ _ _ _ _ _ _

~~~~~ — 1 5 —
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This non—terminal only occurs within character strings and

character constants. The rest of this grammar can be implem ented

D y finite state machines with a special escape when <char rep > is

expected .

While performing its function the lexical analyzer maintains

the atom table and line table. The atom table is actually two

ohain—li nked hash tables. The first contains all reserved words

and operators , the second contains all identifiers. When the

lexical analyzer has found an atom , t he  a tom is f ir st s e a r c h  for

ifl the reserved word portion of the atom table. If it Is not

found there it is searched for in the identifier atom table. If

not found there it is inserted in the identifier atom table. Both

of these tables are hash— coded for fast access and chain—linked

so that atoms may be deleted on error recovery. Each entry in the

atom table contains the following entries:

Print name for the atom
Pointers for maintaining hashing links
Terminal number for syntax analyzer
Can this terminal precede semicolon?
Can this terminal follow semicolon?
Linkage for alphabetizing the atom table

When single operators are found by the lexical analyzer they need

not be retrieved from the hash tables. The compiler

nitia lization stores a pointer to its atom table entry in a

dedicated var iable. Besides the reserved words and operators .

— 16 —
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the quicksort example generates an atom table with the following

identifiers:

ITEM KEY CONTENTS QUICKSORT
A N M KEY
I J L R
S STACK

Note that the identifiers KEY , L , and R are used in two distinct

contexts yet generate only one entry in the atom table. However ,

they will be recorded in two positions in the symbol table.

The l ine ta b le  i s a s im p le l ist c o n t a i n i n g  one e n t r y  f o r

each line in the source file. This entry contains the position in

the source file of the first character of this line and contain~i

a pointer to the list of errors which occurred on this line.

Lexical analyzers are implemented by programming some form

of finite state machines . The basic references are [Johnson ] and

[Jollat]

There are two basic metho ds of implementing these finite

state machines . One consists of manually writing a routine which

examines each character in turn and parses the atoms. The other

method includes a small Interpreter for finite state machines and

a set of tables generated by a translator which specifies the

specific machine. The first method is usually more efficient
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whi l e the second is more lan~~u~~~e independent .  S ince  we are

work ing w i t h  on ly  ne language th is  is not much of’ a r e s t r i c t ion.

Jo l iat’ s [Joliat ] implementation of a lexical analyzer is of the

second category but seems to be more efficient than the

equivalent analyzer of the first type , at least for XPL. This

efficiency results from his use of a matrix representation for

character attributes rather than numeric comparisons to find

them . His matrix representation is also more character set

independent. We have chosen to structure the lexical analyzer as

a combination of the two methods. It will be hand coded using

matrix and vector representation of all character and atom

attributes. This comb ination should maximize efficiency (since

30% or L40% of compile time will be in this module ) and still

ma i rtain a large measure of machine independence.

The subroutines used by the lexical analyzer are

Read character and Write character. Write _ character will simply

write a character to the listing file. Read _ character will

maintain two variables called This_character and Next _ character

indicating exactly what their names imply. The look ahead

character will be needed for two— character atoms and comments.

The lexica l analyzer will maintain a hash table of all

atoms , discussed above. This table will contain the printin g

)

i p  
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name o f  the atom and a ll re f e r e n c e s  to the atom out:;ide the

lex ical analyzer will be by a poin ter to this atom table. The

tab le w i l l  not be used for scop ing  or co n t r o l  c t r u c t u r e s .  It w i l l

be c h a i n — l i n k e d  for col l is ions w i t h  a f i x e d  s i z e  hash a r e a .

A f t er the manua l l y  coded f i n i t e  s t a t e  mach ine  has decoded

the atom , it is looked up in the ha sh t a b l e .  R e s e r v e d  i d e n t i f i e r s

are  s to red  ther e when the compi ler  is i n i t i a l i z e d .  Simple a toms

w h i c h  can  hav e only one meaning w i l l  not be looked up;  i ns tead

the known pointer  and va lue in fo rmation  are d i r e c t l y  re tu rned  to

the syn t a x  a n a l y z e r .  When an atom is an i den t i f i e r  it is looked

for in t he block s t r u c t u r e d  symbol  tab le .  If found and if it is a

macro i den t i f i e r, the argumen ts  that  fo l low the iden t i f ie r  w i l l

be scanned . The scan wi ll consist of looking for a left

parenthesis , and then the first argument will consist of

eve rything up to the first comma or right parenthesis , etc . The

macro  body w i l l be added to the command s t ack  together  w i t h  the

list of a r g u m e n t s .  Read _ c ha rac te r  w i l l  then handle  the

substitution directl y. Dummy arguments will be stored in the

macro bod y as an ordered pair consisting of an illegal character

followed by the ordinal number of the argument.

The lexical analyzer inserts semicolons in accordance with

the semicolon rule in the COL Manual (section 5.5.3). This occurs

— 1 9 -
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-
~heneve r  a l ine feed , f o r m f e e d  or v e r t i c a l  tab c h a r a c t e r  f o l l o w s

ne of the following lexemes:

ID  ) e n f u n c t io n  endrou t ine  label  in teger logical
boolean interlock condition general float char
endstart endfinish ] end I endif endunless endtest
endwhi le endfor looç break retry stopswitch retw r~endswitch endupon endregion endlock endfail fail
endcode <integer> <floating number> <charact er constant>
<character string> true false locked unlocked nil €

and precedes one of the following lexemes:

ID examine  public unde clare ( function : routine
forward declare check macro data open closed static
dynamic location register selecton start finish
pr ivate begin { if unless test while repeat for
loop b reak  r e t r y  stopswitch return switchon signal
upon region lock unlock goto resultis failing fail
code case default when assert explicit swap free

This language feature is implemented as follows. The lexical

analyzer maintains three boolean variables. “L ine done ” indicates

that a line —ending character has been observed since the previous

atom was formed . “Can _ precede ” indicates that the last atom

formed could precede a semicolon. “Atom _ ahead” indicates that the

exica l analy zer is one atom ahead of the syntax analyzer. In

that case the atom is stored in a variable called “Next _atom ” .

When the lexical analyzer is entered it checks “Atom _ ahead” to

see if the atom required is already formed . If it is , “Next _Atom ”

is used and “Atom ahead” is set false . If “Atom _ahead” was false

the variable “Line _done ” is set false , spacin g , characters are

nkipped and the atom is formed hv the finite state machine. When

- 20 -
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a line ending character is seen the variable “L ine_done ” is set

true. Following the formation of the atom , if “Line_done ” is

tr u e , “Can_prece d e” is true , and the formed atom can follow a

semicolon , then save the formed atom in “Nex t_ atom ” an d r et u r n  a

semicolon instead . If this boolean condition is not true return

the formed atom after setting the variable “Can _precede ” to

indicate whether this atom can precede a semicolon.

Errors can be found during the atom forming process. They

fall into one o the following classes:

St r in g or comment  no t term in a t e d be f o r e  en d of f i le
Illegal character beginning atom
Ba d l y fo rm ate d num ber

In each of these cases an error flag is added to the line table

for later inclusion in trie listing. For errors of the first form ,

the terminating character is inserted and lexical analysis

continues. For errors of the second form , the offending

characters are deleted until a valid character for beginning an

atom is found . For errors of the third form , t he num ber is

deleted and characters are skipped until a character which can

begin an atom is found.

The lexical analyzer also decodes compiler directives and

si gnals their occurrence to the rest of’ the compiler. The

o c c u r r e n ce of the ch ara c ter  “%“ signals the beginning of a

If ~
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compiler directive. The normal finite state machine for the

lexical analyzer is suspended and a specialized finite state

machine for compiler directives is invoked . Reserved words and

operators no longer have their usual syntactic meaning. Instead

the keywords for the directives and the form of each argument Is

decoded by this specialized finite state machine. Typically a

compiler directive ends with a line terminator , although there

are multiple line directives which have specialized terminators.

Since not all the details of these directives are completely

specified and some are object and source machine dependent , the

directive finite state machine is not further specified at this

point. A compiler direc tive which includes or is terminated by a

line terminating character is considered to be a line terminating

character for semicolon insertion.

In generating the bits strings for constants the lexical

analyzer needs to be able to simulate the arithmetic of the

object machine. This capability is also needed in the

optimization phases of the compiler. Thus the compiler writer

must supply a set of routine s which will exactly simulate the

arithmetic and ]ogical instruction set of the object machine.

This may not be possible with floating point arithmetic. In that

case the routines must simul ate the floating point hardware as

best as possible. Whenever arithmetic is to be done on any

- 2 ? -
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quantity which will be included in the object module , t hese

routines must be used to perform it.

[Johnson]
W .L. Jo hnson , J.H . Porter , S.I. Ac kley, an d D.T.

Ross , “Au tomatic Generation of Efficient Lexical
Pr ocessors us in g Fin ite Sta te Tec hn iques ” , CACM vol.
11 , p. 805—813, Dec. 1968

[Jol iat]
N . L. Jol iat , “On the Reduced Matri x Representation
of LR(k) Parser Tables” , University of Toronto
Computer Systems Research Group Techn. Rep. CSRG—28 ,
1 973
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Chapter 5

Syntax Analyzer

The syntax analyzer groups the atoms generated by the

lexical analyzer into expressions and statements. The standard

ways to perform this task involve the use of one of the following

techniques:

recursive descent translation
pre ced en ce pa r se r s
Floyd— Evans productions
mixed precedence techniques
LL(k) parsers
LR(k) parsers

~ecursive descent parsers are constructed by approaching the

grammar as a top—down specification for a program . The program is

generated as a set of recursive routines , one for each

non—te rminal. Although these parsers are the easiest to write ,

it is difficult to guarantee that the parser is consistent with

the grammar. This problem is illustrated by subtle differences

between the languages accepted by different PASCAL compilers.

Precedence and mixed precedence parsers are table driven and the

parser can be generated directly from the grammar. However , the

set of grammars that these parsers will accept is limited .

Floyd—E vans productions are a mechanism for generating recursive )
descent compilers. These productions provide a fine mechanism for

e r r or c o r r e ct io n , but they suffer from the same lacks that the )

- 2~ - )
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recursive descent compilers suffer from . Certain kinds of

precedence grammars admit to automatic generation of parsers

using Floyd— Evans Productions. LL(k) and LR(k) parsers are table

driven algorithms. The parser tables can be automatically

generated from the syntax of the language by a generation

program . Each of these methods has the benefit that errors in

syntax are spotted at the first atom for which the preceding

string of atoms is not the valid beginning of a program. LR(k)

par ser gen er a t o r s  acce pt a more  n a t u r a l  f o r m  of a lan gu age

grammar than LL(k) parser generators. The tables for pure LR(k)

parsers are two large to be practical , so we have chosen to use a

variant of this approach called LALR( 1). The tables for a LALR (1)

ten d to be smal l e r  than  precedence tab les for  l a r ge gr a m m a r s  an d

the parsing algorithm tends to be faster.

The LALR (1 ) parser algorithm is a state machine [Bauer]. The

basic table for the parser is a table indexed by machine state

and vocabulary symbol. The action of the parser is to read a

voca bulary element from the lexical analyzer. The correspondin g

entr y in the parser table indicates one of two actions. If the
/

action indicated is a shift , the entry also indicates a

- 

( destination state. The parser stacks the vocabulary element and

f the current state on a stack and enters the destinatio n state. If’

(
~ 

the action indicated is a reduction , the entry also indicates a
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~rammar rule. The parser calls the semantic routine for this

rule , removes the number of state entries and vocabulary elements

from the stack indicated by the right hand side of the grammar

rule , and enters the state corresponding to the state on top of

‘T he stack and the non— terminal left hand side of the grammar

rule. These rules are repeated in turn until either a state is

entered which has no transition for the vocabulary element read

or reduction by the first grammar rule is indicated. If

reduction by the first grammar rule is indicated , the end of

source program has been reached and parser. The syntax phase is

completed . If a state is entered with no transition for the

current vocabulary element , then an error has been detected. A

skeleton piece of COL program to implement this algorithm is as

f o l l o w s :

routine syntax()
dec l a re

( action : integer
new_atom: atom)

s tack  p t r: : 0  II initialize stack
l e x em e .a t o m _ ptr : :nil
lexeme . token: :eof_ symbol
char ahead : :fa lse
atom ahea d : ~falseaction: :start state
repeat

test action < start_state do 1/ reduction
new lexeme ::semantics(action ) II call semantics phase )
stack_ptr ::stack_ptr—popnum(action )
new lexeme .token: lside( action)
actlon: :nstate(new lexeme ,state stacktstack ptr])
stack_ptr ::stack ptr +1

r
- ?6 —
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symbol stack [stack ptr i : znew lexe ”- e
otherwise

stack_ptr : stack ptr+1
symbol stack [stack ptr ]::lexeme

end test
state stack [stack ptr ]:~~action
if syntax error (lexem e ,action) do

* a n n o u n ce er ro r  ‘
* attempt spelling correction ~
~ try local context error correction ‘
* try simple error correction ft

endif
action ::nstate(lexeme ,action)

until action O
* semantics for final reduction ‘

endroutine

In this representations of the algorithm the reduce states

are stored as the rule number in the grammar. The shift states

start after the reduce states. The start state is the first state

after the grammar rules. The vocabulary element is stored in a

variable called lexeme . The stack is implemented as two parallel

arrays called Symbol_Stack and State Stack. The routine popnum

re t ur n s  t he nu mb er of’ entries on the right hand side of a rule.

NSTATE is a routine which returns the entry in the two dimension

array indicating the next state. Syntax _Error is a routine which

indicates whether there is a valid transition in the parser

table.

- For e r r o r  recover y th i s al gor i thm nee d s to be modi f ied to

provide a valid error correction method . Such a method most

satisfy the following needs:

1)
-27 -
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allow cont inued parsering in most cases
minimize the amount of source text skipped
not introduce an infinite loop in the parser
take actions to correct simple errors

The algorithms reported in [Morgan] , [Feyock] , [Leinius],

[Peterson] , [James] , and [LaFrance] meet some of these needs. We

have chosen the method of Feyock and Lazarus [Feyocki , since it

has the advantage of attempting local context changes to fix

errors. The whole error correction scheme is as follows. First

the error is reported. For each state in the LALR machin e there

is an error message , and this message is added to the error list

for the current line number. Then spelling correction is

attempted [Morgan]. Spelling correction is attempted only on

reserved words and identifiers and spelling correction is only

used if an identifier is changed to a reserved word. If spelling

correction succeeds the parse is tried again. The main error

correction method attempts to modify the input so as to make it

valid. If this fails the analyzer will backup one atom and try

again. A valid Input must have both syntactic and semantic

validity. (This is the reason for simultaneous syntax and

semantic translation. ) The backup procedure will go only as far

as a language dependent point in the input called the beginning

of a “substructure ” . This point In the CDL is whenever a

semicolon has just occurred or the stack has just popped elements

)
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off the stack past the point on the stack at the beginning of

this substructure. Atoms will be stored in a list from the

beginning of a substructure until its end so that the backup can

be done. Each atom will have stored with it in the symbol tables

or linearized program the character number in the source of the

first character of the atom. Whenever an error backup has

occurred the tables of the compiler will be purged of all atoms

which have associated numbers larger than the point of backup.

[Morgan]
Howard L. Morgan , “Spelling Correction in Systems
Pr og rams ” , CACM Vol. 13, No. 2 . pp. 9 0_ 9 14 , Fe b r u a r y
1970

[Feyock]
Stefan Feyock and Paul LaZarus , “Syntax—dire cted
Correction of Syntax Errors ” , Software Practice and
Ex per ien ce , Vol .  6 , pp. 207—219 , 1 976

[Leinius]
R. Leinius , “Error detection and Recovery for Syntax
Directed Compiler Systems ” , Ph.D. Thesis , University of
Wisconsin , 1970

[Peterson]
Thomas G. Peterson , “Syntax Error Detection ,
Correction , and Recovery in Parsers ” , Ph.D. Thesis ,
Stevens Institute of Technology 1972

[James]
Lewis R . James , “A Syntax Directed Error Recovery
Method” , Technical Report CSRG— 13, Computer Systems
Research Group, University of Toronto , Tor onto , Canada ,
May 1972

-: [ LaFrance ]
Jacques LaFrance , “Optim ization of Error Recovery in

n Syntax—Directed Parsing Algorithms ” , SI G PLA N No tic es
Vol .  5, No. 2, Decem ber 1 97 0
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Cha pt er f

Semantic Analyzer

The semantic analysis phase forms each of the major internal

forms of the source program from the form identified by the

syntax analysis phase . It will consist of a set of subroutines.

The support subroutines will add entries to the symbol table and

begin or end scope regions. The graph subroutines will begin ,

end , and build basic blocks in the flow graph . The major

subroutines will be the ones associated with grammar reductions.

These will take the syntax information and add it to the three

data structures.

The implementation of the semantic analysis phase is exactly

like the implementation of the code generation phase of a one

pass compiler such as PASCAL. For references on this approach to

compiling see [Gries] and [Bauer]. We will summarize the

following points which are peculiar to a COL compiler :

How is the internal form generated
Summary of internal form of’ expressions
Summary of internal form of statements
Processing of Declarations
Type checking
Summary of internal form for Flow Graph
Summary of internal form for Call Graph
Impact of Error recovery on Semantic Phase

)
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~~~ l n t e r r T , l 1 I r m  is gene ra ted  as 3 one pass  comp i ler w o u l d

g e n e r a t e  c o d e .  H w ~~ve r , the  “mach ine code ” is a spec ia l interna l

‘~~ f - r t r e  C’ ) L co m p iler. When the syntax phase has determined

~h~~t one of th~ ru le r e d u c t io n s  is requ i red  it c a l l s  the semant ic

: h ase .  in ~~rticu 1~~r , it c a l l s  the sub rou t i ne  w i t h i n  the semant ic

phu se r that particular rule reduction. The grammar specifying

the COL s y n t a x  is as f o l l o w s :

G rammar used for COL

K’~i~)DULE) : : z  <MODULE HEAD> ; <SD—LIST>
< M L D U L E  HEAP > : :=  M~’PULE iD
<“ODULE HEAD> : : z <MODULE H E A L )  ; < M C D U L E  HEAD E L E M E N T >
<‘~ )DULE H E A D  E L E M E N T >  : :~ E X A M I N E  <I C— L i ST>
< M O D U L E  H E A D  E L E M E N T >  : :~ P U B L I C < I D — L I S T >
< M O D U L E  H E A D E L E M E N T >  : :~ P U B L I C  < I D — L I S T >  TC < I D — L I S T >
<D E C L A R A T I O N >  ::~ U N D E C L A R E  ( < I D — L I S T >
<D E C L A R A T I O N >  : :~ < M O D E >  F U N C T I O N  ID <FPL> : <S~ O R A H E >  <TYP E>

<STAR T FUNCTION >  <S D—LIST >  E N D F H N C T I L N
<D E C L A R A T I O N >  : :z  F O R W A N D  F U N C T I O N  ID <FPL> : <I~TO R A G E >  < T Y P E >
< D E C L A R A T I O N >  : :~ <M ODE> ROUTINE ID <F PL> ; <START IIOUTINE>

< S D — C  1ST> END ROUT I NE
<D E C L A R A T I O N >  ::~ FORWARD ROUTINE ID <FPL>
< D E C L A R A T I O N >  ::~ DECLARE ( < D E C L — L I S T >
< D E C L A R A T I O N >  ::: CHECK ID
< D E C L A R A T I O N >  : : M A C R O  ID <MACRO INTERRUPT>
< D E C L A R A T I O N >  ::: MACRO ID ( < ID—LIST >  ) < MACRO I N T E R R U P T >
< D E C L A R A T I O N >  : : z  < S T O R A G E >  DATA ( < I D—LIST>  )
< DECLARATION > : : - ~ <STORAGE > DATA ID ( < I D — L I S T >  )
<MO DE) ::: <OPEN/CLOSED >
<MO DE> :::
<E PL> : :~ ( < F P — L I S T >  )
<F PL> ::: (
<FP : :: <CALL TYPE> <ID— LIST> : <STORAGE> <TYPE>
<CALL TYPE> : <VALUE/REF>
<CALL T Y P E >  ::~ V A R I A D I C  <CALL T Y P E >
< C A L L  T Y P E >

a
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cJ ECL> : :~ < I D— L I S T >  : < V O L A T I L I T Y )  < STORAGE> < T Y P E >  <INIT VALUE >
<DECL> : :~ <ID—LIST> E
< D E C L >  : :~ <ID—LIST> LABEL
<DECL> : :: <ID—LI ST> IS <TYPE>
<D ECL> : :~ <ID—LIST> IS DIFFERENT <TYPE>
<V O L A T I L I T Y >  : :: VO LAT ILE
<V O L A T I L I T Y >
<STORAGE> : :: < S T A T I C / D Y N A M I C >
< S T O R A G E >  : : < L O C A T I O N / R E G I S T E R >  ( E
<STORAGE>
<INIT VALUE ) : :~ I N I T I A L L Y  E
< I N I T  V A L U E >
<TYPE> : :: <S ZE> <UNSIZED TYPE>
<UNS IZED TYPE ) : :~ <BASIC TYPE>
<UNSX ZEP TYPE> : :~ <AGGREGATE TYPE>
<UNSIZED TYPE’ : :z  FLOAT
<UN S IZE C TYPE> : :: FLOAT ( E )
<U NS IZED T Y P E >  : : z  < CHARSET >  CHAR
<UNSIZED TYPE :~ POINTER <TYPE >
<UN SIZED TYPE> :~ FUNCTION <FPL> : < STORAGE > < TY PE>
< U N S I Z E D  T Y P E >  : : ROUTINE <FPL >
<UNS I Z E [  T Y P E >  : :~ < DISCRETE T Y P E >
< U N S I Z E C  T Y P E> : :~ ID
< S I Z E >  : :~ < I N T E G E R >  < W O R D / B Y T E / B I T >
<SIZE> : :~ <WORD/BYTE/BIT>
<SIZE>
(CHARSET> : ID
<CH A R S E T >
<AGGRE (;ATE TYPE> : :~ ARR A Y  <BOUND LIST> OF <TYPE>
< A G G F E G A T E  T Y P E >  : :~ STRUCTURE < S—MODE > <FIELD LIST>
<AGGR E ’ATE TYPE> : : <UN/PACKED/PAPA> <AGGREGAT E TYPE>
<AR R A Y  BOUNr > : :~ <C ISCRETE TYPE>
< A R R A Y  BOUN D~ : :~ ID
<FIELD L I S T >  : : ( <FLD— LIST> )
<FIELD> : :: K S—MODE> ID : <VOLATILITY> <TYPE> <INIT VALUE>
<FIELD> : : : <TYPE>
< F I E L D >  : :: SELECTON ID INTO ( <VAR — FIELD —LI ST>
<FIELD> : :~ <S—MODE> <DECLARATION>
(FIELD> : :: <ASSERTION>
(FIELD> : START <SD—LIST> ENDSTART
<FIELD> ::: FINISH <SD—LIS T> ENDEINISH
<VAR — FIELD> : :~ <CASE LABE l .> < F I E L D  LI ST>
<CASE LABEL> : :~ <CASE>
<CASE LABEL> : :~ <CASE> : <CASE LABEL>
< S—MODE> :: PUBLIC
<S—M ODE> ::: PRIVATE
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<DISCRETE TYPE> : :~ [ <LIMIT> . . < L I M I T >  ]
<DISCRETE TYPE> : :: ( <ID—LIST> )
< L I M I T >  : :~ E
< L I M I T >  : : z  ? I D
S ::~ <AS S ERTION >
S ::~ BEGIN <‘~~N IT SCOPE > < S D — L I S T >  END
S : :~ %( UNIT SCOPE > < SD—LIST>  % )
S ::: E :~ E
S : :: E :: < I N F IX — O P >  E
S ::~ T10 ( <E—L IST .> )
S ::~ T1O ( )
S ::~ IF E DO <INIT IF> < S — L I S T >  ENDIF
S ::~ UNLESS E DO <INIT IF> <S—LIST> ENDUNLESS
S : :~ TEST <INIT TEST> <ALT LIST> ENDTEST
5 :~ TEST < INIT TEST> <ALT LIST> OTHERWISE <ADD OTHERWISE>

<S-LIST~’ ENDTEST
S ::: WHILE E DO <IN IT WHILE> <S—LIST > ENDWHILE
S : :~ REPEAT <IN IT REPEAT> <S—LIST> UN TIL E
S ::: FOR <FOR LIST ELEMENT> DO <INIT FOR> <S—LIST> ENDFOR
S ::~ <ONE W O R D 5>
S ::~ I D  : S
S
S : :z  LW ITCHON E INTO <IN IT SWITCHON> <S—LIST > ENDSWITCH
S ::~ <CASE> : S
S ::: UPON < I D — O R — L I S T >  LEAVE <INIT UPON> < S — L I S T >  DO < S — L I S T >

E N D U P O N
S ::~ S IGNAL ID
S : : z  REGION E DO <INIT REGION > <S—LIST> ENDR EG ION
S ::~ REGION E IFLOCKED <IN IT REGION> <S—LIST > OTHERWISE <S—LIST~E N D R E G I O N
S ::~ LOCK E
S ::~ LOCK E IFLOCKED <INIT LOCK> <S—LIST> ENDLOCK
S ::: <ONE ARG 5> E
S ::~ FAILING <INIT FAIL> <SD—LIST> FAILHE PE <RESET FAIL>

<SD—LIST> ENDFA IL
S ::: FAIL
S ::: FAIL FINISHING <E— L IST>
S ::: CODE ID DO (INIT CODE> (SD—LIST> ENDCODE
SD ::~ <DECLARATION>
SD ::: S
<ALT LIST> ::~ E DO <ADD ALT> <S—LIST >
<ALT LIST> ::~ E DO <ADD ALT> <S—L IST> ORIF (ALT LIST>
<FOR LIST ELEMENT> ::~ <FOR VARIABLE> :~ E STEP  E U N T I L  E
<FOR LIST ELEMENT> ::: <FOR VARIABLE> :~ E < INCR /DECR> E TO E
(FOR LIST ELEMENT> : : -  <FOR V A R I A B L E >  :~ E TO E
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<FOR LIST ELEMENT> ::: <FOR VARIABLE> iN <DISCRETE TYPE
<F O R V A R IABLE > : :: I D
<FOR VARIABLE> : :: DEFINED ID
<CASE> : :~ C A S E  E
<CASE> : :~ C A S E  E TO E
< C A S E >  : :: D EFAULT

TO
:: W H E N  E T H E N  E ELSE E

10 : :~ T i
TO : :~ TO EQV T i
T i : :~ T2
Ti  : :~ T i OR T2
Ti  : :~ T i  < X O R/ N O R >  T2
T2 : :~ T 3
T 2 : :~ T2 AND T3
T 3 ::~ T’4
T3 : : z  NOT T~
T~4 ::~ T5
T~4 : :z  T5 < R E L  OP > T5
T~4 ::~ T5 15
T5 ::~ T6
T5 ::~ T5 <SHIFT UP> T6
16 ::~ T7
16 : :: T6 <ADD Of’> 17
T7 ::: T8
T7 ::~ T7 <MUL OP> T8
T8 ::~ T9
T8 : : z  <ADD OP> T9
T9 ::: T1O
T9 ::~ T 9 ~~ T 1 O
110 ::z 11 1
T1O ::: T1O ( <E— LIST> )
TIO ::: T iO ( )
T iO : :: T1O [ <E—L IST> ]
T 1O  ::: T i O  . ID
T1O ::: T i O  ~
T 1O : :: <CONVERT/FORCE> ( <TYPE> : E
T 1O ::: <CONSTRUCT/ALLOCATE> ( <AGGREGATE VALUE> )
T1O : :: TABLE ( < T Y P E >  , <E—L IST> )
T i l  ::~ ( E )
T i l  ::: ID
Iii : :~ < I N T E G E R >
T il : :: <CON STANT>
<AGGREGATE VALUE> : :: < T Y P E >  , <FIELD VALUE LI ST>
<A ~~G R EGAT E V A L U E >  : :~ < T Y P E >  : E
< A G G R E G A T E  VAL U E- ) : :: < T Y P E >

—fl~ .

