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A35TRACT

THE MAPPING OF THE REFAL VMACHINE ONTO R VON NEUMANN MACHINE

by

Rabert Michael Uirenberg

Aidvisor: Professor Valentin F. Turchin

A supercompiler system based on the language Refal
has been ioplemented at the City University of New
York's University Computer Center. The supercompliler takes
as its input a proaram in Refal, and produces an opti-
mized proqram as its result. The output is in a representa-
tion called a gqgraph of states of the abstract Refal
Jachine. In order to implement a supercompller system on
a real computer, therefore, it is necessary to map the re-
sulting graph 2f states onto an implemented pro-
gramming lanhquage. To that eni, a mapping scheme has bheen
devised, which allows for further optimizations tc the pro-
qram represented by the gran»h of states. An intermediate
language, called LIS2, has been developed, 1in order to fa-
cilitate manipulations of data types and structures in

the abstrac% program, before code generation takes place.
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A code generation scheme, based on a method of
template-matching has been implemented. Also, the
backqround environment necessary to execute a mapped program
in Pascal has been implemented, so that a complete
package now exlsts for mapping gqraphs of states onto a se-
guential proaranming language, The code generation
scheme is retargettable, and optimizations to the mapped
graph of states have been 1identifled, and some imple-

mented.
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1. INTRODUCTION

A Supercompiler systam based on the language Refal
has been proposed in (1. A working supercompiler system
has been implemented on the IBM/370 system at the City
University of New York Unlversity Computer Centerl, using
an interpretive Refal system [2], and@ 1is now wundergoing
testing and further development, The present supercompiler
system takes a Refal program as 1its 1input, and cre-
ates a transformed Refal program as its output. Progress
haz been made in the implementation of input language trans-
lators using interpretive definitions of those languages
[4U:5-81, allowing the transformation of proarams written in
LISP and Pac<cal %o be sptimized by the supercompller.
In order to extend the capabilities of the supercompiler it
becomes necessary to> map the output of the supercompiler
onto other, more "conventional" programming 1languages.
The purpose of this work is to show how such a mapping can
be made, and to open a large field of investigation for

further development of the Refal Supercompiler System.

A concise description of the Supercompiler project may be

found in 7]

1 This work has been supported by National Science Founda-
tion grant $MCS-8007565, initiated in Sept. 19130,
and renewed in Sapt. 1982.
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The programming system to be described in this
proposal ains to facilitate the creation
and implementation of speclalized algorithmical
languages at low expense, and to perform by com-
puter a great 3deal of work on optimization of al-
gorithms, and even on the algorithmization
process itself, which is now performed by man.
We hope to create a programming system, in
which the introduction of a new special lan-
guage, or a hierarchy of languages, ad hgc for
each large-scale programming problem 1is just as
natural and as practicable as is the introduction
of an ad hoc hierarchy of procedures when we are
programming, say, in ALGOL-60, With this system,
the proqrammer will have to formulata only the
definition cf his problem, its mathematical
model, without bothering about the detalls of
alqorithmic efficiency and data structures in
the real computer.

The importance of this aim and the fact that
the present situvation in computer art and science
is unsatisfactory is fully recognized now. We
quote one of the leading computer scientists in
this country who starts his latest paper 1in the

Coapunications of the ACM with these words:

Compater programming today is in a
state of crisis (or, more optimisti-
cally, a state of creative ferment).
There is a growing recognition that the
available programming languages are
not adequate for building a computer
systemnm. Cf course, as any first year
student of computation theory Kknows,
they are logically sufficient. But
they do not d2al with the problems we
face in the day-to-day work of pro-
granmming. We become swamped by the
complexity of large systems, 1lost 1in
code written by others, and mystified
by the behavior of our almost debugged
systems. When we look to the inte-
grated multiprocessor systens that
will soon dominate computing, the situ-
ation is esven worse. This crisis 1in
software production 1is far greater (in
overall magnitude at least) than the
situation of the early 50°'s that led to



the develspment of hiqgh level languages
to relieve the burden of coding.
The problems are harder to solve, and
the cocts of not solving them are in the
hundreds of millions.?