- ~~~- - ~~~~~~~~-~~~~~~~ ---- 
-

- 

-



Report No. 3533 Bolt Beranek and Newman Inc.

< F I E L D  VAL U E >  : :~ <FIELD LABEL LIST> : E
<FIELD VALUE> ::: <FIELD LABEL LI ST> ( <FIELD VALUE LIST> )
<FIELD LABEL LIST> : :~ <FIELD LABEL SEQUENCE>
<FIELD LABEL LI ST> ::: <SUBSCRIPT LIST> . <FIELD LABEL SEQUENCE>
<FIELD LABEL LIST> ::~ <SUBSCRIPT LIST>
< F I E L D  L A B E L  SE QU E N C E> ::~ < F I E L D  L A B E L >
<FIELD LABEL SEQUENCE> ::~ < F I E L D  L A B E L >  . <FIELD LABEL SEQUENCE>
<FIELD LABEL> ::: ID
< F I E L D  L A B E L >  : :~ ID <SUBSCRIPT LIST>
<SUBSCRIPT LIST> : :: <SUBSCRIPT ITEM>
<SUBSCRIPT LIST> : :: <SUBsCRIPT ITEM> <SUBSCRIPT LIST>
<SUBSCRIPT ITEM> ::~ [ <SUBSCRIPT SEQUENCE> ]
<SUBSCRIPT SEQUENCE > : :~ <SUBSCRIPT >
(SUBSCRIPT SEQUENCE> : : <SUBSCRIPT > , <SUBSCRIPT SEQUENCE>
<SUBSCRIPT > ::~ E
<SUBSCRIPT > : := E . . E
<ASSERTION> ::~ A S S E R T  E
<S—LIST> : :~ S
<S—LIST> ::~ S ; <S—LIST>
<SD—LIST> : :~ SD
<SD—LIST> ::~ SD ; <SD—LIST>
<E—L IST> : :~ E
<E— LIST> ::~ E , <E—L I ST>
<ID—LIST> ::~ I D
< I D—LIST >  : :~ ID , <ID—LIST>
<FP— LIS T>  : :~ <FP>
< FP— LIST > : :~ <F P> , <FP—LIST>
<D ECL—L IST>  ::: <DECL>
<DECL— LIST> : :~ <DECL> ; (DECL—LIST>
<BOUND LIST> : : -  <ARRAY BOUND>
<B OUND LIST> : :: <ARRAY BOUND> , <BOUND LIST>
<ID— OR— LIST> :: .~ I D
< ID—OR—LIST>  ::: ID OR < I D — O R — L I S T >
<FIELD VALUE LIST> : : =  (FIELD VALUE >
<F IELD VALUE LIST> ::: <FIELD VALUE > , <FIELD VALUE LIST>
<FLD—LIST> ::~ <FIELD>
<FLD—LIST> ::: (FIELD> ; <FLD-LIST>
<VAR—FIELD—LIST> : :: <VAR—FIELD>
< V A R — F I E L D — L I S T >  : :~ <V A R — F I E L D >  ; < V A R — F I E L D — L I S T >
<INFIX -UP> ::~ EQV
<INFIX — UP> : :~ OR
<INFIX — OP> : :: (XOR/NOR >
<INFIX — OR> ::: AND
<INFIX — OR> : :~ < R E L  OP >
<INFIX — UP> : ::
(INFIX— OP> : :: <ADD OP>

I
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UNFIX — O f ’> : : < M U L  O R >
<INFIX—OP> : :~
<MA CRO INTERRUPT> :::
( START FUNCTION>
(START R OUTINE> :::
U N I T  IF>
<INIT WHILE>
< I N I T  R E P E A T >
(INIT FOR>
<INIT SWITCHON> :::
<INIT UPON>
< I N I T  R E G I O N >
< I N I T  LOCK> :::
< I N I T  F A I L >
<RESET FAIL> :::
< I N I T  CODE>
<INIT SCOPE>
<INIT TEST> :
<ADD OTHERWISE>
<ADD ALT ) :::

)
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Terminals for COL Grammar

MOD ULE ID
E X A M I N E  PUBLI C TO
U N D E C L A R E  ( )
FUNCTION : ENDFVNCT ION
ROUTINE ENDROUTINE FORWARD
DECLARE CHECK MACRO

DATA <OPEN/CLOSED>
<VALUE/REF> VARIADIC LABEL
IS DIFFERENT <STAT IC /DYNAMIC>
<LOCATION/REGISTER> INITIALLY <BASIC TYPE>
FL OAT CHAR P O I N T E R
<WORD/BYTE/BIT> ARRAY OF
STRUCTURE <UN/PACKED /PARA> SELECTON
INTO START ENDSTART
FINISH ENDEINISH PRIVATE
[

BE G IN END
I I

IF DO
E N D I F  U N L E SS E N D U N L E SS
TE ST ENDTEST OTHERWI SE
W H I L E  E N D W H I L E  R E P E A T
U N T I L  FOR END E OR
<ONE WORD S> SWITCHON ENDSWITCH
UPON LEAVE E N D U P O N
SIGNAL RE GION DO
ENDREGION IFLOCKED OTHERWISE
LOCK ENDLOCK <ONE ARG S>
FAILIN G FAILHERE ENDFAIL
F A I L  F I N I S H I N G  CODE
E NDC ODE OR I F STE P
< IN CR/DECR ) IN DEFINED
CASE DEFAULT WHEN
THEN ELSE EQV
OR <XOR/NOR> AND
NOT <REL OR> <SHIFT OR>
<ADD OR> <MUL OP>
< CONVERT /FORCE> <CONSTRUCT /ALLOCATE ) TABLE
<INTE GER> <CONSTANT> ASSERT

€
VOL A T I L E
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Th is gramm ar is automatically generated from the language

specification document. That is , a by -product of processing the

COL Manual by the text formatter is a file containing the syntax.

(Thus changing the syntax in the manual results in the compiler ’s

changing also.) This syntax is then massaged in various ways to

decrease the size of the parser tables. First , the following

non—terminals are eliminated as unnecessary:

<data declaration> <function declaration>
<routine declaration> <scalar declaration>
<event declaration> <macro declaration>
<undeclaration> <variable deci>
<constant dec l> <type deel>
<other type> <simple statement>
<conditional statement> <iteration statement>
<interlock stateme flt> <other statement>
<mach ine—like code> <sequence>
NL N C
<primary expression> <operator expression>
<aggregate expression> <aggregate m it>
<other expression> <macro param>
<module ID> <computer ID>
<failure statement> <switch statement>
<Zahn statement> <event>
<memory descriptor>

Certain of the terminals are then grouped together into a single

terminal since they all occur in the 5’me contexts:

)

)
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New Terminal Old Terminals

<OPEN/CLOSED> OPEN CLOSED
<VALUE /REF> VALUE REF
<STATIC /DYNAMIC> STATIC DYNAMIC
<WORD/BYTE/BIT> WORD BYTE BIT
<ONE WORD S> LOOP BREAK RETRY STOPSWITCH

R E T U R N
<ONE ARC S> UNLOCK GOTO RESULTIS
<CONVERT/FORCE> CONVERT FORCE
<CONSTRUCT/ALLOCATE> CONSTRUCT ALLOCATE
<C ONSTANT> <FLOATING NUMBER>

<CHARACTER CONSTANT>
<CHARACTER STRING>
< L O G I C A L  C O N S T A N T >
TRUE FALSE NIL LOCKED UNLOCKED

Furthermore , <basic type> is changed to a terminal including the

simple types but excluding FLOAT and CHAR. Type GENERAL is

included in <basic type> . The following built—in functions and

routines are handled as functions and routines by the syntax

ana ly z e r :

MAX M I N
AB S T R U N CATE
R OUND FL OO R
C E I L I N G E X P L I C IT
HIGH LOW
SWAP F R E E

F in a l l y ,  the precedence rules for arithmetic are included in the

sy n t a x  to remov e t he am big ui ty in the g r a m m a r .  To im p lement  on e

p ass com pi lat ion of in t e r n a l cod e , empty reductions are included

to force  t he ca l l  of sem antic rout ines at c r i t i ca l  places in the

recognition of a rule. For example , in a block a semantic routine

J 

~
‘ 

must be call ed immediate ly  af ter  the BEGIN so that the new scope

for the symbol table can be s tar ted .
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Expressions are stored internally as trees , as this form is

more easily optimized . Many of the local optimizations performed

in the local optimization phase can be considered pattern

matching problems on trees. The tree form also helps the code

generation and register allocation phases. It hinders the global

optimization phase only slightly. The structure of the tree node

is as f o l l o w s :

o p e r a t o r
pointer to list of arguments
type of result
pointer to next argument in this argument list

The arguments of an operator are s tored  as a l i s t  r a t h e r  t h a n  a

binary tree. This form aids in handling associative operators

while causing only a small space penalty for non—associative

operators. The operators include the standard operators of the

language , as follows :

left shi ft right_shift left_ ro t a t e
right _ rotate less_than greater _or _equal
greater _ than less_or _equ al equa l
not equal and_ oper ator or_operator
eqv oper ator nor_oper at or xor _ope r a t o r
plus _operator minus _operator multiply _opera tor
dlv ide_ope r a t o r  mo d_ope r a t o r  power _ope ra to r
un ar y_mi n us not_oper ator In d ex _opera to r
select  operator  val _operator  exp l ic i t _o p e r a t o r
function _ call convert_opera t or f orce_opera tor
when _operator truncate _ope ra t or roun d_ope ra to r
floor operator ceiling _opera tor ta b le_ope r a t o r
construct _ operator allocate _operator

The operator field of the tree is in the form of an enumeration

data type w i t h  these f ie ld names.  An exp ress ion  is a pointer to

- -
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one of three kinds of nodes: an expression node as specified

above , an entry in the symbol table for a variable or field

reference , or an entry in the constant table for a constant

reference.

The statements in internal form are stored as a

doubl y— linked list , aiding in the optimization phases where

forward and backward scans over the statements are made. There

are two kinds of statements. The first is the primit ive form of

COL statement. For example , the two forms of assignment

s t a t e m e n t s , t he  cond i t i o n a l  s t a t e m e n t s , and the goto statement.

The more complex COL statements are translated into these

statements so that a uniform optimization technique may be used.

In the absence of a “goto ” statement this reduction would not be

necessary. The BLISS— i l compiler performs well using only a tree

structure form of’ the statements. However , t h e  “goto ” s t a t e m e n t

destroys the tree structure of statement execution. With this

limitation we have chosen to r e t u r n  to t h e  f l o w  g r a p h  w i t h  b a s i c

block form of statement representation for optimization. The

pr im iti ve sta tement  forms ar e:

E l :: E2 Assignment
E l  : (binary op> E2 Self Modification
Claim E Compiler generated information
E1 (E2,...) Procedure Call
if’ E goto L Conditional Statements
if not E goto L
i f E  ~~O g o to L

*
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if E <> 0 goto L
if E locked goto L
if E <> locked goto L
if E n il goto L
if E <> nil goto L
i f E i > E 2 goto L
if E l  <~ E2 goto L
if El < E2 goto L
if El >~ E2 goto L
on E goto (Li ,... ) Jump Table
re turn  R e t u r n  f rom rout in e
resultis (E) Return from function
lock E iflocked goto L Primitive Lock statement
unlock E Primitive unlock statement
assert E iffalse E Used for run— time checks
finalize(E) Encapsulated Type Finalization
initia lize(E) Encapsulated Type initialization

The internal representation of a statement is as a structure

ccr.taining one field to in ’icate the kind of statement and one

field for each expression or label required . The semantic

routines will choose that form of statement which encodes the

most i nf ~ rmation at the statement level. For example , t h e

semantic routines will choose that representation of a

cond itional statment which involves the relational operators when

a relational operator occurs at the top level.

The internal form of the program does not include any

declarations. The declaration information is stored in the symbol

table. Associated with the symbol table entry are pointers to the

beginning and end of the scope of the declaration. Declarations

are processed as in the usual one—pass compiler with the
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following two exceptions. First , closed function and routine

declarations are processed to completion before the syntax and

semantic phases continue. Thus at the completion of the

recognition of a function or routine declaration the remaining

phases of the compiler are per formed on the body of the function

or routine. This technique limit s the size of internal data

tab les ne cessar y to pe r f o r m  opt im iza ton .  Shoul d in ter p roce d ure

optimization be added this design will have to be reconsidered .

Secondly, the “declare ” construction requires multip le passes

over the declaration to obtain all information. During the

parsing of the declaration a tree structure is built specifying

the structure of the declaration. During this pass the structure

of each object In the declara tion is determined. Those

identifiers which will be types are noticed and the basic

structure of each object is determ ined. After the first pass the

various data st ructures for the ident i f ie rs  in the declaration

are known , but there are fields to be filled in. The semantic

routine now makes mul tiple passes over these structures

attempting to fill in information determined in the previous

pass.  This process stops whenever all f ie lds are f i l led In ,

indicat ing successful  processing of the declarat ion , or no f i e l d s
I

were f i l led in on the last pass , in which case an error has been

detec ted .

I

T
- U 3 -

4 • f

-~~
- -

.
~~~~~
,:-

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. - -



Report No. 3533 Bolt Btra nek and Newm an Inc .

During the generation of the internal program form , the

“type ” of each identifier , constant , and expression is checked

against the type of expression required in the immediate context.

If they do not agree an error is signaled . Types are handled in

the COL exactly as in the PASCAL compiler [Wirth i. There are two

exceptions. In PASCAL a type declaration creates a new type

while in COL a type declaration is an abbreviation for the old

type. In PASCAL a subrange type is distinct from the base type

while in the COL a subrange type is the same as the base type but

with extra information provided. To speed the processing of type

comparisons all types are stored in a hash table. The hash

function is a function of the base type and any fields that occur

In the type declaration. Each type , when defined , is searched for

in this table and entered if not found. When a type with the

“different” attribute is generated , it is automatically added to

the hash table. In this fashion the compiler keeps only one copy

of each type. Hence type checking can be performed by a simple

comparison of pointers in most cases.

The flow graph records the possible control flow of the

program . The internal form of the program Is divided into basic

blocks , each beginning at a label and continuing until a

conditional statement , a goto , or another label occurs. The

ba5ic blocks are the nodes of the flow graph. There is an arc in

— ~4 14 —
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the flow graph between any two basic blocks such that the first

can directly transfer to the second . The internal form of the

flow graph is a structure in the free storage area. Each node in

the flow graph contains:

pointer to beginning of basic block
• pointer to end of basic bicok

pointer to list of successor blocks
• pointer to list of predecessor blocks

opim inza tio n f iel d s fo r  l a t e r  use .

The call graph Is a representation of program flow between

subroutines , and is included for later introduction of

Interpro cedure optimization. There is one node for each routine

o r fun c t i o n , with an arc between nodes if the predecessor node

can call the function or routine associated with the successor

node. There will be various fields within each node and arc. We

do not now specify them since they depend upon the choice of

interprocedure optimization techniques chosen.

The semantic routines are directly involved in error

detection and recovery. Whenever a semantic error is detected the

semantic routine returns to the syntax phase a flag indicatin g

error. This flag is used by the syfltax phase when it is in error

recovery mode to determine the correction to per~form b r
V \

continuing processing. One of the requirements of the~ e r ro r

recovery method chosen is that all additions to data structu<es

\
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t i r d ~~cate t he ~it ~~ of the atom associated with this data in
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~e3ckup the sem ntic and syntax processing by purging all ta hl es

and structur e s of ertries with later sequence numbers than the

p cit. ’. to w hi ch we wish to return.

[
~ i r th ]
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Cha p ter  7

Local Machine In dependent Code Optimization

This phase of the compiler provides the following functions.

First , it changes invocations of open functions and routines into

in— line code , and then it simplifies expressions , making

complicated expressions less complicated . Finally, it changes

complex boolean expressions into simpler boolean expressions

using the short circuit mode of evaluation. The input to this

phase is the linear code text from the semantic phase , the symbol

table , and the flow graph. The flow graph is used only in th~

sense that it Is modified by the short circuit and open proce~ .~re

expansion

The local optimization module looks at the linear~ z~

form of a function or a routine. It performs a linear p ass over

this code form analy zing each statement and each expression

within a statement. Each expression will be replaced (if

possible) by another expression which - evaluates to the same value

but uses fewer instructions or registers. This replacement is

made by transforming the tree representing the expression into a

simpler tree using only properties that are dependent on the

local context of the expression. These contexts can be stated in

a machine independent way . However , determining which
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transformations are an improvement is machine depende nt. Except

f~- r ob jec t  mach ine  a r i thmet ic  in the l e x i c a l  a n a l y z e r  th is  is the

f i r s t  machine dependent  po r t i on  of a ma jor  phase of tr ;e comp i l e r .

To m i n i m i z e  the machine dependence of this module the following

organization will be used . To determine if the code

transformation is an improvement , one must know some information

about the structure of the destination machine. For example , if

the machine has load negative and store negative opcodes , the

p lanned compi ler w i l l  per fo rm complex  minus r e m o v a l .  H o w e v e r , if

the machine has only a load negative and no store negative , minus

removal is not always possible. The situation becomes even m i r e

r e s t r i c t e d  if nei ther  a load n e g a t i v e  nor a s to re  n e g a t i v e

i n s t r u c t i o n  is a v a i l a b l e .  Though o p t i m i z a t i o n s  may be machinf -

depen dent , many of the opt imizations can be stated in a machine

indepen dent form. We propose t i  provide flexibility in

opt imization by ±ncorporating parameterization and object

functions into the local optimization phase. Each optimization

w i l l have a parameter  a s s o c i a t e d  w i t h  it. Th i s  pa ramete r  w i l l

s~~~cify whether the particular optimization sh uld be attempted.

In cases similar to the minus problem , several parameters will be

given to specify which subsections of the algorithm can be

useful. These parameters are specified by the system designer

for the destination machine when the compiler is created . Hence , )

)
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only a ppropriate optimizations will be applied to code for a

particular m~~~h i n e .

Some optimizations cannot be easily controlled . For

example , common subexpression optimization can be useful for some

expressions and not useful for others. This discrepancy cannot

be handled by a single parameter ; instead , we propose that an

object function for such optimizations be provided . This object

function will receive data about the proposed optimization as

arguments and return an answer. The answer will either be a

simple yes or no , or some sizing information which the general

optimization algorithm can use to determine the value of the

proposed action. In the common subex~ ression case , the object

function could return an approximation to the size of code for

computing this expression. The size function will be given the

pointer to the tree for the expression and will use information

about the destination machine to return the size and words or

bytes of the code.

Local optimizatlons are those transformations to the program

that take place within a single statement. The local

optimizat~ ons include:

local common subexpression optimization

~
1” . unary operator simplification

— S

J
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the de Morgan ’s rule applied to boolean expressions

r e p lacing multipl ications by two by shifts

There is a full list of such optimizations in [Bagwell] and

[Fraley]; we propose that these optimizations be included in the

COL compiler . Further local common subexpression elimination ,

constant folding, and variable subsumption can be accomplished

using the value— number algorithm presented in [Cocke). We

propose that this algorithm be concluded for each straight line

section of code , called a basic block. According to [Lee], these

optimi zations can provide about 50% of the code improvement that

could be performed by optimizat ion. Furthermore , these

optimizations can all be done in time proportional to the length

of the program.

All local optirnizations will be performed in this one phase.

In one approach to compiler writing, some optimizations are

performed in the semantic phase of the compiler. We do not do

this since error recovery requires that all actions taken i n t h e

semantic phase be reversible. Local optimizations will always be

performed . This is not always an obvious choice since certain of

the local optimizations might destroy obvious common

subexpression s . The alternative in making this choice seems to

be the inclusion of combinatori al algorithms whose cost would be

inacceptab le In an operational compiler.

— 50 ~
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The local  o p t i m i z a t i o n  phase of the comp i l e r  a c c e p t s  i t s

in p u t , the li n e a r i z ed code , the symbol  t ab le  and the f low g ra p h

of the program. These are also the outputs from thi 5 phase. It

creates no new data structures , but modifies these struct ures to

indicate an optimization. Each expression is replaced by the

best  e x p r e s s i o n  that  ca n be found w i t h  e q u i v a l e n t  s e m a n t i c s .

These e x p r e s s i o n s  can be de te rm ined  by the v a l u e — n u m b e r i n g

algor it hm [C o c k e]  an’~ t ree  mod i f i c a t i o n s  based on t he  r u l e s  of

alge bra. The value r umbering algorithm can be adapted with the

following mod i fi cation i . First , we have included the COL ’s “when ”

express ion in our internal linearized form , a l t h o u g h  do i ng so

violates the usual view that the basic block is a section of code

with only one execution path through it. We may have an

e x e c u t ion path wh ich  is a s impl i f ied form of a c y c l i c  d i r e c t e d

graph.  How e v e r , on the bra nc hes of the cyclic graph variables

may not be changed but only evaluated. Thus , a modified form of

the extended basic block algorithm , as proposed in [Marateck] ,

may be used to determine common subexpressions even in this case.

Furthermore , the whole Kennedy algorithm will be applied to

extended basic blocks to provide constant elimination and

variable subsumption on a w ider scale than in the purely

linearized tests.

- s i-
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To determine the best form of an expression , first the

following optimiz at ions will be applied to the expression to

simplify them.

1. Eliminate unnecessary operations
I’O replaced by 0
1+0 replaced by I
I’l replaced by I
A **1 replaced by A
I/i replaced by I
I— I replaced by 0
— (— A) replaced by A
A+0 replaced by A if A n o r m a l ize d
B and TRUE replaced by B
B and FALSE replaced by FALSE
B or TRUE replaced by TRUE
B or FALSE replaced oy FALSE
B eqv TRUE replaced by B
B eqv FALSE rep laced by not B
B xor TRUE replaced by not B
B xor FALSE rep laced by B
B and B replaced by B
B and not B replaced by FAL SE
not not B replaced by B

2. Float ing point op t imiza t i ons
A/constant replaced by A 0 (1/constant) if exact
A ’’ (—constant) to 1/A’’constant if small constant
A”constant replaced by multiplies for small constants
A/ 2 or A’.5 replaced by half operation if it exists
2~ A replaced by A+A
14’A replaced by (A+A)+(A+A )

3. Integer optimizations
(—1)”I replaced by odd/even test
I *2**constant replaced by shift
I* (2**k+2**j) replaced by shifts and adds
I (2**K_2**J ) replaced by shifts and subtracts if I small

~~. General optimizations
Eliminate common subexpressions
Replace variable by known constant value
Replace variable by another variab l’- if value same
Eliminate assignment if known to not change value

— 5 2 -
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Eliminate assignment if value not used before reassigned
Use distributivity on subscripts to group constants

Then the expression will be looked up in the available expression

table. This table is index ed by operators and value nunbers and

contains all expressions which are available at the current point

in the program. If a better expression can be found , n a m el y a

constant , or a variable which has the same valu e as does the

expression , the expression will be replaced by the constant or

the variable. If a constant occurs in the expression , the

context the expression occurs in will be investigated to see if

s i m p l i f icat ions of p r o g r a m , e l i m i n a t ion of code , or the  c h a n g ing

of con d i t i o n a l  to u n c o n d i t i o n a l  b r a n c h e s  can  o c c u r .  A f t e r  th i s ,

the expression Itself is inserted into the available expression

table to be used in future common subexpression elimination.

Finally, at the end of each basic block , the compiler will trace

back to see if there are multiple assignments to one variable.

if there are multiple assignments to a variable , with no uses in

between , the first assignment will be eliminated . This can be

caused by constant subsumpt ion , even if the programmer does not

have multiple assignments to a var iable.

There Is one further modification to the value number

scheme. Schwartz ’s sta temen t of t he va lue num ber scheme for
( common subexpression elimina tion does not consider elements in

~I c~ - 5 3 -
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free storage or fieJ~~s of a structure. Elements in free storage

can be handled simply t,~ treating them as elements of an arr ay.

In  p a r t i c ular , all elements in free storage of the same type can

be considered to be elements of an array, indexed by the pointers

to that particula r item. Then the value number of Schwartz wi ll

work with elements in free storage. We must only consider that

ther e is one - iummy e lement  wh ich  is an a r r a y  of all e lements  ~n

free storage of a particular type. Elements in a structure are a

bit more difficult to handle. If each element of a structure is

considered to be a separate var iable with its own value numbers ,

then the evaluation of common subexpression poses no problem .

However , if t hc re is an assignment to the whole structure the

value number of each element in the structure must change.

Hence , an eleme n t in a structure should be looked upon as an

expression w ith one argument being the field , with its value

number and the other argument bein ,~ the value number of the

struct ure. Thus , if a copy to the whole structure takes place ,

the value number of the structure changes and each field can no

longer be involved in common subexpressi ons. However , if there

is assignment to only one field , the whole structure has indeed

changed , but all non— changed fields are s t i l l  a v a i l a b l e .  Thus ,

when assignment to a particul ar field of a structure occurs , the

value number of the structure changes , the value number of that

5
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f i e l d  changes , but each element of the structure excep t this one

s h o u l d  be added  t o  the  a v a i l a b l e  expression stack for

a v a i l a b i l i t y  in  co mm on subexpression elimination just as when a

store to a particular element of an array changes the value

number of the array, but that particular element is made

available as a special case. With these modifications , the

Schwartz and Kennedy number scheme will work for the COL and

provide good local optimization for expressions.

During this linear scan through the code text , the

occurrences of open routines and open functions are noticed .

When an open routine occurs , it can be handled in one of several

ways. In each of these cases , the code is inserted in line in

the code text. The special cases involve how the arguments to

the routine are processed. For each argument , if i t  or a n y  of

Its constituent parts are not changed within the routine body,

the actual parameter can replace each occurrence of the

corresponding formal parameter in the code body. However , if one

of the parts of the actual parameter is changed , then the

expression must be evaluated before entry into the body of the

routine and the expression then referred to by a pointer. This

special kind of pointer , which has been included in the internal

fo rm of ex press ion , Inv olves both a type and an expression tree.

The expression tree is the value the pointer points at. For

t
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ex R m ple , i f A [ I ]  i s an a c t u a l  p a r a m e t e r  to an open r o u t i ne , t h e

expression tree for A[ IJ is passed along with -the pointer.

Within the body of the routine the compiler will treat the actual

parameter as the expression represented by the expr ession tree

until such time as one of the variables in the expression tree

changes , at which time the value numbers have to be changed , so

that the value is guaranteed not to exist for common

subexpressions elimination and for code generati on. Similar

problems oc cur with open functions , bu t  there is one more

dilemma: The function can occur deep within an expression. In a

prefix walk through the expression tree , when a function occurs ,

we attempt to reorganize the expression to minimize the numb er of

temporaries that w ill have to be saved. After having done this ,

we save all expressions which have to be evaluated before the

evaluation of this function in temporaries , declared to have

appropriate scope , and then we assign the value of the function

to a temporary. At this point , we can open the function into

in— line code , replacing all occurrences of resultis commands by

assignments to this particular temporary.

This procedure will eliminate all open routines and

functions. t For those routines and functions that have not been

-leclared either open or closed , the compiler is at liberty to

choose for itse lf which method to use. The way the choice will

)
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be made is for a machine dependent routine to be written which

estimates the size of the code. During the semantic and syntax

phases , the number of occurrences of this procedure are noted ,

an d a heuristic approximation of the amount of code necessary for

open and  for  closed occurrences is evaluated. The smaller choice

will be used. The choice is affected by a reques~. by the

prog rammer to optimize space or time.

[Bagwell]
John T. Bagwel , J r . ,  “Local optimizations ” , SI G P L A N
Notices Vol 5, No 7, Jul 1970 , pp 62—66.

[Fraley)
Dennis J. Fraley, “Expression optimization using unary
complement operators ” , SIGPLAN Notices Vol 5, No 7, Jul
1970 , pp 67—85.

[Cocke]
John Cocke an d J. T. Schwartz , “Programm ing languages
and their compilers ” , Preliminary Notes , Courant
Institute of Mathematical Sciences , New York
University, N . Y . ,  Apr 1970.

[Lee]
John A. N. Lee , “The Anatomy of a Compiler ” , second
edition , Van Nostrand Reinhold Company, New York , 197d .

[Marateck ]
S. Marateck and J. Schwartz , “A SETL Program for a
Basic Block Optimizer and Extended Basic Block
Optimizer ” , SETL Newsle tter //105, Courant Institute of
Mathematical Sciences , New York University, New Yor k ,
N .  Y., April 1973
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Chapter 8

Global Optimization Phase

Global optimizations are those transformations involving

enough of the program so that there is more than one execution

path through the code segment in question. The following global

optimizations will be performed:

common subexpression elimination
code motion out of loops
strength reduction within loops
global constant elimination

We propose that the COL compiler implement these optimizations by

the following algorithms. Global constant propagation will be

implemented using the p— graph algorithm proposed by Massachusetts

Computer Associates. The other optimizations will be implemented

using the interval analysis method proposed by Schwartz , Cocke ,

and Allen.

One frequently used optimization is constant subsumption.

It invol ves replacing the currents of a variable X by a constant

C when the latest assignment to X was of the form of X: :C. Th is

‘a
is a useful optimization for several reasons. First , programmers

with FORTR AN experience write programs in which parameterization -

is done by such assignments. Granted we have provided manifest

constants for such purpose; however , history shows that

— 5 8 —
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programming habit is well nigh incurable. Secondly, a programmer

may prefer to make such an assignm ent and then initialize the

data associated with it. For exampl e , the programmer might wish

to in i t i a l i z e  an index to an a r r a y  and then i n i t i a l i z e  all the

~arall el data arrays. He might prefer to use the index rather

than the constant since all references to these arrays use that

index. Finally, open routines can introduce many of these

constructs when the subroutine is expanded .

There are several ways to implement this optimization ,

depending on the scope of the application and the algorithm used.

First , it is easy to perform Cocke ’s subsumption in straight line

code. The compiler need only remember those variabl es that have

been set to constants and not changed . This is the method often

used in compilers that do not do constant subsumption. Secondly,

the compiler can notice those variables which are set only once

and used several times. If the assignment to the variaL le is a

constant , then all its uses can be replaced by that constant.

The compiler should be careful to notice if all uses of the

variable are reachabl e from the assignment. If they are not , the

compiler should generate a warning message ; otherwise , the

compiler will have eliminated an obvious error condition. Third ,

the p— graph algorithm proposed by Massachusetts Computer

Associates can be used to check global flow and assignment. The

I - ’  p
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algorithm div ides the program into regions where one and only one

assignment has effect. If there is a merging of control flow , a

pseudo — assignment is generated. The compiler can scan the

assignments for those of the form X :~~C and replace all uses of

that assignment by that constant. If there are no

pseudo — assignments reachable from this assignment , the assignment

can be eliminated . Finally , Kildall in [Kildall] proposed an

algorithm for constant subsumption detection.

We propose the following strategy. First , the straight line

algorithm will be applied to each section of straight line code

in the local optimization phase. Nex t , those variables which

have only one assignment which is to a constant will be

eliminated and the constant will replace all occurrences.

Fina l ly, the p— graph algorithm will be applied to those variables

which are at some point set equal to a constant and the constant

used outside the one straight line sequence of code.

This strategy has been chosen for the following reasons.

Although we need global constant subsumption to gain the maximum

benefit from open subroutines , it is expensive in space and time

to perform. Hence we will handle the special cases first . There

are two special cases whi ch are straight line in the one

assignment. We choose the p—graph algorithm over K ildall since

— 6 0 —
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r :il dal l mu st be applied to all the variables at once while the

p—grap h can be computed  for only those v a r i a b l e s  we n e e d .  The

constant sut sump tion alg o rithm will be applied before other

glo bal f~~.w analysi s algorithms since the introduction of

co ns tu nt s -.~~ll simplify the rest of the program and will improve

i t s  c h a n c e s  of  f i nd ing  loop i n v a r i a n t  e x p r e s s i o n s  w i th in  loops.

The other optimization transformations could be implemented

in several ways. Earnest in [Earnest] has proposed one set of

al.. r i ’  ‘-s for performing all the global -ptimizations except

s rength reduction. They were implemented in yet another way in

~~~~~ F~~~T R A N  l e v e l  H compiler , and Cocke and A l len  and S c h w a r t z

nave pr~ posed the interval analysis method . In all three of

t-hese methods the vari ed information is .~tated as a set of

e q uat ions -w hich must be solved , and each performs the solution in

a d i f f e r e n t  fash ion .  Th e method w i t h  the most l i t e ra tu re

associated with it and with the most explicit algorithms stated

is the interval analysis method of Cocke and Allen and Schwartz.

Its one difficulty is that it does not work with all programs

without a m odification. That modification involves changing the

flow graph of the program if a certain anomalous program

otruc tjre exists. This program structure cannot exist in

structured programs ; i t can  o n ly  ex ist wi th  m u l t ip le  en t r y loo ps ,

and we therefore propose t )  impl em en t this algorithm w ith special

— 61 —
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n a n d l in g for this anomalous case . Our global analysis ~nase sil l

follow closely the analysis phase proposed by Shaef~-r-[Schaef er].

F o l l~~~ing constant elimination , the globa l opt imi za tio n

phase of the compiler will perform tne following op timizations:

• redundant subexpression elimination
• code motion out of frequently executed regions

strengt h reduction
linear test elimination

These techn i~ ues have been approached in several ways b y Earnest

and Cocke and Schwartz. Various regions have been proposed for

the basis of these algorithms ranging from intervals to general

strongly connected regions. Furthermore , several methods for

so lv in~ the e- -
~uat ions involved have been proposed . An iterative

a~ proact. h a -.-e been used by Ullman [Ullman] , the interval anal ysis

ap ;roac r~ by Allen [Allen—7 2], and recently more sophisticated

el~ m lna ti on algorithms hav e been proposed b y Graham [Graham] and

Tarjan [Tarjan]. We have chosen the interval analysis method for

solution of these algorithms for the following reasons. First ,

these see m to be the  best do c ume n te d m e t h o d s  ava i la b le i n t he

literature; they provide both efficient implementation and

imp l emen ta t ion in a l l  s i t u a t i o n s .  The a l g o ri th m s a re  d ocumen ted

in Cocke and Schwartz [Cocke-70) , the ~ETL newsletters

[K e n n e d y— 7 1 through Kennedy —7 14a ], a nd Schaefer [Schaefer]. The

iterative ar -dysis method Is competitive but does not seem to
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~ave a great advanta ge (see [Kennedy— 76]). The more recent

methods by Graham and Tarjan , although faster in the limit , seem

to involve large amounts of comput ation to begin the a~~ orithrns

and large constants of proportio nality. However , the method of

sol ution can be changed i n  the future.

The interval analys is method reduces these two problems.

F i r s t , some programs are not reducible. About 90% of programs

are reducible , and certainly all structured programs are

red uc ible. Howev er , some programs wi th “goto ”s will n o t  be

reducibl e. We propose to optimize within the program until the

reductions involved lead to irreducible graphs. Each irreducible

graph will be handle d as a loop for optimization puposes. Hence

at th~ t point all code m otion must be out of the whole subprogram

or it will not occur. Ir r e d u n i t l e  graphs can only occur if the

pro gram contains multiple entry loops. The second problem

~.nvo1ves the elimination of redundant computation. Interval

~r .aly sis w ill provide a function which will declare that a

par ticular instance of a com pu tat io n Is u n n e c e s s a r y .  We propose

to eliminate all such unnec essary computations. Interval

analysis will then provide a function which will indicate whether

an ex pression Is used at some point following any given point of

computation . We will use this function to guarantee that each

Instance of an expression which is used will be stored. This
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..1ll el iminate unnecessary compu t ations , but may possibly

introduce a store int o a i~ op. This wi ll pro t- rifl y occur

~cfrequ ent ly since most likely the expr ession will h.~ ~tn re~ into

a reg i ster- on a multiple register machine and thus cont. nothin g .

If the loop is sufficiently complex that a register cannot be

used , then the loop is probably large enough that the store will

not significantly affect efficiency in any case.

The structure of the implementation of the global

optimization scheme using interval analysis follows very closely

tne structure suggested in [Schaefer]. However , we ha ie modified

it to include the simplificatlons suggested in the discussion of

the interval analysis algorithms in Schwartz ’s monograph

[Schwartz). In particular , Schaefer is extremely cautious about

th~ motion of code and about when code motion is profitable.

Scr .~artz uses heuristics to determine when code motion is

profitable. The heuristics are safe ; they do not generate

adverse a f f e c t s ;  h o w e v e r , certain optimizations may occur in

Schwartz which Schaefer would deem inadvisable.

We now describe the global optimization algorlchm -Iraw ing

freely from both Schaefer and Schwartz. Du rin ~ t t e s e m a n t i c

phase of the compiler , the program flow graph for the routine

being compiled is generated. t uring the local -~pt im i za t i on

)
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phase , big s e c t o r s  for the most frequently occurring expressions

will be construct ed; these big sectors will express which

variables have been killed , which have been computed in a block

after all uses , and which variables are not used in a block at

all. Also , duri ng the local op t im iza t ion  phase the v e c t o r s  for

computation of live variables and available computation can be

i n i t i a l i zed .  At the beginning of the global optimiz ation phase ,

the program flow graph is divided into intervals , t he  res u l t i ng

reduced graph is again divided into intervals , and so forth until

the flow graph has been completely reduced. The result will

either be one node in most cases or an irreducible flow graph.

The first set of equations to be solved will be the redundant

expression or available expression equations. These equations

express what expressions are available on exit from each of the

basic blocks in the program flow graph . This algorithm is

described in detail in Schwartz. It involves processing each

interval in order , starting with the first Interval in the

program and cont inuing, and involves two passes. The first

computes within an interval what expressions are available on

~~ entry to the interval. The same process is then applied to the

reduced graph and so forth until the totally reduced graph is

reached. If this totally reduced graph is one node , the

exp ress ions  ava i lab le  on entry to that block , namely the whole

- 6 5 -
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routine , can be used and propagated back down through the whole

set of reduced graphs to obtain a solution for the available

computation equation. If the totally reduced graph is not one

node , the iterative equation method wil l be applied to it as

descr ibed in Allen. This will then give us a solution for a

totally reduced graph , and that again can be propag ated back

through a sequence of reduced graphs until a set of solutions for

the available computation equations is obtained .

At this point the redundant computations can be eliminated.

Each such computation Is marked unnecessary in the internal form

of the program. Besides this elimination those computations

wh ic h a re  u n r e a cha b le w i l l  be r epo r t e d to the  e r ror  rout ine as

war n ing messages to the progr ammer.

Now the code motion and strength reduction optimizations are

applied. First , the program must be divided into loops. This is

done by taking as a ioop the strongly connected component of any

interval and then in the reduced graph the strongly connected

component of any interv al there , and so forth , providing us with

a nested set of constructs simi lar to the program loops. Using

the available computation information from the first part of the

global optimization phase , those expressions that are movable out

of the loop are moved to the head of the loop; in particular , the
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iead of the interval . This optimizat ion is discussed in Schwartz

[Schwartz]. Only those opt imizations which are safe and possible

are m oved . In particular , an expression is safe to move only if

it is evaluated no matter what path is taken through the loop.

The or der of mot iun is as follows . First , the  i n n e rmost loops

are analyzed and expressions are moved out of the innermost loop.

The n strength reduction is applied to the innermost loop; then

linear test analysis is applied to that loop. After all this has

been done , the head of the loop contains ne w i n f o r m at ion .  The

l o c a l  o p t i m i z a t i o n  of t h e  b loc k  wh ic h is the head of the loop is

r e e x e c u te d to m ake s u r e  t h a t  common su be x p r e s s ions are el im in a t e d

locall y from that head . This process is applied to each lowest

level loo p and then to those loops that contain the lowest level

of loops on up to the whole routin e. If the whole routine is

irreducible , the whole routine itself is handled as one large

l oop an d code can be m oved out of i t b ut  not out of any

subintervals in it in the irred ucible part.

Strength reduction consists of replacing multiplications by

additions when this is profitable. This is particularly useful

in subscript evaluation and other occurrences of expressions of

the form integer times a constant or Integer plus a constant.

There Is a full discuss ion of this technique in Sch~..ar tz.

Briefly, it consists of replacing occurrences of integer times a

— 6 7 —
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constant by a new temporary variable which is kept updated to

the value of this integer times a constant. When the integer is

incremented , then the temporary variable is incremented by the

multiplier ; when it is decremented , it is decremented by the

multiplier. All occurrences of the integer times that constant

are replaced by this temporary variable. Frequently, all uses of

the original variable will be removed and replaced by uses of

this temporary variable. In that case , the variable itself can

be removed . The net result is that a variable involved in a

multiplication has been replaced by a variable involved in an

additio n . Linear test replacement is the extension of this idea

to the conditional branches at the end of the loop. Frequently,

they will be of the form integer greater than a constant , or

integer equal to a constant. If the integer is replaced by a

variable which is a positive multiple of that integer , the

opposi te  side of the re lat ion can be replaced by the same integer

multiple and the whole relation can be replaced by one involving

the temporary variable. After strength reduction , frequently the

only occurrences of the variable are in the relational

expressions determining the end of the loop. Thus , should linear

test replacement remove these occurrences too , the variable may

be removed completely. )
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After these opt imiza tlons have been performed , certain

v ariables will have been assigned and no longer used. This can

ccur wi thout  program e r ro r .  For ins tance , the local

‘,ptimi zation phase replaces uses of variables by uses of

variables with the same value . It may occur that the assignment

o the variable is no longer used at all ; therefore that

assignme nt can be eliminated . If all assignments to a variable

an be eliminated , the variable can be deleted completely from

the program. To do this , t h e  l i venes s  eq ua ti ons  fo r each

.‘ariab le must be solved. This is a set of equations discussed in

i~Schaefer ] and in ElCocke— 701 . It consists of comput ing for each

variable and for each basic block in the program whether at the

e”d of that basic block there exists a path to a use of the

va ri a b le wh i ch does not i ncl ud e an ass ig n m e n t  to t he va r i a b l e .