The solution to the problem given by the author
of this excerpt is: higher level programming
systems., There is a lot of work being done in
this field in the USA, Europe, and the Soviet Un-
ion. The distinctive feature of our approach is
that we use a special metalanguage RFFAL which
is a successful compromise between the simplicity
necessary to foranulate effective rules
of transformation of the algorithms defined 1in
this language, and the sophistication necessary
to define complicateld algorithms In = manageable
form. This has allowed essential progress towards
the goal of the application of the
theory of egquivalence transiormations of algor-
ithos to the needs of systems programming.

The proposed system will provide a general
asechaniss which allows one tc define an expancible
hierarchical system of languages. For this pur-
pose, a petalagguage M must be specified which
would allow its usaer to define each new language
Ln in terms of lanquages of lower 1levels: Ln-1,
n-2, etc. Also, a ground-level lapguage LO must
be defined, and must be such that all the
languages of the hlerarchy car ultimately be

expressed in IL0O. There are two ways to for-
mally define a new language Lhn in terms of a
lower-level lanquage LKk: in a translation

mode, in which one specifies the manner in
which a text in Ln is transformed into a
text in 1Kk3; and in an interpretation xode,
i.e., specifvying the process of execution of a
text in Ln in terms of the language Lk. In accor-
dance with the distinction that appears here,
we can distinguish between two kinds of expan-
sible systems. Systems of the first kind,
trancslation-mocle, have machine (2ssemkler)
language as the ground-level language LO: such
systems may be called macrocode systeas, and
are widespread now. The metalanquage in this case

2 From [8].



is the 1lanquage of nacro-definitions. Although
very useful, these systems do not unburden the
proqrammer, but only put him In 23 better en-
vironment. The system which we propose to build
is of the second kind. Here, new languag-
es are dJefined in interpretation mode, and
L0 is then a very elementary langauvage which in-
cludes only basic operations on symbol
strings and numbers. The description of a lan-
guage and of an algorithm 1in that lanocuage
then takes the shape of a “description of the
meaning” rather than a final definition of the
program to be executed on the computer. But
then one only needs an algorithm -- which may be
called a sypercompller -- which would tranclate
this multi-level semantic proidlem definition
into an efficient prngram for a real computer.

An important feature of our project is that the
metalanguage M in which new languages are defined,
the ground-ievel language L0, and the languag2 in
which the supercompler is written -- all three are
the same language, REFAL. As shown in (9], this
has the cruclal advantage that only Qpe supercom-
pller Cp from the metalanguage M into the lancuage
of an object machine MO 1is needed fcr all lan-
quages Ln of all levels. To attain this surpris-
ing economy, we use a nmethod, whos2 essence is
the self~-application of Cp. The result: by
writing a simple "metasystem-transition formula"
and pushing a button one c¢an cbtain a program
for M0 which can be either

1. an efficient, complled program PC which is
the translation of a program P written in
Ln (if P is glven); or

2« an interpreter for the 1language Ln, which
takes a program P in Ln and input data D
and executes P nn MD in accordance with the
interpretive definition of Ln; or

3. a compiler for the language Ln, which takes
a program P in Ln and translates it into
an efficlent program PO for MO; or

4. a compiler compiler (if the 3efinition of
'n is not given), which takes the defini-
tion of a new language in M and produces a
compiler for it.



For the approach we have sketched to be feasi-

ble,

the followling three requirements must be met

by the metalanguage M:

1.

3.

It must be universal ~-- not only in the
sense that any algorithmic transformation
can be described in it, but also 4in the
sense that it must not be aimed at any
special system of concepts tiled to a par-
ticular object language; this nakes it pos-
sible for one and the same metalanguage to
be used with egual success 1in describ-
ing whatever language we may invent, and
at all levels of conceptual hierarchy. In
programsming terms, the wpetalanguage must
have a broad symbol manipulation orienta-
tion.