If such a path exists , the variable is declared to be alive; if

no such path exists , the variable is dead at that point. If the

variable is dead after an assignment , then the assignment is

irrelevant. The solution of the liveness equations is similar to

the solution of the variable computation equations. This is

discussed in Schaefer and Schwartz ; however , the program is

traversed in reverse rather than forward. Once these equations
a —

have been solved , a linear scan of the program will eliminate all

assignments to variables that do not have uses. These
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assignments are traversed in reverse order and the assignment is

m a rk ed u n n e c e s s a r y  i f i t is dead. This terminates the

implemented optimizations in the global opt.. -”i’ation phase.

Other opt imiza t ions could have been performed in the global

optimization phase . One is loop fusion . This consists of taking

two similar loops and combining them into one ioop. This can be

done if the number of iterations are the same for both loops and

no instructions occur between these two loops that could

adversely affect the union of the two loops.

Another optimization is splitting. This involves replicating the

body of the loop two or more times and decreasing the number of

t imes through the loop accordingly. This optimization can be

performed on loops that have a fixed number of times executed .

These two optimizations together provide a fairly powerful way of

optimizi n g a program ; however , no ~<nown algorithm efficiently

implements them. The information for the implementation of such

algorithms is available , provided by the semantic phase . Some

algorithms do exist ; some of them are discussed in Wagner

[ W a g n e r ] .  However , at this time we do not envision using these

optimizations except In the simple cases where the loops that are

fused are those involved in adding two arrays , subtracting two

arrays , or similar operations on arrays .

)
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IThapter 9

Fe~~is~ ~r A l l o c i t l o r  and Cod r
~~f l p ra , ior Pha~-~~s

T h e  re,  I st~~r ol locat  j r a nd c r ; d p  ne ra t  ion. o n e s  -ar~-

C ) ~~~~b 1 f l e d  i. rt  one HiSs . The code  ~?e ne r a t i o n  phase is a

Co—r outine w :th the register allocation phase. Act o a ll v , th’-

re~~ist * r  a l l o c a t i o n  phase c o ns i s t s  of  mu l t i p le  p a s s e r , the f i r s t .

be ing  ine~ ~o -~e t~~rr~. ine l o o k — a h e a d  i n f o r m a t i o n  on v a r i a b i e s , t h e

se- n - nd t - ’ e s t  im~~t~ wha t  v a r i a b l e s  a re  in r e g i s te r s , the t h i r d  to

~~~~~ ate cod~- ~ind on si~~n v o r i a b l e s  to  symbo l i c  re~~int e r s , a nd

f ; n a l l v  to  as n ign  ph y s i c a l  re~-’, i st ~’rs to the s~ rnholi c reg isters.

n~~ ~i ll ~flsc iss th e s e t w ~ ph a s e s  i n d e p e n d e n t l y .  Ho w e v e r , we m us t

re~~em Ler t h~~t c o o e  g e n e r a t i o r -  r ia y be c o n s i d e r e d  a par t  of t t i i s

p a s s .

Four r’~ i st e r  a l l o c a t i o n  s c h e m e s  f ~r the C O n ;  ler hav e  b e e n

e v a l - ~i~ted f r  pcoss ih l ~- i o e  in the COL , t h o s e  ~e s c r it - c’ - 1 ~n [ F a y ] ,

[ Be t t y) , [ F r~~iher~’~~ouse ]  and [ H a r r i s o n ] .  b a y  proposes an

a lg o r i t t ’ -  fur as sig rin ~ n variables t o m  register s wh ere n is

greater than ‘n. The a lg ’r ithm assigns the-s e v-o r labl e s basei on

the val ie of rav i n g  ~~~e va rja~~le in a register . The paper

presents b ot h  on o p ti  -r: 1 h i t  slow 11 ~~-r i t h n ~ and ~i non — opt tm a l hut

fa~~t a n t  si - -p ie a lg o r i t h m  h r  th i s assignment. 0e ar t~ Jes

s t a t i n t i c a l 1 - ~ hot he LiSt a lgor~~th~’ ~s ~0% as good as the
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optimal one. As was pointed out b y B e a t t y [Bea t t y ] , Day ’s

algorithm has the problem of unifying global register allocation

and local register allocation. If local register allocation is

‘~one b e f o r e  g loba l reg is te r  a l l o c a ti o n , it is difficult to hold

values in registers over a long period of time. If the opposite

is done , inferior code is produced.

Peatty presents a fairly complex algorithm which is global ,

lik e hay ’s. It appears to be more practical , however , in several

-..~~y s .  It appears  to f i t  in w e l l  w i t h  other op t im iza t ion

acti v Ities in a compiler. The thrust of the algorithm is to

c 0mpile simple —minded code with a simple local register

al l o c a t io n  scheme , then opt imize the resu l t s  by mov ing  the load

and store instructions ar ound in a way similar to other code

rot  ion o p t  im iza t  ion a c t i v i t i e s  -

As the Frelberghouse algorithm is used for local allocation

o n l y  w i t h  n o f l o w  c o n t r o l , it is considerably less general. It

is not sh3wn to be optimal but is supported statistically.

H a r ri son ’ s algorithm is a generalization of a storage

allo cation algorithm by Be lady [Belady]. He determines an

approximation to the access structure to the variables in the

program . Then using this access structure he approximates the

variables that must be in registers at each point. He then
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gencrates code making this assumption and following that assigns

particular registers to each symbolic register previously

determined . Like Beatty ’ s algorithm , this algorithm has a

com bi n a t ori al  n a t u r e  t o it . H o w e v e r , the combinatorial nature

can be minimized by using various struc iures within the compiler.

I t  see m s to be com pa r a b le t o B e a t t y ’s and  the  sp a ce t a k e n seems

to b e co mp a r a b le i f n o t  s m a l l e r .

The cooice of register allocation for the COL is determined

by the rec~~:r - ements of communications and systems progr ’~ m ing.

On mult i— reg isto r computers , the code generated for register

loading ~n d --emoval can be as large is that for the computations

involve d . Th -~s , if a good register allocation algorithm is not

uo~ d , the co- -dc generated will suffer seriously. On the other

hand , the opt im izations that may be performed on code written for

co r rnun ica t io r . s or sys tems  programming f requen t l y  do not have many

re - - lundant  corn , ut a t i o n s  or c o m p u t a t i o n s  to be moved . These an

or~~y be done fo r  a r r ays , a ccesses , and for some pointer accesses.

A l l  th is  i m p l i es  tha t  r egi s te r  a l l o c a t i o n  is a s impor tan t  as the

othe r  ~loba l o p t i m i z a t i o n s , and hence the t ime requ i red  to

perf orm good gl obal register allocation is spent profitably.

W i t h  t h i s  c r i ie r i rl , we I n v e s t i g a t e  the four a lgo r i thms .  Of the

four , e e a t tY s  a l g o r i t h m  and Har r i son ’ s a l go r it hm  seem the best-

tO ~~o pt  in -an o p t i m i z i n g  c o m p i l e r .  The a lgo r i t hm should f i t  in

)
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well with other code motion activities. The computations

required , though not triv ial , do not appear to be unreasonable.

Two advantages over Day ’s method are apparent. The Day algorithm

insists on uniform assignment through the region ; a variable is

always in the same register. Second , the Day algorithm does not

rely on partial local allocation. Such allocation Is usually

required , because in most machines one is not free to use either

memory or reg isters interchangeably in many instructions. In a

complex example given by Beatty, t he  Day a lgo r i thm c a n n o t  a c h i e v e

as good results using his optimal algorithm . The Freiberghouse

algorithm is probabl y a good candidate for the local allocation

phase , preliminary to the Beatty or H a r r i son g loba l  a l l o c a t i o n .

However , the type of machine will have to be considered here too.

The running time for the four algorithms is probably acceptable ,

given that we consider register allocation as important as other

global optimizatio ns. Thus , of the four algorithms we come to a

choice between Beatty ’s and Harrison ’s. From independent results

[Yhap] , these two algorithms seem comparable In the quality of

code generated . Harrison ’s algorithm probably takes less space

to implement. Beatty reports execution times of half a second

per reference using PL/1 on a 360 Model 67. That may be too high

based on some preliminary programming of his algorithm done at

BBN . More than that , some of the computation Beatty requires

z..
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for full ana lys :s , var iab le  depe nde nc i~~o , e t c . ,  w i l l  dlmost

o e r t a i n ly  be required anyway  in an o p t im iz ing  compi ler .  l.~e

expec t  Harr ison ’ s resul ts to be s imi lar.

We have  chosen Harrison ’s algorithm for bre followi :- g

reasons .  First , the storage space needed seems to be smaller;

seco nd the algorithm seems t r  fit into the c lass ic  code

generation methoa more easily than. Beatty ’s; and third , i f  t h e

algorithm does turn out to be too expensive to use in an

operational compiler , there are schemes which may be used to

replace the al gorithm by an approximate alg orithm with better

computa tion time and similar results. Furthermore , Harrison ’s

algoritr im seems to fit into the standard compiler framework

b e t to r .  Ir par ticu lar , it need not he known ahead of time

w het ’ - i r  a va r i ab le  wi l l be in a reg is te r  or in memory to per form

Har r i son ’ s a lgor i thm.
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Chapter 10

Code Generation Phase

The code generator will be called as a co—routine for the

reg ister allocation system . It will be called in several modes.

The first involves no generation of code but determines what

variables will be needed in registers and what variab les can

efficiently reside in memory ; the second mode consists of the

actual code generation; and the third mode consists of fixing the

sym bolic registers used in code generation to physical real

registers.

We have surveyed several methods of code generation ,

in c l u d ing  the  F O R T R A N  Leve l  H bi t mask i ng m e t h o d , hand coded code

gene r a to r s , int er p r e t e d co d e gene ra t ion l a n g u a g e s , and finite

s t a t e  m a c h ines inco rpor a t i n g  an int erp ret ive co d e g e n e r a t ion

language.

The COL co mpi le r m us t  be c a pab le  of g e n e r a ti ng co d e us i n g a

fixed number of operators but a large number of data sizes and

addressing modes. Typically, han d coded generators for this form

of language are large and bulky. Furthermore , ~‘uch code

generators have little mac hine independence (if any code

generation phase can have m achine independence). The FORTRAN

code generation ethod is good for a few data types and accessing )

-80 -
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methods; howeier , in the general case it must be bulky and slow.

Similarly, the interpretive code generation language becomes

bulky, though less so. Wilcox [Wilcox] has suggested a

compromise involving finite state machines with an interpreter.

We propose the implementation of his method as the code

generation phase of the COL compiler with two mod i ”ications . The

first modification is necessary to allow different modes of

execution , as just described . The other modification involves

the fact that register allocation will be done external to the

code generation phase in the register allocation phase (except

for local register allocation). Thus , the complicated attribute

handling system involved in Wilco x ’s multipass optimization

scheme can be simplified so that attributes are determined

externally and the one pass scheme is applied.

The basic structure of the code generation phase is as

follows. When the register allocation phase walks through the

program , it will call the code gener ation phase at each statement

in the internal form . Recall that each statement in the internal

form is either a procedure call , a branching statement , or ar

assignment statement of some form. In other words , it is a

~~ simple statement with a tree representing each expression. The

cod e generation phase consists of a small program which walks

through the expression trees of the statement and generates code.
‘C
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At each  nod e in e x e c u t ion or der wa lk , it will call an appropriate

routine of the interpretive language. The interpretive language

consists of a set of statements designed to generate code; there

will be a statement to generate each class of instruct ions , there

will be a statement to arrange that certain addresses are

addressable , there are statements to insure that certain items

are in registers. The languages will be full and general in the

sense of code g e n e r a t i o n .  The in t e r p r e t e r  w ill be ab le to chec k

whether certain variables are in registers of a particular class

(e.g., is this variable in an even or odd register?) and it will

be a b le to g e n e r a t e  move  in s t r u c t ions to move  var iab les a r o u n d

and keep track of where they are. The code generator will

gene rate another internal form for the program. This internal

form will be a direct representation of the machine language to

be generated for the machine. It will probably include the

opcode , the registers , and the addresses , and a one— to— one

correspondence to their occurrenc e in the object machine we are

generating code for. However , there may not be the exact binary

generated . In particular , variables will be represented by

pointers to the symbols table , registers will either be

represented as symbolic registers to be later assigned or as the

actual physical registers involved , and the opcodes may not be

the actual binary opcode that will be generated but may be an

— 8 2 — 
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index into a table of routines or into a table of symbols. All

labels that are generated by the code generation phase will be

included in the symbol table and will involve pointers both to

the location of the statement they label and to all uses of this

label. This will be invaluable later when the peephole

optimization phase will attempt to reduce the code that has been

generated .

By personal experience , we know code generation to be a

complex process. The complexity derives from the enormous number

of special cases. Guaranteeing that the correct code is generated

in each case is difficult. Fortun ately, many code generation

problems can be reduced to decision tables. In the case of the

COL , each ex pression node and statement node requires a

code—generation language routine. These routines can be stated in

decision table form. We propose that a decision table compiler be

used to maintain the code generators. Such techniques are

discussed in the first three of the following references:

[Schumacher )
Helmut Schumacher , “The Synthesis of Optimal Decision
Trees from Decision Tables ” , Un ivers i ty  of Toronto
Computer Systems Research Group Techn . Rep. CSRG_ Z4 6,
December 1974

[ M y e r s ]
H .J . Myers , “Compiling Optimized Code from Decision
Tables ” , IBM Journ. Res. and Developm., pp .489—503,

(‘
~ 

Sept . 1972
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[Baker)
Brenda S. Baker , “An Algorithm for Structuring Flow
Graphs ” , JA CM Vol. 2~ , No. 1 , pp. 98—120 , January 1977

[Wilcox]
Thomas Richard Wilcox , “Generating Machine Code for
High— Level Programmin g Languages ” , Ph.D Thesis , Cornell
University, Ithaca , New York , September 1971

)
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Chapter 11

Pee phole Opt im i z a t ion

Even with sophisticated code generation , significant

improvements in generated code can be made with a scan of the

generated code replacing sequences of instructions by shorter

sequences with the same effect. This approach was proposed by

McKeeman [Mckeeman ] and extended by BLISS— 11[Wulf ].

The FINAL phase of the BLISS— li compiler is an excellent

model for this phase of the COL compiler . That phase makes

multiple scans of the code generated by the code generation

module. It performs such modifications as:

replace sequence by shorter equivalent sequences
el im in a t e  u n r e a c h a b le cod e
merge identical code sequences (cross jumping)
replace addressing modes by faster equivalent ones

This scan is repeated until no changes in the code occur.

Experience with BLISS— il convinces us that one additional

optimization can be performed which will reduce code by a

significant factor. BLISS— il performs the FINAL phase on each

routine separately. The beginning of each routine involves saving

the registers used and the end of each routine Involves the

restoration of registers used . Frequently the first or last

action by a routine is a routine call. By performing peephole

-85 -
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optimization on all routines simultaneously, these register saves

and restores can be optimized also. From perscnal experience , an

additional 5% saving of code spacing will be gained by this

ac t i o n .

The implementation of this phase of the compiler is a

straight forward repetitive scan of the object code. However , some

machines have a very complex instruction set or collection of

addressing modes. To speed the implementation and execution of

this phase , the code sequence can be viewed as a string (ignoring

the ac cumul a tors an d addresses). The opt .imizations can be looked

upon as substrings to be searched for. Then the algorithm of

Aho [Aho] for searching for all occurrences of a set of substrings

in a large string can be used as a driver for the peep hole

optimization search. This appro ach guarantees that the ~necified

sequences wil l be spotted and provides an easy mechanism for

adding and subtracting optimizations from the collection of

optimizations used. To decrease the size of the finite state

machine generated , the instruction set should be partitioned into

equivalence classes of instruction codes , the equivalence being

defined by the property of occurring in similar peephole

optimization s .

)
)
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[McKeeman]
W . M. McKeeman , “Peephole Optimization ” , CACM Vol. 8,
pp. 1443— 1444, J u l y  1965

[ W u i f ]
William A. Wulf , Richard K. Johnsson , C h a r l e s  B.
W e i n s t o c k , Steven 0. Hobbs , and Charles M . Geschke ,
“The Design of an Op timizing Comp iler ” , Americ n ,4
Elsevier , New York , 1 975

[A h o ]
Alfred V. Aho and Margaret J. Corasick , “Efficient
String Matching: An Aid to Bi bliographic Search” , CACM
Vo l .  18 , No. 6 , pp. 333_ 3 14 0 , June 1975
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C h a p t e r  1 2

Assembly Pass

After the code generation phase of the compiler is complete ,

the assembly pass must be performed. Its function is to determine

the addresses of each datum and label , to replace abstract

representations of each of these by their actual values , an d to

generate the output module for the loader. The latter is

d e p e n d e n t  upon  bo th  the  m a c h ine c h a r a c t e r is t i c s  of the  ob ject

machine and the source machine. The dependence on the object

mach ine is obvious ; the length of instructions and their form

cannot be machine independent. The same applies to the addressing

characterist ics of branches and data. Equally machine dependent

is the format of the object module produced. Its form depends on

the operating system of the host machine , the character istics of

the object machine , and the form of t h e  l o a d e r . Howe v er , some

general guidelines c~ n ot i ll be specified and a model for this

phase can still be written.

The COL comp iler must directly generate the object module.

It is not acceptable for the COL compiler to generate a file to

be use d as input to an assembler. It must be able to generate an

assembly listing of the code; however , this listing must not be

capable of assembly or all security and d’ g -~ing t’e~ tures of the

L L L  w ill have ~een null ified .
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Chapter 13

Pluribus and DECSystem—20 Examples

Although the COL l a n g u a g e  has been designed to ease the

programming and maintenance tasks for communications systems , ~.t

will not be used if the run—time costs in space and time are too

expensive. To guarantee that these costs are not excessive we

have modelled the compilation of sample COL programs. The

analysis for the IBM 360 is given in chapter iL4 . This chapter

analyzes the object files produced by the proposed COL compiler

for both the DECsystem—20 and BBN Pluribus computers . First we

will discuss the basic structure of these two machines. Then we

will present a proposed run— time structure for each machine.

Finally we will present the object modules produced for both

machines from the compilation of the example QUICKSORT given in

Chapter  1.

The DECsystem— 20 computer is a descendant of t~ .e ~~~P- ’

computer. It is a 36 bit per word computer with 2~ r~ 
. -

memory. Each word of memory is directly addressa~ le ~~~~~ 
-

registers. There are 16 fast registers ~ ~~~~

accumulators. Fifteen of these can be uSel -.s

There is a rich collection I rrac’~~1 ’p ;‘ -

stack handling instruct i -r5 and ~~~~~~~~~~~~~~~~~~ -
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computer is designed for easy, efficient programming; in fact

generating a compiler is not difficult. However , it is very

difficult to build ~n efficient compiler , since the rich

collection of instruct ions and the general addressing structure

make it difficult for a compiler to do as well as a clever

assembly language programmer. Our example shows that the expense

is not too great and the readability of the code is much higher

for a COL program.

The BBN Pluribus computer is an asynchronous multiprocessor

built from Lockheed SUE processors. This is a 16 bit per word

computer with 512K possible words. The memory can be addressed

as 16—bit words or 8—bit bytes. There are 7 fast registers which

can be used as accumulators or index registers. The processors

have a simple instruction set with a fairly general addressing

structure. The processor can push an accumulator onto a stack or

pop the top of a stack into an accumulator. Each processor has a

32K word virtual address space. This space is divided into local

memory and shared memory. Each shared memory area is controlled

by a map register which indicates the location of the shared

memory page in the large shared memory.

)
The COL run— time structure on the DECsystem—20 is similar to

the typical assembly language structure cn that machine. In

F
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fact , it is the BLISS— il run—time structure modified for the

DECsystem—20 instead of the PDP— 11 . There is a stack controlled

by one of the 16 fast registers. All dynamic variables either

reside in registers or on the stack. If a dynamic variable is on

the stack it is addressed by its position relative to the end of

the stack at that point in the program . On encountering a

declarat ion i~i a program the stack pointer is adjusted to include

the dynamic variables declared in the declaration. The static

varia bles are stored in fixed locations in memory. They can be

initialized when the modules are linked and can be referenced by

the ir address in memory at any location within the scope of their

declaration. On routine or function entry the first few

arguments will be passed to the routine or function in registers.

Large arguments and the excess arguments will be passed on the

stack. For a function call space is allocated on the stack or in

a register for the return value before the function is called .

These stack manipulations match the scoping rules given in the

COL . The free storage area builds from the opposite end of

memory towards the stack. A li brary routine will implement the

• storage mana gement mechanism for the program. It will keep track

of free areas and allocate to the program memory areas of

arbitrary size. There is no garbage collection as such. The

applications program is responsible to return free storage when

not in use or provide a garbage collection mechanism .n
_ — 9 1 -
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The run—time system for the Pluribus is similar . The only

added detail is the manipulation of map registers for shared

memory. The Pluribus programmer handles this problem by

assigning one ma p register for each of code, variables , and free

storage. Although we doubt that thi s is the optimum method of

utiliz ing map registers , we will adopt the same convention for

the COL compiler .

We will now analyze the QUICKSORT example for the

DECsystem—20 computer. The source program is read by the lexical

analyzer and broken into atoms. These atoms are fed to the

syntax analyzer which calls the semantics analyzer. The

semantics anal yzer generates the internal form ~ program .

This interr~al form is broken into straight— line seqL .ces of code

called basic blocks. Symbolic representations of these forms are

presented In the tables that follow . Next the local optimization

phase is called . In this particular program the only

optimizations performe d are the replacement of subscr ipts by the

actual offsets required by the object machine and the replacement

of self modifications such as I::I+l by I’=+ l . The first of )
these opt im izations later lead s to global optim izations by

strength reduction . The second optimization leads to better code )
generation. Next the global optimlzatio phase is called . The

var ious derived graphs used by the interval analysis algorithms 1

— 9 2 —
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are computed. There are no benefits from global constant

propagation and common subexpression elimination in this example.

There are great benefits from strength reduction. Strength

reduction replaces each index by the equivalent pointer. These

pointers are incremented and decremented where the corresponding

index was incremented or decremented . The pointer to A [I) is

named A12 , an d the other pointers are similarly named . Next the

register allocation phase is called . It allocates storage for

each variable and assigns registers to expressions at each point

in the program. In this example and computer there are enough

registers to hold all small variables. The array STACK is stored

as a dynamic variable on the stack. Finally code is generated as

presented in the final table for the DECsystem—2 0 example.

Follow ing code generation peephole optimization is performed with

little benefit in this example. However , i f the var ia b le STACK

or A were stored as parallel arrays then the code sequences:

ADDI A 12 ,2
JRST L$3

could be replaced by the single instruction AOJA L$3.

_ _ _  

_____ 
_ _ _ _  ___
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Internal Text Form of QUICK.COL

(1) start routine [43]
[2] L$O: S::1 

—

[3)
[4) STACK[1].R:=N
[51 s t a r t  re peat  ( 142]
[6) L$1 : L::STACK [S).L
[7) R::STACK (S).R
[8] S::S—1
[9) start repeat [40]
[10) L$2 : I::L 

—

[11) J::R
[12) KEY::A [(L+R)/2].KEY
[13) start repeat [31]
(14] start while [18)
[15] L$3: if A[T).KEY >: KEY goto L$4
[16) I::I+1
[17] goto L$3
(18) end_while (14)
[1 9) start wh i le [23 ]
[20] L$14: if KEY >: A [J].KEY goto L$5
[21] J ::J— 1
(22] goto L$14
[231 end_while [19]
(2 14 ) start if [29]
(25) L$5: if I 5 J goto L$6
[26] swap(A1I],A [J))
[27] I::I+1
(28)
[29) end if [24]
[30] L$6: if I (= J goto L$3
(3 1 ) end_repeat (13)
[32) start if [37]
(33] If I 5: R goto L$7
[314 ] S::S+1
[35] STACK[S].L::I
(36] STACK (S].R::R
(37]  end if (32]
(38) L$7: R:=J
( 39 ] if L < R goto L$2
[40]  end re peat (9]
(111] if~~~ < > 0 g o t o L$1
(42 ]  end_ repeat [5]
[‘43) end_ routine [i i

)

_ _  _  
_ _

_ _
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Basic Blocks for QUICK .COL

Block 1: [2] L$0: S::1
( 3 )  STACK[1].L :~~l[14 ) STACK[l) .R::N

Block 2: [6] L$1: L::STACK [S).L
(7 ] R :~ STA CK [S].R
[8] S:=S—1

Block 3: [10] L$2 : I:~~L[11 ] J::R
(12) KEY: :A [(L+R)/2].KEY

Block 4: [15) L$3: if A [I].KEY >: KEY goto L$4

Bloc k 5: [16] I::I+1
[17) goto L$3

Block 6: (20] L$4: if KEY >: A [J) .KEY goto L$5

Block 7: (21) J ::J—l
[22) goto L$14

Bloc k 8: [25) L$5: If I > J goto L$6

Block 9: (26) swap(A (I],A(J])
[27) I::I+1
[28] J ::J— 1

Block 10: [30] L$6: if I <: J goto L$3

Block 11 : [33] if I > : R goto L$7

Block 12: (34) S::S+1
(35) STACK (S).L::I
(36] STACK (S].R::R

Block 13: [38) L$7: R::J
[39) If L ( R goto L$2

Block 14 :  [41] if S <> 0 goto L$1) (~ 
Bloc k 15: ( 143]  end_routine (1]

- 95 -
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~asic Bloc ks for  ~J~)ICK.COL af ter Loca.~ )ptir ~iz at i i~r

P~~ock 1 : [2] L$~~: S:~~1
[3] STACY[~~].L:~~i

STACK [2J . B:zN

£ ‘‘ ock 2 :  [6 ]  L $ 1 :  L :~~S T A C K { 2 * S J . L
[7] R:zSTA cK[2* ].R
[ B ]  S : — 1

~3 l o r k  ~: [ 1 0 ]  L $ 2 :  I :~~L
[ ‘ 1 ]  J :~~R
[ 1 2 ]  KEY: ~A [ (L *R ) / ? ]  . K E Y

B l o~ k ~4: [15J L$3: if ~~ 2 ’1] .~~E ?  >~ ~E Y  g t ~’ L$ 14

Block S: [16] I* +1
[ 1 7 ]  got (; L$3

Bloc k 6: [20] L$14 : if KEY ~~z A [~~’J].KEY goto L$5

Block 7: [21]
[22] goto L~~4

Block 8: [25] I~~5: if I > J goto L$6

Block 9: [26] swap(A[2*I1 ,A [2*J])
[27)
[2 ~~

Block 10: bO] L$6: if I <~ J goto L$3

Block 11 : [33] if I . R go t o  L$7

Block 12: [3141 S’ +l
[35) STACK [2*S).L::I
[36) STACK [2’S].R:~~R

Bloc k 13: (38] L$7: R::J
[39] If L < R goto L$2

Block 14: [41) if S <> 0 goto L$1

Block 15: [143] end routine [1]

) .
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Basic Blocks for QUICK.COL after Global Optimization

Block 1: [2] L$0 : STACKP: :REF (STACK[2))
[3) STACK [2].L: :REF (A[2])
[14 ] STACK [2].R: :REF(A [2*N))

Bloc k 2: [6) L$1 : AL2: :STACKP~ .L
[7] AR2 :STACKP~~.R
[8) STACKP’~ —2

Block 3: [10) L$2: A12::AL2
[11] AJ2 ::AR2
[12] KEY:~~((AL2+AR2)/2)~~.KE y

Block 4: [15] L$3: if AI2~ .KEY >: KEY goto L$4

Block 5: [16] A12*:+2
[17] goto L$3

Block 6: [20] L$~4 :  if KEY >~ AJ 2€.KEY goto L$5

Block 7: [21] AJ2 ’:—2
[22] goto L$14

Block 8: [25] L$5: if AI2 > AJ2 goto L$6

Block 9: [26) swap(AI2~~,AJ2€ )
[27] A12’:+2
[28] AJ2 ’~ —2

Block 10: (30] L$6 : if A 12 <: AJ2 goto L$3

Block 11 : [33] If A12 >: AR2 goto L$7

Bloc k 12: [34 4 ) STACKP’:+2
[35) STAC K P~ .L::AI2( [36] STACKP€ .R:~ AR2

Bloc k 13: (38] L$7: AR2: :AJ2
f 

~ 
( 3 9 ]  if AL2 < AR2 goto L$2

Block 114:  [41] If STACKP <> REF(STACK (O]) goto L$1

Block 15: (443) end_ rout ine ( 1]

-97 -
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POSSIBLE CODE GENERATED BY CODE GENERATION PHASE

A~~1
N~ 2

~T A C K P , A 1 2 , A~’2, A R 2 , A L 2 , K E Y , TMP in register s 3—9

ICK : Save Regis ters 3— 9
~~~VE P ,2L 1C P ) ; ALLOC~ T i S P A C E  ON THE STACK
~ V E I  .~TAC KP , —~73 (P) ; [2]

~ V . TMP ,2 ( A )  ; [3]
‘VEM TMP ,—2 3 (P)

~~VE TMP ,N ; [~4]A D D  TMP ,N
ADD TMP ,A
M O V E M  TMP ,—23 (P)

M~~V E A L 2 , (STACKP) ; [6]
!~ V E A R 2 , 1 (STACKP) ; [7]
SUB I  S T A C K P ,2 ; [8]

L$2: MOVE A 12 ,AL2 ; [10]
MOVE A J 2 ,A R 2 ; [11 ]
MOVE TMP ,AL2 ; [12]
ADD TMP ,A R 2
ASH TMP ,— 1
MOVE K E Y , (TMP)
CAMG K E Y , (AI2) ; [15]
J R S T  L$14
ADL I A 12 ,2 ; [16]
JRST L$3 ; [17]

L$’l : C A M L  ~:~~Y , (AJ2) ; [20]
J R S T  L $5
SUBI  A J 2 ,2 ; [21]
J R S T  L $~4 ; [22]

L $5: C A M L E  A 12 ,AJ2 ; [25]
JRST L$6
EXC H TMP , ( A 12 )  ; [26]
EXCU TM P ,(AJ2)
EXCH TMP ,(AI2)
A D D I  A 12 ,2 ; [27]
SUBI  AJ2 ,2 ; [28]

L$6 : CAMG A 12 ,AJ2 ; [30] )
JRST L$3
CAML A I 2 ,AR2 ; [33]
JRST L$7
A D D I  STAC K P ,2 ; [314]

)

— 9 8 — ) •

-~ 
-



Report No. 3533 Bolt Beranek and Newman Inc.

MOVEM A12 , (STACKP ); ; [35 ]
MOVEM AR 2,1 (STACKP) ; [36)

L $7: MOVE AR 2,AJ2 ; [38]
CAMGE AL2 ,AR2 ; [39]
JRST L$2
CA I E  ~TACK P ,—23(P) ; [141]
JRST L$1
MOVEI P ,— 24(P) ; CLEAR THE STACK
Re store registers 9—3
POP.] P , ; R E T U R N  FR OM SU B R O U T I N E

The compilation for the Pluribus is similar to that f o r  the

DECsystem—20 , with two exceptions. The arreys are indexed by

byte address so all the multiples of 2 are replaced of multiples

by 14• To indicate this the variable A 12 is replaced by AI~4. The

other difference is in code generation. A processor for a

Pluribus does not have enough registers to hold all variables in

fast memory. The variables which are candidates for remain ir 3 in

re g i sters a re :

L—Va lue of A N STACKP AI’4
AJ’4 AR 14 AL44
KEY TMP

The L—value of A and the value of N are needed only at the

beginning of the program . They are assigned to registers 2 and 3

respectively. Variables AL 44, AR 4 , AJ’4 , and A 144 are assigned to

registers 2 through 5. Regist € r 6 is used for a temporary

var iable and register 7 is used for STACKP. Register 1 is used

• 
for the stack pointer for dynamic variables. There are two

- 9 9 .
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variables )fl t he  s tack , S T A r K  :~rd K E Y .  The s t a c k  ~n the Plur ibu~
expands in memory t~~w a d  lication zero. This i~ d o n e  so th a t  t~~e

s t a c k  po in te r  is a l w a y s  po int inp~ tn  t he la test  e n t r y  j r  t he

s’ ac~~. KEY is at the to~ of the stack. With these modifications

t he  oompi la t ion p r o c e s s  is the  same ~s the compi la t ion  p ro c e s s

f~~ the DE C s y s t e m — ? O . The 1:11 ,w t r ,~ code is a poss ib le  resu lt of

tee  comp i le r .

I

)
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P O S S I B L E  CODE ~;ENERATED FOR THE PLURIBUS

QUICK: SAVE REGISTERS 2—7
SUB %1 ,:5O ; ALLOCATE SPACE ON THE STACK
LD A S T A C K P ,:2(%1) ; [2]
L D A TMP ,z14 (A) , [3 ]
STA TMP ,~~2(%1)SLA N ,2 ; [4] — N NO LONGER USED
ADD N ,A ; A NO LONGER USED
STA

L$1: LDA AL’4 ,(STACKP) ; [6]
LDA AR ’4 ,2(STACKP) ; [7]
SUB S T A C K P ,~~44 ; [8]

L$2: LDA AI 14,AL2 ; [ 1 0]
LDA AJ14 ,AR 14 ; [11]
LDA TMP ,AL ’4 ; [12]
ADD TM P ,A R 4
SRA TMP , 1
LD A TMP ,(TMP)
STA TMP ,(%1)

L$3: LDA TMP ,(A 11 4) ; [15]
CMP TMP ,(%1)
BG L$44
ADD A I4 ,~~14 ; [16]
BR L$3 ; [17]

L$44: LDA TMP ,(AJ 14) ; [20]
CMP TMP ,(%1)
BL L$5
SUB AJ~4 ,:’4 ; [21]
BR L$44 ; [22]

L$5: CMP A I44,A J 4 4  ; [25]
BG L $6
STA STACKP ,— (%1) ; [26]
LDA STAC K P ,(A14)
LDA T MP ,(AJ’4 )
STA TMP ,(A14)
STA STAC KP , ( A J~49
LDA STACKP ,2(AI’4)
LDA TM P ,2(AJ’4)
STA TM P ,2(AI4)
LDA STACKP ,(%1)+
ADD AI ’l ,:’4
SUB A J 4 4 ,:L$

L$6 : CMP AI4 ,AJ 4 ; [30]
BLE L $3

- 101 -
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CMP AI~4 ,AR 44 ; [33)
BGE L$7
ADD STA C KP ,:’4 ; [311 )
STA AI’4 ,(STACKP) ; [35]
STA AR4 ,2 (STACKP) ; [361

L$7: LDA AR’4 ,A J 4  ; [38]
C I P AL 44,AR 14 ; [39]
BL L$2
CMP STACKP ,%1 ; [141)
BNE L$1
ADD %1 ,:50 ; C L E A R  THE STA CK
RESTORE REGISTERS 2—7
JM P (%7) ; RETURN FROM SUBROUTINE

)

)
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Chapter 144

How COL compiles for the IBM 360

In this chapter we examine the implementation probl ems , and

solutions thereof , for a hypothetical compiler for the IBM— 361.

(and IBM—370) version of •COL. The basic model of the COL

compiler is designed to be the same across all machines , using

the most up— to—date techniques in compiling and optimization.

Th us we concentrate on the particulars of using the machine ,

including data representation , co d e gener at i on an d the r u n  t ime

sy stem .

We approach this d iscussion by presenting two sample

programs and their code for the 360 , obtained by modeling the COL

compiler . Relating the discussion to the sample programs provides

examples that are consistently developed. The sample programs

are re asonably comprehensive. In some form , t hey ove rv iew t he

cod e gen era ted for  al l  of COL ’ s syntax structures as well as

necessary run time organization and data representation.

Additional examples for particular cases are provided , but the

three main examples provide the reader with a consistent

refe rence.

A Following the three COL examples and their code we examine

some basic properties of the IBM—360. Data representation for COL

- 103 —
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is then addressed , followed by a development of the runtime

system , and a discussion of’ code generat ion and optimization.

1’4 . 1  Sample programs

11 4.1.1 Sample Program PRINT

The first sample program can be found in section 7.2 of the

COL Manual.  The l ine numbers to the left of the COL statements

and to the far right of the 360 code are used only for reference

in the tex t  and are not par ts  of the programs. A one or two digit

reference , such as line 12 , re fers  to the COL s ta tements  and a

three digit reference refers to the code , e.g., line 071. When

citing different samples at the same time this number is preceded

by the f i rst  letter of the samp le , e .g . ,  line P0 71 .

)

)

)
- 1044 -
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1 rou tine PRINT
2 C ref S: array [1. .?S MAX ] of char , // format str ing

• 3 v ariad lc ref V: array [1. .?V MAX) of general);
4 declare

• 5 ( Sn: integer , II count through S
6 Vn: integer ); // count through V

7 ma cro SEND (F, T)
8 Vn ::Vn + 1 ;
9 if Vn > V_MAX do Error () endif I/report an error...

10 F (force(T :
11 stopswitch;

12 Sn :: 0 II  initialize S scan counter
13 Vn :: 0
14 while Sn < S_MAX do
15 Sn :: Sn + 1;
16 if S[Sn) ne 5% do PUTC(S[Sn]); loop endif;
1 7 Sn :~ Sn + 1 ;

18 switchon S[Sn] into
19 case SI: case Si:
20 SEND (P UTI ,integer)
21 case $L: case $1:
22 SEND (PUTL ,logical )
23 case SB: case $b:
24 SEND (PUTB ,boolean )
25 d e f a u l t :
26 E r ro r () II Re por t  an e r ror
27 endswitch;
28 endwhile;
29 endroutine;

I

I ,
—•
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Code generated for PRINT

*
*
PRINT CSECT 000

USIN G ‘,15 001
STM 14 , 12 ,12(13) 002
B Start 003

Dyns ize DC F ’8 0’ 0014
Static DC A (PRINTs) 005
Star t  L 1 4 ,8 (13) 006

ST 13, 4 (114) 007
LR 1 3, 14 008
A 14 ,Dyns ize 009
ST 144 ,8(13) 010
L 14 ,Static Oil
BALR 3,0 012
USIN G *,3 013
USING 44 ,PRINTs 0114

*
* get pa rame te r s
*

L 5,0(1) 015
BCTR 5,0 016
LH 9 ,11 (1) 017

‘ 018
* 019

ST 9 ,76(13) 020
LA 6,8(1) 021

*
* Star t  of pro gram code
* 

SR 7,7 Sn :: 0 022 )
SR 8,8 Vn :: 0 023

*
* wh ile S n < S M A X
a
S.1 C 7,76(13) 0244

BNL 8.21 025
LA 7 ,1(7) Sn :: Sn + 1 026
LA 9 ,0(5,7) 027
CLI C’%’,0(9) if S[Sn) NE ‘%‘ 028
BE S.4 029
ST 9, 72(13) do 030
LA 1 ,72(13) 031
L 15 ,tem p.1 call PUTC (S [Sn]) 032 • )

) .
— 106 -
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S.2 BALR 14 ,15 033
B S. 1 loo p 0344

*

S.4 LA 7 ,1(7) Sn :~ Sn + 1 035
a sw itc hon S[Sn]

SR 1 ,1 036
IC 1 ,0(5,7) 037
IC 1 ,80(1, 12) 038
IC 1 ,temp.6(1) 039
B ~+~4(1) O’40
B S.19 041
B S.5 042
B S.1 1 043
B S.16 0414

a
S.5 L 10 ,temp.2 case ‘I ’ : case ‘i’ : 045

B S.17 0116
a
S.11 L 1O ,temp .3 case ‘L ’ : case ‘1’ : 047

B S.17 0~48
*
S.16 L 10 ,tem p. 11 case ‘B ’ : case ‘b’ : O~49
*
3 .17 LA 8,1(8) Vn: : Vn + 1 050

C 8,0(6) if Vn > V_MAX 051
BNH S.18 052
L 15 ,tem p.5 053

• BALR 14 ,15 Error () 0544
a
S.l8 LR 9,8 055

SLA 9,2 056
- L 9, 4(9,6) 057

ST 9, 72(13) 058
LA 1 ,72(13) 059

~ I LR 15 ,10 060
B S.2 PUTx (force (T : V [Vn])) 061

a

~~ 
S. 19 L l S ,tem p.5 default: 062

B S.2 Error() 063
• * en d swi tch

a en dwh i le( ) S.21 L 13, 4(13) return 064
LM 1 2 ,14 ,12(13) 065
BR 1 4 066r-~ END 067

* s t a t i c  stora ge sect ion

-- 4J~
_ _ _
~
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PRINTs Cb~ CT 068
temp. l DC 069
temp .2 DC 070
temp.3 DC 071
temp. 14 DC 072
temp.5 DC ‘J(~.rror ) 073
temp.6 DC 2X’O0’,X ’O C ’ ,6X ’ 0O ’ ,X’04’ 0711

DC 2X ’ 00’ ,X ’ 08’ ,14X’00’ 075
END 076

14.1.2 Sample Program TOP2

Our nex t exam ple pro gr am f i n d s the to p two num bers , within a

bound , from an expression computed from array variable values.

If the boun d is excee ded the f u n c t ion r e t u r n s the va lues  at t hat

time and sets a flag to increase the bound on the next call.

This example may not be as logical in function as the previous

one , but the point should be clear . Considerably more

com pu ta t i on  coul d have  been inser te d to ma ke the f un c tion of t he

pr ocedure more  lo gi cal , but the processing would be the same and 
)

the details unnecessarily repeated .
)

)
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1 function TOP2
2 C ref a ,b ,c: array 11 . .10] of float ,
3 ref n: 2 byte integer ):
‘4 array [1. .2] of float

5 declare
6 ( T: array [1. .2] of float initially
7 construct(a rray [l. .2] of float , [1. .2]:0.0)
8 BIGMAX: static float initlally (1000.O)
9 SUM: 8 byte float

10 initially(a [1)+b [l])
11 flip: static boolean initia lly(false )
12 i: integer);

1 3 SETB I G(B I GMAX , flip);
14 check f l o a t_overflow;
15 for defined i :: n step — 1 until i <~ 0 do
1 6 SUM :~ 0;
17 for j:: 1 to n do
18 SUM *~ + abs (a[i] * b [jl + ctj3 * a[i])’0.5
1 9 i f f l oa t  o v e r f l o w  do goto Ba d en di f
20 endfor;
21 test SUM > TIl ] do
22 T[2) :: T M ) ;  T [ 1 ]  ::  SUM II reset top 2
23 orif SUM > T[2] do
24 T[ 2) :: SUM II reset 2n d number
25 en d test
26 if T [1] > BIGMAX and i n e 0 do II exceeded?
27 flip :: true II yes , t e rm in a t e
28 b reak
29 endif
30 endfor;
31 resultis T;

• 

r 32 Bad : II overflow case
33 flip :: true ;
314 result is construct(array (l..2] of float , [1. .2) :— 1.0);

( 35

( 
~ 36 r o u t I n e  SETBIG

37 ( ref Big: float ,
38 ref flag: boolean)

~1)
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39 declare
40 (CONST 500.0);

41 if flag do Big :: Big + CONST + 500.0
42 f l a g :: f a l s e ;  en di f
143 r e t u r n
44 endroutine

Co de for TOP 2 (an d SETBIG )
a
*
TOP2 CSECT

USING *,15 Standard Linkage: 000
STM 114 ,12 ,12(13) save callers registers 001
B Start 002

Dynsize DC F’104 ’ dynamic storage needed 003
Static DC A(TOP2.s) static storage address 0014
St ar t  L 1~4,8(l3) get stack top 005

ST 13, 14 (14) save old stack address 006
LR 1 3, 114 stack for this routine 007
A 1’4 ,Dyn s ize com pute  new s tack to p 008
ST 14 ,8 (13) save it 009
L 14,Static set static base 010
BALR 3,0 set program base 011
USING *,3 012
USING 4,TOP2.s 013

a get parameters and initialize
MV C 76 (8 ,13) ,temp.1 014
LM 6 ,9,0(1) 015
ST 6 ,72(13) 016
A 8 ,28(12) 017
A 9, 28(12) 018
L 6 ,16(1) 019
LH 6,0(1) 020

a
LA 1 ,temp.2 021
BAL 114 ,SETB I G SETBIG (BIGMAX ,flip) 022

*
* check f loa t  ove r f low
• )

MYC 96 (1 ,13),1200(12) 023
LA 1 ,84(13) 0244
LA 15 ,11412(12 ) 025
BALR 111 ,15 026

)
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*
LR 1 ,6 027
BCTR 1 ,0 028
SRA 1 ,2 029
AR 7 ,1 030
L 10 ,28(12) 031
LR 1 1 ,6 032
SRA 11 ,2 033

* for defined i :: n step — 1
LTR 6 ,6 until 034
BNP S.8 i <: 0 do 035

S. 1 SDR 4 ,11 SUM :: 0 036
LE 6 ,0(7) 037
SR 5 ,5 for j:= 1 to n do 038
B S.3 - . • 

• • • 039
* SUM :: + abs (a[i]*b[j]+c[j]*ati])*O.5
S.2 LE 0,0(5,8) 040

AE 0,0(5,9) 041
MER 0,6 042
LPER 0,0 014 3
H E R  0,0 0414
AD 4 ,0 045

*
TM X’80’,1212 (12) if float_o v e r f l o w  d o 014 6
BO S.10 go to Bad ; endlf; 0147

S.3 BXLE 5,l0 ,S.2 048
* • endfor;S.Ll LE 0,76 (13) 0149

CDR 14 ,0 i f  SUM > T [1] do 050
BNH S.5 051
STE 0,80(13) T[2]::T[l] 052
STE 44 ,76 (13) T [1]::SUM 053
B S.6.1 054

*
S.5 LE 0,80(13) - orif SUM > T[2] do 055

CDR 4,0 056
BNH S.6 057
STE 4 ,80(13) T[2] :: SUM 058

* endtest;
S.6 LE 0,76 (13) 059
S.6.1 CER 0,BIGMAX if T [1) ) BIGMAX 060

BNH S.7 and 061
LTR 6 ,6 I ne 0 do 062
BNZ S.7 063

3.11 MVI X’FF’,f l i p fl ip :: true ; 0614
B S.8 break ; endif; 065

(

r ~ 
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3.7 SR 7,10 066
BCT 6 ,S .1 067

* en d fo r ;
I

S.8 L 1 ,72 (13) 068
MVC 0(8,1) ,76(13) result ls T 069

S.9 LA 1 5 ,11480(12) 070
BALR 14 ,15 071

* Standar d return:
L 13 , 4 (13) restore stack 072
LM 14 ,12,12(13) restore registers 073
BR 114 return 074

a
5.10 MVI X ’ FF ’ ,fl ip flip :: true ; 075

L 1 ,72(13) 076
MVC 0(8,1),TEMP.3 result is 077
B S.9 construct(array .. .) 078

* END endfunction ; 079
*
* function SETBIG
a
• R6 : A(BIg)
* R7 A (flag)
*
SETBIG STM 6,7,1414 (13) 081

STD 0,96(13) 082
LII 6 ,7,0(1) 083
TM X’FF’ ,0(7) if flag do 084
82 S .11 085
LE 0,0(6) 086
AE 0,temp.4 Big :: Big + 1000.0 087
STE 0,0(6) 088
MVI X ’ FF ’ ,0(7) flag :: true ; endif; 089

S.11 LII 6,7,14/4(13) 090
LD 0,96(13) return; 091
BR 14 end rout ine; 092
END 093

* stat ic stora ge for TOP2
TOP 2 . s  CSECT 094
temp.1 DC E’O.O ,O.O’ In itial value for T 095
BIGMAX DC E’ lOOO .O’ BIGMAX , initialized 096
temp.2 DC A(BIGMAX) 097

DC A(flip) 098
• temp.3 DC E’— l .O ,— l.O’ array: [1. .21 — 1 .0 099

fl ip DC X ’ 0 0 ’ ,3x ’00’ flip, initially false 100
temp .4 DC E’lOOO .O’ constant for SETBIG 101

)

- 112 - )
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E N D  102

114 .2 Characteristics of the IBM—360

Understanding some of the later discussion on the 360 COL

compiler , as we l l  as the sam p le p ro g ram co d e , requires some

knowledge of the target machine. In this section we (very)

briefly describe the machine to assist the unfamiliar reader. (A

more definitive descri ption of the issues examined he,’e, 35 well

as many other properties of the machine , can be found in the

System/360 Princi ples of Operatio is [IBM publication GA22— 6821]

and System/ 370 Pr inciples of Opera t ions  [ IBM publ icat ion

GA22 — 70 0 0 ) ) .