The metalanguage must be convenlent to use;
in particular, a text 1in it must look
not 1like an intricate r[program, which in
some wmysterious way perfcecrms algorithms
written in the language to be described,
but rather wmust be a semantical 3Jescrip-
tion of this language, consisting of a
set of sentences which c¢efine the

meaning of its concepts. Thus, the
metalanguage must be essentially a
production language, rather than

an instruction/statement languaage of more
familiar foro.

The language must be pmipimal in the sense
that the geflining prachline which executes
algorithms written in this language must be
simple endugh for the TUles édealing
with algorithms to be formulated effective-
ly. Otherwise there will be 1little hope

of creatling a  supercompiler which
could perforn really deep optimizing
transformations of algorithms. However,

this requireaent may come 1into conflict
with the requirement of convznience.
A simple Turing machine or Markov algor-
ithn lanquages are simplce enough to be used
for purposes >f theory, but certainly are
impractical for writing complicated al-
gorithms. A languaqe which dJdeals with
itself must be neither too sophisticated,



nor too elementary, a situation
reminiscent of maximizing the product of
two factors witn a glven sur. We can sum-
marize the third requirement of our meta-
language in these words: it must
rest upon a minimum of facilities, but
still remain convenient encugh to be
used 1in practice.

The idea of separating program formulation from the effi-
ciency issue is not new. For example, Kennedy and Schwartz,

in [12], state:

Most programming languages make it 1impossible to
separate 1issues of problem formulation from those
cf efficiency. For this reason, the process of
problem formulation often becomes entangled with
the problem of choosing data structurss which will
lead to highly efficient program realiza-
tions. Whila in a complete implementation
both problems must be faced, it is well to
have available a mechanism which allows thess
two problems to be treated separatz2ly during the
initial phase of work on a ccmplex program.
Observe also that too-early cholce of data
structures can create subsequent difficulties.
In particular, necessary algorithmic changes
discovered aftar the start of programming can re-
quire that the data structures originally speci-
fied be modified at great cost to a project. The
result can be a poorly formed system which
can take a great deal of time to dmbug or which
may never work properly. The same comments apply
to the specification of \interfaces between mod-
ules.

Many of th2 difficulties Just noted can be
avolded 1if low-lav2l efficiency-related deci-
sions are postponed until after algorithms are de-
signed and d2bugged. Putting this ancther
way, if the programmer can firest builld and ver-
ify his system, representing it coarsely, he can
subseguently 3Jesign data structures and in-
terfaces which £fit hls algorithmic scheme vell.
This approach amiqght be thought of as a two-stage



development process. The first stage produces an
abstract algorithm in which low-level efficiency
conciderations are ignored; the second stage con-
verts the abhstract algorithm to a concrete al-
qorithm by the addition of data structuring.

The two-stage davelopment process described above |is
similar contextually to the supercompilation process de-
scribed in [1] as stage 1, in conjunction with the mapping
process detalled in this paper as stage 2. The au-
thors proceed to 3escribe thair set~th2oretic language,

SETL, as a basis for separating development from effi-

clency problems.

Also, Darlington and Feather [10] described a “transfor-

mational® approach to program modiflication:

I* has become apparent that an alarming proportion
of programming effort is devoted to maintaining
or modifying existing software as opposed to cre-
atirag new prodacts. This process of mocdification

is very poorly understood. A1l too often at-
tempts at modification introduce more errors than
they renove, The root cause of this trouble

is the way the programming task 1is approached;
the code available for modification is cole meant
to be run. Even if this bhas been written in a
high level 1language it has to be written to be
efficient at the expense of clarity and
therefore modifiability.

The tranformational approach to programming d4i-
vides the task into at least two stages.