The basic characteristics of the IBM—3 60 might be summarized

as fol lows:

1. 8—bit byte addressable memory, with a possible address

space of 16 ,777 ,216 bytes.

2. 16 (32—bit) ‘general purpose ’ registers and 8 (611—b it)

floating point reglstcrs.

3. A (624— bit ) register , ca l led the Program St a t u s  Wor d

(
~~ 

or PSW , contains the program counter and status information.

- 1 1 3 -
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4. Many data—types including three classes of arithmetic:

binary, flo*ting point , and decimal. Binary integers are
‘I

representea in two ’s— complement notation.

5. Large instruction set; relative or ‘base ’ addressing

is used.

6. Comp lex interrupt structure.

In addition to bytes , t he 36 0 re feren ces memor y in terms of

2—byte ‘h a l f w o r d s ’ , 4— byte ‘fullword s ’ and 8—byte ‘doub le wor d s ’.

We use t he term ‘word ’ to indicate fuliword , as is common in 360

literature. Also , when referencing memory in one of these forms

it is generally required that the address satisfy a boundary

alignment (the address is divisible by the length).

By stating that an object resides in one of these forms , we will

imply that the respective boundary requirement must be met.

(Saying that an item resides in 2 halfword s implies that it is 14

bytes in length and must be on a halfword boundary.)

The general purpose registers are used mainly for

addressing, binary integer arithmetic , and logical operations.

Although register zero cannot be used In the instructions for a

memory addressing register , any of these registers may be used

where a general purpose register is requir~~~. Registers one and

two serve additional functions in a few instructions. The

— 114 — 
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f l oa t ing  po:~~t reg is te rs  are used w i th  the f loat ing point

opera t i ons  — the type of inst ruct ion wil l  dist inguish the

reg is te r  as e ithe r  general purpose or f loat ing point. In this

J i s c u s s io n , ~hen the term ‘ register ’ is used alone it. wil l  imply

‘ general purpose reg is ter ’ , unless o therw ise  d is t ingu ished.

The s ta tus  information ii the program status word ( P5W )

in ludes a 2—bi t  condi t ion code used in condi t ional  branching,

twL sets of interrupt masks , an interrupt code and the length of

the present  ins t ruct ion.  The c o nd i t i o n  code ( C C )  is set by

ar i thmetic , compare , and test  operat ions and represents  f o u r

dist inct  poss ib le  s ta tes .

The machine da ta t ypes  cor respond w i th  bhe d i f fe ren t  v iews  of

memory .  B inary integer instructions a~ e defined fo r  b o t h  f u l i w o r d

and ha l fword da ta .  Ar i thmet ic  operat ions on this data a lways  have

one operand in a reg is~ er (wh ich  is a 4’ul lword ir. length) ;

halfword operands are automatically coerced into fu l iwords  (and

c o n v e r s e l y ) .  Similar to ir~t.egers , floating point arithmeti c

— 
opera t ions  have one operand in a f loating point register (a

double word in length) and length coercion is automa tic.

Floating point data may be in fullword 3 or double words .

Instructions are available fo r  d e c i m a l  a r i th m e t .~c , character

operations , and character vector operations. Also , the primitives

for other data types , such as Interlocks , are provided .

V 
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All instruct ions address main memory with ‘relative ’ or

‘base ’ addressing.  In an instruct ion , any remory address field

consists of two parts: a 12—bit ‘displacement’ field and a 11— bit

‘base register ’ field. The displacement is read as a positive

integer between 0 and ‘4095; the base register is simply one of

the general purpose registers. The memory reference , f rom an

address field , is determined by adding the contents of the base

register and displacement field plus any indexing. Another way to

view this process is that all memory reference fields are

indexed , sometimes double Indexed , and an instruction has an

available address space of 4096 bytes. Indirect addressing ts not

available and , as implied earlier , a register value of zero is

used to indicate no base register (or no index register when used

in the index register field). It should also be noted that

address computation always results in a positive value with the

u p p e r  8 b i t s  ~~~in g se t to zero.

Instructions may be one , two or three halfwords in length.

One halfword instructions generally Involve operations between

two registers. Two halfword operations incorporate instructions

betw een a sing le re gi ster and an ind exe d memory add ress (such as

add ), a group of re gi sters and memory (such as load mult ip le),

an d data in the instruction and memory (such as compare

immediate). Instructions that are three h~dfwords in length are

— 116 —
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operat ions be tween  two ob jec ts  i n ma in memor y (su ch as move

c h a r a c t e r s ) .  Note that in d iscuss ion  the base register is always

inuluded in the term ‘memory address ’ ; operat ions such as those

between two i tems in storage may require two addi t ional  reg is te rs

to mainta in  the base addresses .

We present a br ie f  summary of some of the Instruct ion set in

t i e  fo l lowing tab les.  A mnemonic used in the code can be

f r .rmulated by appending the upper case letters while following a

l i n e  in  the  g r a p h , along any direction indicated . The terms along

the path basically describe the function of the operation. 

— —> and Test Register

Load  _ _ >  ——> A dd ress 

> Multi ple registers
STore >

~~— —> (f u l iwo rd)
Add

——> Re gi ster
Subtract — V 

> : — — >  Halfwor d
Multiply —~~

— — > floating point singlE ——> ~~

Com pare — — :  I I — — >  [Re gi ster ]
I——> floating point Double —— >

Operations ending in ‘Register ’ , e.g., AER , indicate a

register to register operation — both registers are the same

• type: floating point or general purpose. Memory addressed with

-. 

~
1
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codes ending at (fullword) and below allow for an index register

in the operation. Multiple register oper ~tions , like store

multiple (STM ) , specify moves between a sequence of registers

and storage locat ions and the register sequence ‘wraps around’

at zero.  STM 114 ,0,4 ( 1 )  would store regii~~ers 114 , 15 and 0 (in

that order ) in 3 consecutive words starting with address ~ plus

the contents of register 1. The load address operation puts the

indexed address directly Into a register , for exam ple LA 1 ,W

would put the address computed from W into register 1 — note W is

w ri tten D(X ,B) with D the displacement value , X the index

register and B the base register.

MoVe I i ——> Immediate
‘ — — — ‘I

Compare Logical —— I——> Characters

—— — > and Set
Test — — — — > ~~

— - - >  un der Mas k

—— — > Right — — I  I———> Arithmetic
Sh ift —— —>1

I———> Left —— I I — — — >  Logical

Operat ions like move charac ters (MVC ) involve two stora ge

ope r a n d s , MVC D1 (L,B1) ,D2(B2) moves L bytes from address D2(B2)

to D1 (B1). Immediate data instructions have an 8—bit data field )

j r . the instruction , for exam ple CLI X’OA ’ ,. (B) will compare the

) 

- 

:
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byte contents of D (’ ‘ with 10. (The notation X’dd’ indicates a

hexadecimal constant ose value is dd.) The operand of shift is

like the load address ir truction (the value of the address field

is used for the shift coui .~ 1 .

1 — >  uncondi tonal — > 1
I — — >  High >

— — > Low > 1
— > [ N o t ] — — > I — — >  Equal — - >1

I — — >  Z e r o  —— ~~~~~~~~
I I — —> Ones > 1

I——> [Register]
I > Conditional 

Branch —1
I > And Link > 1

I > and CounT >1

I — — >  High
I > on indeX — — — >

I — — )  Low or Equal

The basic branching operations , t hose above ‘ on d l ti o n a l ’ ,

are all forms of the branch conditional operation (BC and BCR).

In this instruction the first operand is a four bit ma~ k used in

testing the condition code , and these special mnemon ics ar use d

for readability (BNZ W as opposed to BC 7,W). Branch and link
V
. (BAL and BALR ) sets the next instruction address In the register

indicated by the first operand and branches to the second operan~.

address. Branch and count counts a register down by one and fails

to branch when zero Is reached; branch on index instructions

‘S
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involve three registers outside of a base . When execute l , the

inst ruct ion BXLE R 1 ,R2 ,D( B) wi l l  add the contents of register R2

to  R i and compare the result with R2+1 , if the result is less

than or equal to the contents of R2+1 then the branch to address

D(B) will be executed , otherw ise the i n~ truc tion fo l lowin g the

B X L E  w i l l  be executed. Note that to get this effect register R2

mus t be even .

S t a t u s  b i t s  in the PSW are used to control the effect of

i n t e r r u p t s, including enabling and disabling a interrupt. When an

interrupt occurs a code is placed in the PSW and it is then

stored in a special location in memory. A new PSW , a l so foun d in

a distinguished memory location , replaces the old and execution

proceeds at the address indicated in  the new PSW . There are 5

major classes of interrupts , of which input/output is only one;

effects of program operations (such as overflow) is another

c lass of interrupts.

The machine highlights we have provided above only touch on

the many characteristics and Instructions of the IBM—3 60. As

sta ted In t he Introducti on of th i s sec tion , the  in t e n t ion was  to

ass ist the reader in understanding the sample program code and

tex t that follows .

)
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14.3 Data Representation

Representing COL data types is straightforward on the 360,

with access and some coercion frequently done in a single

instruction. In this section we examine the representations for

COL . Unless otherwise specified , data types specified as a

particular machine representation , suc h as a fu l lwo rd , must  be

located at a respectively aligned address. We begin by

considering the basic types.

114.3. 1 Basic Types

Inte gers are rep resente d natura lly as f ixe d , either

halfwords (2 bytes) or fuliwords (4 bytes), depending on the

declaration. The access instructions available for each form

provide an automatic coercion between lengths. In the program

PRINT , S_MAX Is initially fetched (line P017) from a halfword and

then store d in a ful iwor d tem porar y (line P020); V_MAX i s

reta ined in a fullword (line P051). When specified , a byte is

use d for uns ig ned integers , but th is i s not generally recommen d ed

since most uses require a conversion step.

I

Var iables BIGMAX and SUM in the TOP2 program represent

single and double precision uses. BIGMAX is kept in static

_ _ _  
_ _ _ _ _  _ __ _

storage (at 1098) and SUM remains in a double word register and
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is used from there (lines 1036, T04~~, T050, 1053). As with the

integers , the floating point operations provide an automatic

length coercion (line T0145).

The chara cter arra y S in PRINT has been use d w it h some

character operations (lines P028, P037). Data movement operations

(such as 1077) are also frequently used . The character code may

be specified at compile time and it should be noted that the

“machine ” character code for the 360 is EBCDIC. Easy conversion

between characte r codes can be done with a translate instruction

but some processors require EBCDIC for internal chara cter

fun ctions such as binary conversion and I/O.

Boolean d ata is eas ily mana ged in a by te wit h zero

representing false and all ones representing true; for example ,

see variable flip in TOP2 (lines 1064, T08 ’4 ) .  Log ical data

simply assigns one byte for each 8 bits in the basic type size .

Logical and boolean are coded almost identically; in some special

cases logical may be used with register operations.

In terlocks are represented like boolean with all zeroes for

locked and ones for unlocked . Represented in this form a single

instruction (test—and—set) is used with an interlock to test and )

lock (if unlocked). Since this instruction sets the machine

j condition code to reflect the state of the interlock , coding is )

quite straightforward.