First a complete gspecification Qf the prgram is

written emphasising clarity and understandibil-
ity. Then 2a runnable prooram 1ls produced from

the specification by applying transformations
quaranteed to preserve correctness while
improving efficiency. Thus modifications,
when necessary, c¢an be made to the specifica-



tion which is of a form to facilitate this
process, As we hope to demonstrate in this paper
the correctly nodifi=»d efficient program can then
be produced by redoing the transformationse.

ces meta-language programs provide a concise
way of recording ths tranformations used. “ee
Even when the meta~language program has to be
changed, this, as we hope to demonstrate, involves
less work than attempting to modlify the efficient
program directly with all the dangers of intro-
ducing unforessen errors. For if the system suc-
ceeds in carrying out the transformation plan in-
dicated by the meta-language program the
program produced is guaranteed correct relative to
the modified specification.

The authors of the above go on with examples of
their program transformations, leaving the result in NWNPL,
a very high level recursisn equation language. They sug-
gest that the next step in their prccess 1is the mapping
of tni=T PL outpu* onto Pascal, in orcer to be able to ac-
tually execute the resulting programs. This 1is quite
similar to the currant work, with the supercompiled graph of
states being the high level algorithmic language, and
a sequential 1language (in this case also Pascal) being the
taruet. Darlington and Feather also refer tc previous
works on the same mapping problem, 1in particular, ([11],
which describes the process of conversion of recursicn

to> iteration.

Compiler-compilers, or automatic compller generation sys-

tems, have intrigued programmers since the first For-



tran compiler was written. These systems typlcally take
some form of syntactic and semantic definition of an ad-hoc
programming language, and produce lexical analyzers, and
syntax analyzers (parsers). Aho, in [13], gives an overview
of the state ~f the art ap to 1980, and incloudes an
exhaustive biblioaraphy. Up~to-date bibliographies have

also been written by Ganapathi and Fischer [15,16].

Aho, in [13], 3Jescribes a template-matchinc process
for code generation, gquite similar to the code cgeneration

scheme used in the curreant work:

cee code generatisn is often implemented as a
template-matching process. The intermediate
language program is a tree. Code generation
consists of covering the tree with temp-
lates representing machine instructions., This
tree template matching approach allows many ma-
chine dependencies tos be isolated into the tables
containing the templates. This approach appears
attractive for use in compiler-compilers in that
it may be possible t> derive the template tables
automatically from a formal specification of the
target machine and in that the same compiler can
be wused to generate code for a new machine by
charging only the contents of the template tabkles.

Refal, as a pattern matching language, 1is ideally suited
to such a template-matching process, and the 1intermediate
language LISA, developed in this work, was Jdesigned with
the above goals 1in mind. The LISA compiler developed in

this work is written in Refal, and applies a table of temp~

lites to the LISA projram 1in order to produce code in



Pascal. Graham, in [14], describes in more detail the
actual desian criteria necescsary fcr creating a ta-
ble-driven code generator, and discusses some of the nrac-
tical problems uncosvered in the development of a retargeta-

ble code generation package.

2. THE REFAL MACHINE

Refal (Recursive Functions Alaorithmical Language) 1is a
functional programming lanquage which was rdeveloped 1in the
Soviet Union by Valentin F. Turchin and his co-workers
in the 1late 1960°'s. It was developed as a universal
m2talanguage for the formal Jdefinition of algorithuic
lanquaqges, either oriented towards classes of problens,
or invented ad-hoc for specific problems. It can also be
viewed as an ordinery aljorithmic language, used for symbol

manipulation, similar to LISP or SNOBOL.

A Refal proqram consists of a number of function defini-
tions, and a starting configuration for the Refal machine.
Tach function definition zonsists of a number of Refal sen-
teznces, each of which is comprised of a pattern expression
and a replacement expression. The execution of a Refal
function, then, 13 a process of matching of the successive
pattern expression= within a function definition acainst the

arqument of the function. When a pattern is found not to

- 10 -



match the argument, the pattern of the next sentence is
tried. If and when a match is found, the function call is
replaced by the replacement expression, which may itself
contain function calls. If no match is found, an abnormal
stop of the Refal machine occurs. For a detalled descrip-

tion of the history of Ra2fal, see [1l:x-xi].