- 122 -
)

-
~~~~~~~~~~~~

-
~~~

:- -  --—- 

~~~

_ -—.—u-~~~~~~~~~~~ .



Report No. 3533 Bolt Beranek and Newman Inc.

Zahn condi t ions are represented in the code produced for the

procedure. At compile time , each condition in a block is assigned

a d i s t i nc t  integer used in generat ing its code. A branch table is

cons t ruc ted  in the code , with the integers corresponding to

jumps in th~ table.  A ‘ s ignal’  is then produced by indexing into

th is  table t hrough the condition ’s respective integer .

111 .3 .2  Other , non—aggregate  types

A pointer is a fu liword containing the address of the

ob jec t  being referenced . COL ’s strong typing provides suf f ic ient

parameter information for functions and routines to allow a

general reference tD be done through a pointer containing its

address.

14.3.3 Aggregate Types

S 
Arra ys of basic type elements are stored as a vector of

conse cut ive stora ge un i ts , whose s i ze is that of the b as ic ty pe ,

with the lowest indexed element at the lowest address. A storage

‘ layout for character array S (with S_MAX 30) and flo at array a

in TOP2 is shown in the figure below. (These and all other

storage diagrams represent four bytes across with consecutive

addresses increasing left to right and top to bottom . The

V ‘offset’ is that from the address of the first byte.)

a.., ’
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O F F S E T
I I I 
I I 

1 1 1 1 1 S (1..’4) 0 a ( 1)  I
I I I I I I I
I I I

I 1 S[5. .8] ‘4 a(2) I
I I I I I I

SC9 1 23  8

S[13 ..16] 12

1 1 1 S[ 17 .  .20] 16 a ( 5 )  I
I I I I I I I
I I I I

I I I I I S [21. .24] 20 a (6) I
I I I I I I
I I . I 

I I I 1 S[25. .28] 24 a(7) I
I I I I

I I I

I I S[29. .30] 28 a(8) I
I I I
I I 

32

36 a ( 1 O )

ARRAY S A R R A Y  a

Note that an a r ray  of 10 fu l lword integers or pointers would

be s t o r e d  in  the same form as above and an array of boolean , 8

bit (or less) logicals , and inter locks would be stored (and

addressed) like S.

Array access is done with both indexing and pointers. The

terms ‘adjusted base address ’ and ‘index multiplier ’ a re  common

in discussing array addressing and help in describing both )
addressing approaches. The ‘index multipli er ’ is the number of

by tes  between consecut ive  a r ray  elements; for S this Is 1 and for

V
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a i t  i s  4 . Subtract ing the product of the array ’s lowest index

and the index muitip l i e r  f r o m  the address of the first element in

the array produces the adjusted base address. Array variables in

a loop commonly have the same multiplier and thus share the the

same offset from the base for any index; for example b and c in

T~)P2 share the same index (TOts O , 10141). When addressing is

random , the product of the index value and its multiplier is

added to the adjusted base to obtain the address of the data

element. An example of this is provided in PRINT when V is

r e f e r e n ced (P056 , P057). Arrays used only in this way need only

the adjusted address (T017 , T018).

Pointer addressing is done when a common index is not shared

and a register is available. Array a in TOP2 is used as a pointer

addressed array (1037). Generall y, indexing is preferred to

pointer address ing, s ince t here usually is a corres pondi ng loop

index or an extra register is not available.

V Note that arra ys of basic ty pes have all elem ents pro perl y

al igned if the ir f irst element i s aligned an d the arra ys are

packed (with the exception of packed packed).

Structures are store d as conse cut ive sub structures w ith

__ 
alignment being adjusted as necessary, as in the example below.

Note that this is not parallel ; the parallel structure would be

more compact and should perhaps be the default.
IA
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declare V

(T is structure

(P: array [1. .4] of structure

( P 1 :  2 byte integer ;

P2: boolean );

Q: integer ;

R : array [1. .7] of integer);

TA is array (1..23 of T;

V: I

VA: TA );

1’
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Storage  layout  for V

0 P 1 [ 1 ] a a P 2{ 1]

I P 1[2 ]  I b I 1 b P 2 [2 3
I I I I
I I

8 I P 1 [3 ) I c  I c P2 [ 3 ]

12 1 P1 [ 14 ] I d 1 1 d P2 [ t s ]

1 6 1 Q

20 R[1 3

214 1 R [2)

28 1 R [3]

32 1 R[ts] I

36 1 R 15]  I

40 1 R [6]

‘414 1 R{7]

It is interesting to note that the multiplier for  both P1

an d P2 is ‘4 in the above example , even though t hey are var iables

of different lengths. Accessing any value in V is identical to

what we have seen before for the corresponding primitive data

t y p e , wi th  of fset adjustmen ts co ded in the instru ct ion.

I ~~~~
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1~4 .~4 Organizat.v n of the Run Time System

The run time system for COL on the 360 ~s envis lone l as one

that attempts to utilize the facilities available on the machin e

while minimizing those attributes commonly resulting in clumsy

programming co.istructs. Data and progr am storage are arranged to

simplify addressing problems and a global communication area is

established to provide a common information base used by all

procedures. Linkage convent,~-ons are natural to the machine and

provide a good environment for  m anaging errors and interrupts. We

shall examine parts of this System in the discussion below ,

providing examples in terms of the sample programs.

114 .14 .1 Global Storage Management

Storage will be divided into three pools: static , stack , and

controlled . Program code and static variables reside in static

storage while dynamic and allocated variables are placed in

e ither stac k or con trolled stora ge. Initi a lly , we shal l v iew

storage divided i - i to two segments , one containing static storage

and the other use d for t he stac k an d con trolled stor ag e.

Stack storage usage follows first— in— last— out order and is )

allocated ari d released in biocks by a proc lure , for its dynamic

variables , temporaries , and other infor rn- .t .ion. Cont r~~lled storage

- 128 - -~
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is obtained using the “al locate ” furi”tion and is returned by the

“fre e” sta tement. Any of severa l  algorithms may be used for

this. See , e.g. , section 2.5 of tKnuth ]

1i4 .~4.2 Local Storage Management

There are two contr ol sect ions for ea ch module : one for the

,rogram code and one for its static data. The static data

includes program variables (of class static) , data and address

cons tants.  The sta t ic se ct ion for TOP2 i s re p re sentat i v e an d is

displayed below.

— 129 —
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Offset Static storage for TOP2
from TOP2.s

0 I 0.0 I initial value for I
I I word 1: moved to TM]

‘4 1 0.0 word 2: moved to T [2 ]
I I

8 1 1000.0 1 BIGMAX storage

12 1 8+ I parameter list for SETBIG
I word 1: address of BIGMAX

16 1 28+ word 2: address of flip

20 1 — 1.0 I constants for constructing
I the resultis construct (. .)

214 1 — 1 .0 array

1 0 1 flip storage , bytes 29—31 are unused

32 1000.0 1 constant used in SETBIG

Stack storage mainly behaves like a ‘sta ck’ between

procedur e calls. Upon initiation a procedure allocates all

necessary stack storage , which can be determined at compile time.

When the procedure returns , it releases any stack storage used.

This policy appears best suited to the nature of addressing and

data alignment requirements for the 360. Maximum reuse of

temporary storage will always be exercised to minimize the space

requl-ements for this area. Within a procedure , assigning storage

by largest alignment first (double words , ful lword s , halfwor d s ,

then bytes) is usually best.

)
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The s tack is essen t i a l l y  a s t ruc tu re  of all the dynamic data

items. When called , each procedure sets register 13 to address

the stack storage it references; by convention this address will

always be on a double word boundary. Note t~iat two stack pointers

are always established by a procedure: register 13 points to t~ e

bottom of the stack (within the procedure ) and a top of stack

~~inter is saved in dynamic storage. Since the 360 uses relative

~idressing in its instructions and disp lacements are always

posi~~ive , any other approach requires maintaining an address

constant for each variable.

An example stack storage , seen at the start of’ PRINT , is

given below.

- 1 3 1 -- r
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OFFSET Dynamic Storage
F R O M  R 1 3

0 1 1 flags

‘4 1 caller ’s stack pointer

8 1 I —— new stack top address

12 I R 14 I I
I I I
I I I

16 1 R 15 I 1
I I
I I I

20 1 R U  I I
I I I

I I

24 1 Ri subroutine
I I I
I I I

28 1 I register

32 1 R3 1 sav e
I I

36 1 s tora ge

I R 5 I I
1 (stored p14 14 1 R6 in
I I order

‘48 I R7 I I given )
I I I
I I

52 1 1 
1 -‘

56 1 R9 I I
I I I

60 1 R i O
I I I

614 1 X l i  I
I I I
I I I

. 68 : 
72 ternp .1 1 I compi ler temporaries

76 1 temp 1 temp.2 is the value of S_MAX 3
80 1 K — — I  start of fr -e storage 
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The process involved in allocating the stack is discussed

further under linkage.

114 .14.3 The Global Communication Area

The Global Communication area is shared among all

procedures. This area includes frequently used constants ,

stora ge m a n a gement  in f o r m a t ion , interrupt and conditional data as

well as the code for some basic procedures and addresses of

frequently referenced programs. In addition to keeping with

COL ’s philosophy, this construct simplifies many program

requirements.

A possible outline of this area can be seen in the following

diagram. The address of this area is maintained in general

register 12.

- 
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Global Communications Area

0 Top of Dynamic storage

44 Bottom of Dynamic Storage

8 ‘ I
I I

I Controlled Storage Information
12

16 1 1

20 1 2

24 1 3
I I Common C o n s t a n t s

28 1 4 1

32 1 5 1

36 1 8

40 I I Storage for other common
• . oonstants including
• . frequently used
I I translation tables

1200 1 * 1 1 Interrupt information used to
I — — — 1  I cons tru ct ar gu m e n t s  fo r  enab le!
1 Interrupt 1 disable routines. The * is for

flags floating point overflow

I I I
I I

1212 I ‘ I 1 Program interrupt settings , turned
1 on when a program interrupt occurs ,

and
other interrupt information

1320 1 1
I 1 Addresses of frequently accessed

I processes such as controlled
I I storage allocat n

11408 1 
I (continued on next page)

)
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1412 1
• . Ena b le interru p t rout ine

I I

1480 1
Disable program interrupt

1560 1

I other I This might also include
I comm on 1 fr e quen t ly “execute d”
I p roce dures I instruc tions (MVC , CLC ,OC)
I inclu ding: I and error coercion processes
1 error tra ps 1
I basic I/O
1 primitives 1

Inc TOP2 program references this area at several points.

Constants are used in lines 017 , 018 , an d 023. Interrupts are

enabled through a procedure in this area (lines 024—026) and

later disabled (lines 069—071). Also an overflow flag from this

area is tested (line 046).

I

T 
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14 .4.4 Program Linkage Conventions

14.4.4.1 Calling Conventions

Cal l convent ions come in two form s denote d as stan d ar d an d

simple. Both follow the same general schemata but differ in

specif ic requi rements , including where and when they may be

used

A standard linkage invocation is done by placing a

parameter list add ress in re gi ster 1 , t he su bp ro cedure  add ress in

re gister 15 , and the return address in register 14 . In this

case , the subp roce dure is re quire d to esta blish i ts own

env ironment (adjust t he sta ck , etc.). For example PRINT calls

PUTC using standard linkage (lines 031—033).

When a pro cedure call occurs , es tabli sh ing the env ironment

takes several steps ; these are seen in lines 001— 013 of the TOP2

code. As noted in the code the caller ’s re gi sters are save d (line

001 ) in his environment and the stack is modified for the new

env ironment (lines 005—009), w ith the old stac k add ress save d in

the new one (line 006). Note the the constant Dynsize (line 003)

which contains the number of bytes of stack storage needed , known

at com pile time ; the constant Static (line ‘107 ) is the starting

address of static storage for the procedure. Finally, observe

V
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that register 3 serves as a program base address and register 4

is the static data base address (lines 012— 013).

A simple linkage call is similar ; for example , in TOP2 the

call to SETBIG and the enable routine are simple (lines 021—02? ,

0244—026), but a simple procedure call does not require the called

proce dure  t o esta b l ish i ts own env ironmen t (but  i t m u s t  pr e s e r v e

any of the caller ’s env ironmen t , such as registers). This may

be used b y private routines within a module and is established

when indicated by the compiler.

144.14.44.2 Parameter L ists

The ar gumen ts of a proce dure , rou ti ne or funct ion , are

obtained from the parameter list. This structure provides the

information necessary to access and use the parameters.

Most common ly th e parameter list is s imply a ve c tor of

pointers. Each pointer contains the data address for a

parame ter , an d t hey are liste d in the same or der as spec i f ied in

the procedure header . For a rou’ine , ~he f irst element of t hi s

ve c tor corres pond s w ith the first ar gument , the secon d element

( . w i th  t he secon d , etc . In the exam ple for the static storage for

TOP 2 above , the two word vector starting at offset 12 is a sample

( parameter l i s t  for SETBIG. A function parameter list is

. 0
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constructed in the same manner , except that the first element

will correspond with the result. For example , a storage layout

for a parame ter list for TOP2 i s seen in the fo l low ing di agram.

Parameter List for TOP2

0 1 add ress of result arr ay
14 1 address of array a

8 1 address of array b

12 1 address of array c

16 1 
—— 

address of n

n some situat ions the address of the data is not

suf ficient. In particular , this is the case with flexible arrays

and variadic arguments. In each of these cases the parameter list

is extended by adding additional data.

When flexible arrays are used the upper and lower bounds of

t he array are added to the parameter list , follow ing the add ress

of the array . Two halfwords are used to store the array b ounds ,

with the up per bound preceding the lower one. S is a flexible

array in PRINT and a model parameter list for PRINT follows .
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Var iadic arguments are managed by a simple extension to the

parameter list. Following the non— variadic parameters on the

list , an integer word containing the number of variadic arguments

followed by a vector of their addresses is appended . A parameter

list for the sample program PRINT is of the form indicated in the

follow ing diagram .

Parameter list for PRINT

0 1 addr. S I address of the data in S

4 1 ub 1 lb I “ upper Cub ) and lower (ib)
I bound s for S

8 1 V_MAX number of variadic arguments

12 1 addr. V (1) vector of pointers 
I to the var iadi c

16 1 addr . V(2] 1 arguments

I I

N 1 addr. VEV _M A X ) {  N = 8 + V VMAX ‘ 4 
I

This additional parameter information is constructed only

when absolutely necessary, and generally as much as possible is

done at compile time. This is true with parameter lists as well;

if most of a parameter list can be completed at compile time it

— will be , and saved in static storage.

‘U
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114 .44 .5 Interrupts and Condition Handling

Interrupts are managed by having a small trapping routine

for each class uf interrupt that passes control on to another

routine based on the specific interrupt code. The processing

routine should be indicated by the General Communication

Register. Enabling and Disabling interrupts and establishing

routines to manage a specific interrupt are done thru the General

Commun ication Register routines.

14.5 Code Generation and Optimization

The numerous features of the 360 as well as those of CCL

make the deta ils of co d e gener ation an d opti mizat ion comp lex.  In

thi s sect ion we exam ine the code generate d for the sam p les an d

generally view its formulation. Before starting with the

samples a few points need to be noted.

The optimizations used below do not cover all known

op tim izat ion stra tegies , nor do the examples represent best case

situat ions for those applied. The major point of this discussion

is that COL statements can be reasonably compiled on the 360; but

since the actual code produced f0r any statement or part thereof

is not independent of those surrounding it , some optimization is
5

applied to reflect the compiling process. It should be noted
-V5

)
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that at some places the code was deliberately unopt imized so

other situations could be described .

114 .5.1 Sample Program PRINT

Before start ing the code generation process for PRIM. , i~ is

necessary to expand the macro. Once expanded the pr c~~ram ~~ i 1

look as fol lows:

f V

I

~ 
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Macro expans ion  of PRINT

1 routine PRINT
2 ( ref 5: array[ 1 . .?S M A X )  of char , II format string
3 variad ic ref V :  a r r a y [ 1 .  .?V MAX )  of general) ;
14 dec lar~5 ( Sn: integer , II count through S
6 Vn : integer) ; / 1  count through V

1 2 Sn := 0 / 1  initialize S scan counter
1 3 Vn :: 0
1 4 while Sn < S_MAX do
1 5 Sn :~ Sn + 1;
16 if S[SnJ ne $% do PUTC(S [SnJ); loop; endif;
17 Sn :~ Sn + 1 ;
18 switchon S[Sn) into
19 case $1: case $1:
20.1 Vn :~ Vn + 1 ;
20.2 if Vn > V_MAX do Error () endi f;
20.3 PUTI (force(integer:V [Vnfl)
20. 4 s topswi tch ;

21 case $L: case $1:
22.1 Vn :: Vn + 1;
22.2 if Vr > V_MAX do Error() endif;
22.3 PUTL (force(logical :V[Vn]))
22.4 stopswitch;

23 case $B: case $b:
24.’ Vn := Vn + 1 ;
24.2 if Vn > V MAX do Error() endif ;
24 .3 P U T B ( f o r c e ( b oo le a n : V [V n ] ) )  V

2 4 .4  stopswi tch ;

25 default :
26 Error () /1 Re port an error
27 endswitch ;
28 endwhi le ;
29 endroutine ;

)

Follo wing standard linkage (O0O_ 144~~, t he paramet er

Inform ation is obtained (015—021). Genera lly the address of a
.
V5)
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parameter is obtained and with arrays it may be adjusted for

indexing (line 015 obtains the address of S, and line 016 adjusts

It for indexing); depending on the register situation , this

address may be saved in dynamic storage or in a register —— in

this case a register was assigned. Note that the optimization

~rocess simplified the adjustment by generating a fast

instruction to do the ‘subtract 1 ’ operation (such optimization

i~ called good local 1~ode generation).

The variable S_ MAX (obtained in lines 017—020) breaks the

general rule and establishes a ,~ew one: if th€ value of a

variable is not modiFied and its storage requirements are less

than or equal t.o a fuliword (the size of an address constant ) ,

then save the value of the variable. Finally V and V_MAX are

obtained using a third rule specific to variadic parameters:

retain the length field address in the parameter list (line 021).

Since the list of pointers follows this word , this address is

the adjusted addres5 of the array and the address of its length

as well. (This observation allows one register allocation for

both of the variables).

The initial zero settings for Sn and Vn , ~.ines 12— 13 , a re

easily generated by self—su~ tract ion d ines 023—024). Note that

-VS  for v ariables not in registers an exclus ive—or operation wi l l

I’,
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produce the same effect. ~, ines 1L 4_ 8 contai n th f- while —do

ite ration loop and are coded in lines 0?L4 _ 1) ’  3. Lines ~)?~~-.fl25

com pare Sn to S MAX and e x i t  to l ine 0614 wh en Sn is not smaller.

Iteration takes place at the loop  s t a t e m en t (line 0314) and at the

enawhi le (line 063). In this case the pLepho le optimization of

branch chaining and cross  jumping merge common code preced ing

the i t e ra t ion .  Note that repeat—until iteration would be coded

i n a s imi l a r  m a n n e r , but the test , l ines 0244—025, w o u l d  f o l l o w

l ine 063 and would branch to line 026 on an unsuccess fu l  t e s t .

Another example of good local cV~de gene r at ion a p n e a r s on

l ine 026 where Sn is incremented (line 15). If Sn were ~ot i n a

r e g i s t e r  at  t h a t  t ime , a load and poss ib ly  a s to re  would  have to

enc lose the ope ra t i on .

The cond i t i ona l  on line 16 is done by i nd e x i n g  S ( t i ne  0 2 7 )

a n d  t es t i n~; ~~~ c ha r a c t e r  aga i n s t  ~~ (li ne O~~~). f the

c h a r a c t e r s  dr e  e qu a l , the code for the do ar~ (lin es 0 3 0 — 0 3 1 4 )  is

sk ipped (line 029). Within the do arm r~~i i t i ne PUTC is called

(l ines ~ 30—033 ). Here evaluating the address  of’ S ( S n ]  f r  PU IC ’ s

parameter list was re dundant with that computed on l in t  027.

The s w i t c h  block ( l i nes  1~~—27 ) is coded in lines O3 6—~~ 3.

In this e~~o mp le , as in most switch codin~~s, th~ c.~se ‘~lect Ion is

done througn ;~ branch table. To select t ’ proper hrdnch , the

)
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character S [Sn) is translated (lines 036—039) into a branch table

offset that indexes the jump (line 040) through the branch table

(lines 0441— 01414 ). For this example the character , S[Sn~~, is first

translated into a number from 0—26 (line 038), using data

available in  common storage; this number is then used to index a

table in static storage (line 039) to produc e the proper branch

index. If the case branches are consecutive integers , the

iranslatlon tables are unnecessary: the offset Is computed

directly from the case number ; also , if the translation cannot be

done by a table index or simple computation then a test— orif

construction is used.

The body of the switch statement has been greatly simplified

through optimization. First compare program lines 20.1—20.14 with

the code lines 050—061. Program lines ~V V 0. 1 and 20.2 are coded

like lines 15 and 16. To obtain the index for V , Vn mus t  be

multiplied by ‘4 to compute the offset , and for this , the code

generally uses a shift (line 056). The next step is to obtain

the address of the data indicated by the pointer V[Vn ] , which is

done on line 057; this sometimes takes two steps , but good local

code generation would always result in one instruction. This

produces the indirection , and now the data can be used as an

Integer (resulting from the force). The remaining steps to call

V the subroutine (lines 058—061) are nearly identical to the

‘5

i. e
— 1 44 5 —

I
T 

_ _ _ _ _ _  
_

- - . . . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ‘~T -~~~~~~~~~~~~~~~~
—

~~ --- 
~~~~~



I

Report No . ~~C 3 3  Bolt Ber anek and Newman Inc.

previous call (lines 030—033) with cross jumping used at line 061

to save an additional operation. The only difference (line 060)

is d iscussed be low.

A l l  case arms ( l ines 20. 1 — 2 0 . 1 4 , 22. 1~~22. 14 , 2 4 . 1 — 2 4 .4 )  can be

constructed in this manner and while still in an internal

representation , will be. In this representation , a standard

routine or function call is represented as two abstract

operations: one corresponding to obtaining the function address ,

and the other corresponding to calling the procedure just

addressed. Although usually these are done in sequence , code

mot ion has merged with the common paths of the three arms and

shifted the obtain address portion of the operation to the top of

the case arms (lines 0145 , 0147, 0149). At this point the routine

address Is assigned to a temporary register and then moved to

register 1 ~ust prior to the call (line 060). Thus the majority

of code for all three cases is merged together. The default case

is handled as a separate arm generating calling code as seen

previously.

The only remaining code follows the while loop and is that

of a standard return.
)

)
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1-4 .5.2 Sample Program TOP2

The sample program TOP2 starts like PRINT with standard

linkage (lines 001— 013 ) followed by initializatio~: and obtaining

parameters (lines 0lL4~ 020). T is initialized to a constant ‘n

static memory (line 014) , with all other initializations being

done at compile time. The code for initializing SUM was found to

ue useless and consequently deleted; if this were not the case ,

it would fo l low line 018.

V Excluding n , all parameters are obtained with the general

parameter rule. Paramet .er n follows the criteria for the second

rule and thus its value is obtained . Note that several loads

have been merged into one (line 015 )  by combining adjacent field

moves; also the stor ing of n w as later foun d to be usel ess , and

thus deleted .

The call to SETBIG is done with simple linkage (lines

021—022) with the parameter list being prepared at compile time .

The check statement (line 14) produces a simple linkage call to

the enable procedure (lines 0214—026) in common storage , a f t e r

constructing a parameter list (line 023). Optimization converted

f t he SETBIG cal l to a ‘local’ one.
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The outer for loop code (lines 15—30) encompasses lines 027

through 067. With this loop, counting is ~sed for  iterat or;

control. To do this , first a counting register is initialized

(code deleted since it was redundant with line 020); then an

initial boundary test is made (lines 034—035). The counter is

decremented and tested (line 067) and the loop repeats (to line

036) if not finished . The defined i happens to be equivalent to

the co~ nter and is t hus ma d e to be an al ias.

Iteration control in the inner loop uses the loop—i ndexing

method available in the hardware. The increment and bound

registers are set up (lines 031— 033) , the index is set to its

initial value less the step size (line 038), and the loop

proceeds by stepping and testing the index (li ne 048). The

initialization code was moved out of the outer loop since it was

loop invariant. Also , since j is an in d uc ti on v a r i a b le , i ts most

frequently referenced use (j*4) is used for the index with the

step and test being adjusted appropriately.

Nearl y all forms of for—i teration will be implemented with

one of t hese b as ic p lans , the c ho ic e dependi ng on the number of

registers available and how the loop uses the index. Discrete

l i sts ma y be u n r o l l e d , but the general rule would be t o  construct

a table of values and then index through it.

5

)
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The first step of the inner loop is to evaluate the

express ion on line 1 8. The a r ray  a is accessed with pointer

addressi ig ( l ine 037), whi ch in this case is preferable since it

can be kept in a reg is ter  and no other variable uses the same

index. The pointer is adjusted when the outer loop steps (line

066). Note that the access to A[i] was loop invariant and thus

m o v e d  out  of the inner loop. Terms b~ j] and c[j] are accessed

w ith indexing (lines 040— 041). Factorization has been applied to

the expression , a[i]’b[jJ÷cIj]’aN], producing the simple

expression (btj]+c[j))’a [i] which is computed on lines 040—0142.

Following the absolute value function , that is in— line coded

(line 043), division by 2 (line 044) is done to produce the

multipl ication by 0. 5. The result ing value is then accumulated

in SUM (l ine 0145) .

If floating point overflow occurred , it was t rapped and a

flag was set in common storage. The if statement (line 19) tests

this flag (line 0146), and if on , branches out of the loop (line

047).

A test follows the loop (lines 21—25). Checking the first

~ .~~~~~ condition (line 050) requires an explicit length coercion (line

049), an d i f fa lse , a branch to the second condition test is made

(line 051). The arm follows the conditional branch (lines

- 149 -
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052—054) ending with a branch beyond the endtest. The fetching

and coercing of TH) is redundant with that ~eeded in-sr the test

code and is thus deleted ; the same is true of lines 0149 and 060 ,

and it is observed during peephole optimization.

The general pattern of testing o n e  condition and , if false ,

branching to the next condition test or , if true , branching

beyond the test statement (after the arm code), is used for all

test statements. In this light , the ‘otherwise ’ clause can be

viewed as an always true test.

The if—conditional is evaluated after the test (lines

059—063) and if true a break is made (l ine 065 ) .  When the ioop

is terminated , the function value is set to T (lines 068—069), a

procedure to disable traps set by the program is called (lines

070—071), and the procedure returns (lines 072~ 0714). If the

funct ion branch”d to Bad (l ine 075), the result would be set from

the const ruc ted  constant  ( l ines 077—078), and the same return

would be made.

The coding for SETBIG follows the patterns previously V

discussed , except that by using simple linkage , it does not need

to esta blish a ne w env ironment , and onl y saves those re gi sters )
that are absolutely necessary. It shoul 4 be note~ that the

c o m p i l e r  has folded the two constants together so that only one

addition (line 087) Is necessary.
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In clos ing , the reader is reminded that the main goal of

this section was to demonstrate that code translation for  COL was

possible for the IBM—3 60. Since translation is always done

within the context of a program , some optimization s were applied

to make the result more representative. At times optimizat ions

have been deliberately ignored , or use d one p lac e and not

3nother , in or der to di scuss t r a n sla t ion for  a la r ger set of

contexts.

[K n u t h )
K n u t h , Donald E. ,  “The Art  of Com puter Pro gramm ing —
Volume I,” A ddison—Wesley, 1 969.

I
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Chapter  15

Security Analysis of the COl

In addition to studying the compi lability of COL programs ,

we have studied the security characteristics of programs written

in COL. We studied two aspects of program security, the data

access control mechanisms and the provabil ity of programs. A

data access control mechanism is a m e c h a n i s m  which grants access

to a collection of variables for some procedures while inhibiting

access by other procedures. The design of a language impacts on

the provability of programs writt en in it. To find those

language constructs which make proofs difficult , we h a v e  m ad e a

first attempt at proof rules for COL statements.

One way to help attain program security is to guarantee that

a particu 1~~r program segment can not be affected by other

portions of tn .’ program. This guarantee is implemented by

limiting access to the vari ables referenced by the program

segment. The COL has four characteristics which enhance this

kind of data access control:

• encapsulated data types
scope r u l e s
separate compilation
strong type checking )

)

)
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The COL ’s scope rules and strong type checking are more stringent

than those used in PASCAL. Functions and routines passed as

ar ~~ur~e r ts  ~c other functions and routines must agree in arguments

and r e s u l t s  in the COL. (Th is  is not checked in P A S C A L . )

F u r t h e r , the COL permits the user to override the type checking

rules by the “ fo rce ” mechanism when necessary .  These v io la t ions

~‘e e x p l i c i t l y  noted by the compiler and f lagged in the listing.

PASCAL t r ic k e r y  is used when the type of a datum must be

changed . The scoping rules for the COL are more stringent than

those fsV r PASCAL. A COL pr ocedure has access to those static

variables iefined in any procedure whose body contains the

declaration of the proc edure and those dynamic variables defined

directly in this proc edure body. On the other hand a PASCAL

function or procedure has access to all variables declared in any

function or routine whose body contains the declaration of the

cu rrent function or routin e. However , the  sco pi ng ru les  for

neither PASCAL nor the COL are sufficient for the needs of secure

programs. A “defines ” and “uses” list should be added to each

function and routine declar ation as In MODULA [Wirthj . These lists

would indicate which routines change or use which variables. The

compiler can use these lists for optimization , for providing the

* programmer a tabl e of routine interactions , and for controlling

access to variables by routines.

t 
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Unlike PASCAL , the COL has been designed to allow separate

compilation. Each module is compiled separately in the COL.

Each module specifies which other modules it accesses or uses.

Furthermore , the specifications for each routine in each module

are recorded in only one place. These featu~ e~ limit the access

to variables in other modules and guarantee the compatibility of

declarations in intercommunicating modules. The variables ,

f u n c t ions , and routines which can be accessed by other modules

a r e  l i s t e d  in the module declaration. Hence the compiler (and

user) can determine which other modules can access particular

variables. Since each declaration is stated in o n l y  one p l ace ,

there can be no compatibility conflicts introduced by changing a

particular module and forgetting to update the declaration in

other modules. Each module searches for declarations in tne

modules it has access to. Note that the COL module features

require some fo r~~
V of edi to r  an d d a ta  b ase to guarantee that the

proper object  and source files are searched du-i n~, linking and

compilation.

Encapsu laced data types give the strongest access control

mechanism available in the COL. Encapsulate~i types are a

generalization of structures with two added features. First ,

functions and routines can oe defined within the structure. These

function s and routines can access any field r varia b lA in the

)
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st ructure. These functions and routines should be thought of as

operations on the structure as an atomic unit. Second , the

declaration of the structure may specify that any particular

fiel~ m ay  or may  not be accesse d ou t s ide the  f u n c t io ns an d

rou tines defined in the structure. With these features the

programmer may hide the internal structure of the encapsulated

d i~ a type from all users of variables of this type. This enhances

t’re modifiability of the program and inhibits the use of

var iables and fields by unauthor ized routines or functions.

The secon d componen t  of our  secur i ty  a n a l y s i s was  t o

investigate the provability of programs written in the COL. The

p r o v a bi l ity  of p r o g r a m s  i s a f unc t io n of the language structure ,

t h e  pro gr ammer ’s s t y l e , and the task being programmed . We have

in v e s t i g a t e d  the  e f f e c t s  of lan guage  s t r u c t u re on the  p r o v a bi l i t y

of programs. Since this was a modest study of provability we

have chosen to generate proof rules for some of the statement

forms of the COL and to determine which statement forms have

proof rules which are difficult or Impossible to state. To make

th is task easier , we compare d the COL with the axiomatization of

PASCAL (Hoare— 73). Wher ever the COL and P A S C A L  agree we will

refer to the PASCAL document for proof rules and discussion .
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The d e c l a r a t i o n s  ar, ° ~r i~ t-ie tic st r u t  r p  of ~A SC A L  cn d COL

a re s imi la r .  The COL Is d i f~~ r’~’ • f! ~r t’A : A L  in that the COL

has “size ” attr ihutes for ~~ , i~~r i a r I ’  # clar ations car

inclu de an “ i n i t i a l l y ’ ~~
‘ •  r~~ ~t. , ari o V P  COL con ta ins

encapsulated data typ~~ . :h~ siz e ~t t r i b~ te intr oduces litt le

complexity, since the c rT~~~1er ~r~e ..s fir size com patibility. A

proof is needed only if the V~~~j ec t  computed will n o t  fit into the

desti~~ation . This prc of is ~ sir’~~le r drup ~e check that the value

fits Into the range indicated by the size. The “ initially ”

attribute is equivalent to a dec lu~rati on and assignment. This

introduces no added complexity to proof rules and will not be

further discussed.

Encapsulated data types , as implemented in the COL , are

handled by name scoping. If F is a routine defined in an

encapsulated data type T and V is a variable cf type T then

V.F( A ,B) is equi v a l e n t  to F(V ,A ,B) w h e r e  t he  name  F i s

disambiguated by the scoping rules of the encapsulated type T and

the first argument V Is called by reference. Hence encapsulated

data types add no complexity to the proof rules.

The statement forms of the COL are as tollows :

E :: E
E ‘~ < inf ix— op > E
E (E , . . . )
if E do S; . . . endif 

V

- 156 - 
) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Repor t  No. 3~ 3 3 Bolt Beranek and Newman Inc.

u n l e s s  E do S; . . . endunless
test E do S;... orif e do . .. endtest
wh ile £ do S; . . .  endwhi le
repeat S; . . . until E
for i~ :~ E . . . en d f or
break
loo p
goto I~I D :  S
return
resultis E
<empty>
switchc r~ E in to S; . . . e n d s w i tc h
<case> : S
stopswitch
u pon 1 or . . . l e a v e  S; . . . d o 5; . . . e nd u po n
signal ID
reg ior . E do S; . . . endregion

V r e t r y
lock E
unlock E
fa ilin R SD; . . . failhere SD; . . . endfail
f a i l
fa il finishing E
begin SD; . . . end
( S D ;  . .

Some of these statement forms have semantics identical to

those of statement forms in PASCAL. Hence the proof rules will be

the same f o r bo t h  l a n g u a g e s .  These  s t a t e m e n t  fo rms a r e :

E :: E
E (E , . . . )
if E do S; . . . endif

= 
goto ID
I D :  S
begin SD; . .. end
(SD; .

Ax ioms  for the use of “goto ” , as found in fC l in t] , carry over to

PASCAL and the COL . Spec i f i ca l l y ,  associated with each label ID

I.
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the re is a predicate which must be true each time the label Is

reached either by a “goto ” to the label or by falling through the

pr~~~ram to the label. The notation SD indicat es a statement or

declaration. In PASCAL declarations are not allowed in blocks ;

ho w e v e r , t he e f f e c t  of p erm it t ing d e c l a r a t ions  w i t h in the b lock

i s the  c r ea t ion of a set of true proposition s which can be used

in subsequent proofs in that block.

At the opposite extreme several statement forms have

di f f ic u l t  or u n k n own p roof  r u l e s .

region E do 5; . . . endreg ion
retry
loc k E
u n l o ck E
f a i l i n g  SD; . . . failhere SD; . . . endfai l
f a i l
f a i l f i n i sh i ng E

These statements all have a dynamic action which cannot be

determined static ui ly. The region and lock statements seem to

~ave  the e f f ec t  of an ass~ gnment; however , sta ting the mutual

exclusion property In axiom form seems difficult. The failing

statement declares a dynamic structure within the statement and

corres ponding invoked functions and routines. These routines and

functions may be separately compiled or compiled in separate

scopes w ith in this module. What is needed Is a proposition which

will .~~~
- 

~.~uar~i ’ teed to be true following i “fa il” comman d

execution.
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The looping constructions are very similar to those used in

PASCAL. They are slightly more complex because the COL contains

“loo p ” and “break” commands to continue to next iteration or

leave the loop. Rather than state the proof rules we w i l l

indicate the modifications to the looping proof rules of PASCAL.

n PASCAL , eac h looping statement has a proof rule which involve s

a ;ropositi on called the loop invariant. This proposition and any

information determined by the conditional test must be true

before  the loo p bo d y i s execu ted  and fo l lowing the execut ion  of’

the loo p body. To include the “loop ” statement in the loop

I n v o l v e s  pr ov ing t h at the  t r u t h  of t he  pr opos i t ion b e f o r e  t he

exe cution of “loop ” implies the loop invariant. The “break”

statement can be used as follows : Determine the weakest

proposition which is implied by the propositions true before the

execut ion of each “break” statement. Then the proposition true

follow ing the loop statement Is the logical or of t i e loop

invariant and this “break” proposition.

Th~ “ r et u r n ” an d “r e s u l t is ” sta t~ m e n t s  a r e  the  COL me thod  of

routine and function exit. The “return ” statement is equivalent

to a “goto ” to the end of the routine body. This means that the

proposition true before the “return ” must imply the exit

proposi t ion from the rout ine.  In other words , the exit

proposition for a routi ne is the weakest proposition that is

- 159~~
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implied by the propositions preceding each “return ” statement.

The “result is ” statement is handled sirr ilar~ y ,  except the

ex F ression E is returned as the value of the funct ion.

The con ditional statements “test” and “ u nless ” are  in t he

COL but not in PASCAL. The test statement is a generalization of

the two— armed conditional. It is equivalent to:

if E then begin S; . . . end
else if El then begin S i ;  . .. end

else begin Sn; . . . end

Thus the proof rule for “ t es t ”  is a straightforw ard

genera l i za t ion  of the proof rule for if— then— else . The “unless ”

statement is equivalent to the statement:

if not E then begin 5; . . . end

Thus its proof rule is a modification of the single branch

if—then proof ru~~: for PASCAL.

The “switehon ” statement in the COL is the “case ” s t a t e m e n t

in PASCAL. The proof rule for “upon ” is derivable from the proof

rule for “switchon ” by its semantic definition. There is a major

difficulty with this proof rule. To increase the space

efficiency ’ of COL programs one case of the “switchon ” st a t emen t

m a y  ~rerge with another case sharing ccmn statem ’nt ’ . The

“stopswitch ” s t a t e m e nt t e r m i n a t e s  t h e ex e rV u t i r -~n of th e “ sw i tchon ” 
)

)
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statement. This dynamic behavior makes the proof rule difficult

or impossi ble to write. Such bizarre behavior as entering a case

in the middle of a loop is possible with the current semantics.

The “ sw i tc hon ” and “upon ” s t a t e m e n t s  are  r e l a t e d to the P A S C A L

case statement only when such bizarre behavior is not allowed .

Th is is perhaps an aspect of the COL that might well be changed .

In summary the COL meets the security needs of programmers

at a level equal to or exceeding the level of PASCAL. The

V 
following modifications to the COL should be studied to see if

the security characteristics of the COL can be improved :

add “uses ” and “defines ” lists to procedures
stu dy provability properties of “fail” and “lock”
mod i fy “switchon ” and “upon ” for clearer proof rules

tHoare— 69]
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Programming ” , CACM Vol. 12 No. 10 , pp. 576—580,583 ,
Octo ber 1969

[Hoare—7 0 )
C . A . R .  Hoare , “ Procedures and Parameters :  An Ax io m a t i c
A pproach” , in E. Engeler(ed.) “Lecture Notes in
Mathemat ics  188” , pp. 1 0 2 — 1 1 6 , Spr inger—Ver lag,  1970

[C l in t)
M . Cl int and C .A.R Hoare , “Program Proving: Jumps and
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Chapter 16

Comparis on of the COL with CS—4

16 .1 Introduction

T h i s  cha p t e r  com pa res an d contrasts the features of the COL

with the language CS—14. CS—LI is an extensible language for

“~‘eal—t ime , ta c t ical  env i r o n m e n t s  and gene ral pur pose

a; plicat ions ” described in the document CS—4 Langua&!j~e f ere n c e

Manual an d Operating System Interface , Intermetrics , Inc .,

October , 1 975.

T h i s  c o m p a r i s o n  is  in  five parts. Section 16.2 summarizes

the declared purposes of the two languages , gives their current

status , and presents the ground rules for comparison. Section

16.3 mentions the common features of the two languages and

Sections 16. 14 and 16.5 describe the features unique to CS—4 and

COL , respectively. Finally , Section 16.6 summarizes the findings

of the comparison.

= 16.2 Ground Rules for Comparison
I ~

In comparing two languages It is necessary to keep in mind

the stated purposes of each . That is , it would be unfair to

fault a language for not having a feature that It had never

4.-
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i n t e n d e d  to have and that , in f a c t , ha l been purposefully

exc luded from the language as being an unnece~~ ar y burden on tne

compiler and on the programmer trying to learn the languag e.

Therefore , in any comparison of languages it is necessary to

state explicitly the avowed goals of each.

The COL Manual can be paraphrased as follows concerning the

orientation f o r  the proposed language:

We came to the conclusion that , at least from the language
standpoint , the basic requirements for communications
applications were in essence no di f f e r e n t  f r o m  the
requirements of systems programming languages , a l t h o ug h the
rela tive emphasis for a COL differed to some extent. The
generalized requirements of

— very high performance;
— very high reliability;
— capability to interface with and manipulate

spec ialized hardware;
— high portability;
— sophisticated data structures;
— s~~~histicated control structures; and
— spec ia l ized object  computers.

a r e  r e q ui r em~. .V .t s  of both appl icat ions.

Th us , while the requirements for efficient access to
machine hardware , for example , or the nee d for object code
optimization , m ight demand greater emphasis in a COL than in
a systems programming language , our  a p p r o a c h  was  to spec i fy
a COL wh ich is also a good systems programming language ,
with emphasis on those language areas which are most
rel evant to the communications application.

:n contrast to COL , CS— LI is a much larger language with a

correspon dingly greater scope of app li cri~ ili ty. i~. seems

~pparent that the designers of both COt.. and CS— . were aware of

— lt~ — )
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t he  W O O D E N M A N  R e p o r t  wh i ch g a v e  re q u i r emen t s  for  a p ropose d

common Defense Department language. But , while COL has been

in tent ional ly  res t r i c ted  to sa t i s f y i ng  only a subset of these

r e q u i r e m e n t s , n a m e l y  those  re l a t e d  to commun icat ions p r o g r a mm in g ,

CS— LI is much more ambitious in seemingly trying to satisl’y t hem

all. In fact , the design goals listed in the CS—LI

Ma nual ——re liability, efficiency, portability , un d e r s t a n d abi l i t y ,

and e x t e n s i b i l i t y — - o n l y  d i f fer  from those of the WOODENMAN Repo rt

in their emphasis  on e x t e n s i b i l t y .

The problem then becomes that of comparing a small language ,

whose em p~~~s i s is comm un i ca t ions  p rogr ammi n g ,  w i th  a l a r g e ,

general purpose l an ~’uage  whose stated goal is to please as many

people as pos sib le through its extensibility features. This is

l ike compar ing  apples and orange s (more a c c u r a t e l y ,  apples and

wa termelons). Faced with this problem , an a t t e m pt w i l l  be m a d e

throughout to emphasize those features of one language which

might prove valuable in helping the other language satisfy its

own design goals.

Another qualification must be made on this comparison. The

development of both languages is currently only in the design

stage. Thus , there are probably many features of both languages

which will eventually be discarded as impractical. No attempt

I
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w i l l  be made in this document to validate the feasibility of a

particular language feature , but it can be stat€d that the CS—LI

language designers have recognized that:

“The design of a language to mee t this goal has proved
to be a difficult task. There were many design problems
encountered for which no good solutions existed....

“There are two difficulties that have prevented the
implementation and introduction of the full CS—LI language at
this time:

a) The compiler for full CS—LI would be so large that
several years would be required for its implementation.

b) Seve ral p r o b l e m s  i n the  la ng uage  des ign st i l l  rema in to
be solved .

“In view of the importance of establishing a new
language in the time frame shorter than that required for
full CS— LI , a compatible subset of full CS—LI has been
specified .

“The CS—LI base language will be implemented first. ”

Nevertheless , the design of full CS— LI , as specified in the CS— LI -

M a n u a l , will be used in  m a k i n g  the  c o m p a r i s o n .

With these qualifications and ground rules in mind , an 
V

attempt will now be made to compare the featnres of COL and CS—LI.

16.3 Common Features of the Two Languages

Both COL and CS—LI have been desigr.ed with the criteria of

the Department of Defense WOODENMAN Report in mind. Therefore ,

the two languages have many features in common. In particular , 
V

)
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both languages are block s t ruc tu red  an d e m p h a s i ze the p r i n c i p le s

of s t r o n g  ty pin g , structured programming, a nd i so l a t i on of

~nac h in e dependencies. Both languages speak of elimin ating

implicit co e r c i~~ns and logically significant defaults.

A d d i t i o n a l l y ,  the languages have a s imi lar format ;  both use the

A S C I I  c h a r a c t e r  set , h a v e  r e s e r v e d k e y w o rd s , an d p rov ide a

t .- a — f a c e t e d  comment conven t ion  (for  line terminat ing and

rril t i— l ine comments).

CS— -4 and COL. include integer , floating point , boo lean ,

charac te r , and enumerat ion data  t ypes .  Both can operate on

a r rays , s t ruc tures , and s t r ings.  A r r a y s  can be man ip u l a t e d

componentwise and ~he packing of data can be controlled . In

addition , bot h f e a t u r e  a m e c h a n ism fo r  ab b r e v i a t in g lon g t y p e

d ec l a r a t ions , a way  of g r o u p i n g  n a m e s  t o g e t h e r  for  e x t e r n a l

ac cess , an d t he in t e n t i on of p rov idin g in t e r m o d u l e  t ype  check in g

at load t ime.

Str uc t u r e d pro g ramm ing doc t r ine is professed in both CS— LI

and COL. The usual range of control structures has been

included : procedures , con ditionals , case s t a t e m e n t s , and

r es t r i c t ed  got 5 ( Jumping out of a block or into a control
F-

structure is prohibited). In addition , the languages have

Included a feature for breaking out of a loop and a way of

jumping to the next loop iteration.
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Some miscellaneous common features of th e t w  lan~ uages are:

evaluation of boolean expressions in short _ c iV cu i t mode , both

~t i tic and dynamic memory allocation , call— by— reference and

c a l l — b y — v a l u e  parameter pass ing,  and a way of passing an

arbitrarily long (variadic) sequence of arguments. In addition ,

both l a n g u a ges all ow t he cho ice of open or c lose d e la bo r a t ion of

procedures.

V:S he se two la nguages both support extensive compile— time

f e a t u r e s  including condition al compilation , e n v i r o n m e n t

inquiries , c o n s t a n t  fo lding, and compiler directives. Both

l a n g u a ges h a v e  a n e x t e n s i on m e c h a n i sm an d a way  of access i ng the

features of t ’-ie hardwar e with encapsulated assembly language

instructions.

Although the features mentio ned above have been provided by

tcth languages , t i~ r e are many differences in detail and also

r~ary instances where one language or the other h a s  g one  beyond

the common ground in providing an extension to a common feature.

These points are elaborated on in the succeeding sections. By

arid large , however , the languages have been developed in  the same

spirit and encompas s many of the same features.
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16. 14 Un ique CS—LI Capabilities

Keeping in mind that CS— LI and COL have different design

goals , this section attempts to enumerate those features of CS—LI

r i iss ing from COL.  It  i s most  o f t e n  the case that such features

make available a capability not appropriate in light of COL ’s

limited domain of applicability.

A s  f a r  as data types are concerned , CS— LI h as fractions ,

v a r y i n g  s t r i n g s , complex numbers , v e c t o r s , m a t r i c e s, s e t s , and

mac hine dependent MSTRUCTURE S , a b o v e  an d beyond those types

ava i l ab le  in COL. In addi t ion , t h e  l a n g u a g e ’s e m p h a s i s  on

e x t e n s i b i l i t y  a l l o w s  a n y  user— defin ed types. A data type is

d ef ine d no t o n l y  b y s pec i fy in g a set of poss ib l e  v al ues bu t a l so

by listing the allowable operat ions on variables of that type.

The language prov ides a uniform interface , across data types , to

r o u t i n e s  responsible for initializing, deactivating, ass i g n i n g,

c o m p a r i n g ,  selecting f r o m , and performing I/O on a variable of a

given type. This prov ides easy user control of such operations.

COL and CS— LI are similar in their control structure

features. Some minor differen ces are as follows . CS— LI has

UPDATE blocks (mutual exclus ion reg ions) , rather than in t e r l o c k

variables and the region statement. CS— LI has extensive ,

( PL/I-ljke exception handling capabilities , including S I G N A L ,
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ABORT , an d RESIGNAL statements. It also has a call—by—name

parameter  passing mechanism , allows both con iit~ cnal and keyword

paramete rs , and can res t r i c t  access  to a parameter ~o R E A D ,

W R I T E , o r READ /WRITE.

CS— LI has extensive compi le—time facilities that allow the

following: certain programmers can be restricted from using

gotos  or S I G N A L s , turning off run—time checking, m e n t ion in g

abs~~ljte s t o r e  locat ions , us ing assembly cod e or interfaces to

other languages , or u s i n g  n u m e r ic r a n g es a bove the  po r t a bi l it y

l i m i t s .  The R E N A M E  s t a t em en t a l l ows t h e  p r o g r a m m e r  to

systematically rename external variables whose names conflict

with local variables. In addition , t he re  are many run—t ime

checks that can be ENABLEd or D I S A B L E d .

The des igners  of CS—LI have done a comprehensive job of

isolating machine -~ependencies. Any use of any variable in a

mac~~i n e  dependent way  requires that the va r iab le  have t y p e

MSTRUCTURE . Once th is declaration has been made , the  a b sol u te

1ocat ion , physical layout , overlapping, size , and alignment can

al l be controlled . Machine instructions can be included by

d~ clar ing an MPROCEDURE (which can have either an  open  or a

c osed elaboration). Variables can be p].aced in either the

general or t i e  floating point registers. Exte ,V i a l p r ’~~edures can

/

- 17( - 
)

_ _  — _=V
~
_V

~~~
V S ws i— ~~ _ _ _ _ _ _



Report No. 3533 Bolt Beranek and Newman Inc.

be accessed and an argument passing mechanism can be specified

(either that of FORTRAN , PL/I , or assembler). A full set of

environment , enquiry variables allows careful control of the range

and precision of all numeric quantitie s.

Part II of the CS—LI Manual is a description of its operating

system Interface mechanism. Because none  of i ts  f e a t u r e s  are

ta s ic to COL , no details will be given other than to m ention that

it . includes a file d i rec tory  system w i th  stream , r e c o r d , r a n d o m

V 
access , index sequential , and edited I / O , and a mechanism for

Interproce ss I / O  m u c h  like the pipes concept found in UNIX.

Processes can be created , terminated , scheduled , resumed ,

delayed , or inhibited . UPDATE blocks can be used for altering

shared variables.

Finally, CS—LI has several features used in its extension

mechanism f o r  altering the syntax and semantics of the language.

16.5 Unique COL Features

Features unique to COL come under the head Ings of

V 
efficiency, data structures , control structures , macros and

compiler direc tives. Most deficiencies can be explained by COL ’s

philosophy: If a feature cannot be expressed in an efficient ,

machine independent way, then leave it out of the language and

__ 
provide it either with macros or with library routines.

& ite
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COL has  a t t e m p t e d  to p rov id e a gr e a t  dea l  of f l e x i b i l i t y  an d V

p o w e r  in  it s  data structures. In addition to those common

features already mentioned , COL provides recursive data

structures and interlock variables. The COL designers have

invented the concept of implicit parameters for passing the

a c t u a l  r u n — t i m e  a r r a y  bo unds  r a t h e r  t h a n  s imp ly  a l l ow ing a

and expect ing the calling routine to pass  the actual bound as a

separate parameter. In COL , as opposed to CS — LI , str ings may

c o n t a i n  special characters such as carriage return and backspace.

Also un ique is COL ’s way of specifying numeric literal ccnstants

in any base .

Bes ides prov id i n g the  common s t r u c t u r e d p r o g r a m min g co n t rol

s t r uc tu res , COL has the  addi t io n a l  f e a t u r e s  of re cur s i ve

procedures , Z a h n ’s dev ice (an event driven loop exiting

m e c h a n i sm) , and a - iar iety of keywords that in most instances

~‘l im inate the usn of exp l ic i t  boolean NOT opera t ions  in

conditional statements and loop termination conditions (such as

UNLESS for IF NOT). In addition , COL has separate mechanisms for

riu ~~ines (executed f o r  t h e i r  e f fe c t )  a n d  f u n c t i o n s  (executed for

the value they return).

f par t ic u l a r  in t e r e s t are  COL ’ s compile—time facilities.

These include three types of macros (abL ’ ~~iati cns f o r  t y p e
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declarations , parameterized string substitution , and open routine

elaborat ion) , and a long list of compiler directives (minimize

comp i l a t ion t ime , execut ion time , or object program size; ignore ,

use , or v e r i f y  assertions; check array subscripts and integer

ranges; give di rec t ives  to the loader ; include a file in—line;

force the compiler to treat an expression as being of a

pa r t ic u l a r  type ; and pack an array of structures either in series

or in parallel). In addition , COL provides a mechanism for

q u e r y i n g  the  ob ject compute r  c o n c e r n i n g  i ts  characteristics ,

including word size , byte size , number of registers , and memory

size.

Together , thes-~ unique features give CCL programmers the

a b i l i t y  to write efficient , succinct , and safe programs in the

commun ications programming domain.

16.6 Summary

This s e c t i o n  has attempted to compare and contrast the

designs of two n ew p r o g r a m m i n g  l a n g u a g e s , COL (Communications

Oriented Language) and CS—LI . It was poInted out that most of the

differences between the two languages could be accounted for by

their differences in design goals. CS—LI is a general purpose

language that attempts to provide safe , reliable , and structured

— 173 —

V;4~

V 

V 

- 
•~~~~V V _ _ _



Re por t  N o .  3533 Bolt  Be r anek  and N e w m a n  I n c .

solutions to current programming language design problems . Its

intended audience is so large that many features Vnust be included

that w ill undoubtedly make the design of the compiler both

tedious and difficult.

CCL , on the other hand , is intended for a very strict range

of applications , communi cat ions programming. As such , it has

b een kept  smal l  and pa r t i c u l a r  emphas is has  b een p laced  on

run—time efficiency and portability.

Naturally, these differences in design goals have led to

rather large differences in the languages. This report has

mentioned the many data types and the extension mechanism

ava ilable in CS—LI and the compiler directives and code efficiency

mechan isms available in COL. Of course , it remains to be seen

how these disparate designs are eventually realized.
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