The present Refal system at CUNY/UCC consists of:

* A Refal compllay, which accepts Refal prograrms written
in Metacode B3, ani converts it into an intermediate
language called RASL (for Iefal ASsembler Language).
The RASL consists of simple Assembler macros and cca-
mands which represent the processes of pattern recogni-
tion and expression replacement found in the Refal ma-
chine. The RASL program is then assembled into a
machine code program by the usual IBM Asseabler.

e A RASL interprater. The interpreter takes the assem-
bled RASL program, ant places it in its memcry field.
It then places the starting confiauration for the Refal
machine in its view field, and begins execution by con-
cretizing this confijuration. Executicn continues ei-
ther until all expressions in the view field have been
evaluated (i.e., no concretization brackets are left),
or until an abnormal stop occcurs. An abnormal stop

means that an expression must be evaluatad for which

3 See Appendix B for information on Refal source coiding.
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there is no pattern 2xpression matching it in the memo-
ry field.

s A set of external functions which perform actions not
def ineable in the Refal machine itself+. Examples are
functions /CARD/ and /PRINT/, which perform simple in-

put and output for the Refal machine.,

2.1 THE REFAL SUPERCOMPILER

The present Refal Supercompiler is itself written in Re-
fale This fact is one of the bases of the coaczept of super-
compliler: a supercompiler system is written in a language
which is its own metalanjuage. Programs for modifying and
improving the supercompiler, then, are written in Fefal, anc
by applying a series of "metasystem transitions“ one can de-
vise algorithms for optimizing alqorithms, algorithms for
optimizing algorithms that optimize algorithms, etc. (see
Fl:v-vii ] for a discussion of the use of metalanguages in
the supercompller). A Jdescriprion of rers2nt experiments in
algorithmic optimization wusing the superccmpiler can be
founid in [2). It 1s possible to apply metasystem transition
rules to the superconmpilar program as input to the supercom-
pller itself, and thus t> arrive at a more efficient super-

conpller, compiled compilers, etc.

ot

4 See Appendix A for a list of external functions and their
uses.
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2.2  SAMBLE BEEAL PROGRAY

In order to facilitate the description of the mapping
process, a simple R=2fal program 1is presented below as figure

1. It will be referrad to throughout the remainder of this

text.
1 JOB = K/PROUT/ X/FA/ K/CBARL/ e+
2 FA "A* £ = 'B' K/FR/ EX.
3 SY EX = €Y K/Fa/ EY.
] =
5 =END

Fiqure 1: Sample Refal program

Function /JOB/, defined in line 1 of the program, de-
scribes the initisl state of the Refal machine. 7308/ is
a special name used by the Refal system to ilndicate the
starting state of the Refal machine, and is not cal-
lable from within the program. The Aefinition of /J02/
then says that the program should start by executing
function /CARD/, passing its result to function /FA/,
which then passes its result to function /PROUT/.
Functions /CBRD/ and /PROUT/ are built-in functiors in Re-
fal, which serve to perfora 1I/0. Function /FA/, on the
other hard, 1is describeld in the program itself, 1in lines 2

through &4, Line 2 says that if the argqument to /FA/ starts
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with the symbol B, then the result is the symbol A fol-
1swed by the result of evaluation of /FA/ on the rest of the
input. Line 3 indicates that if the argument starts with
any other symbol, the symbol is to be left outside the
evaluation brackets K and . and concatenated with the re-
sult of the further evaluation of /FA/. Line 4 indi-
cates that an empty argument should return an empty result,
i.2., no more evaluation brackets are to be stacked. Line

S indicates the end of the program.

3., THE GRAPH OF STIATES

The Refal Supercompiler operates OR procrams by
taking the program, breaking it up into the most elementary
ooerations, and producing 23 gqraphlc represertation of
the progqram. Each arc in such a graph represents a tran-
sition from one state of the Refal machine <o another,
and the operation nzcessary to transit that arc. Each nodce
rapresents a state of the machine. The graph of states
then regresents a history of a computation, with all the
possible results of that compgtatior. The supercompiler
parforms optimizations t> the graph by driving the starting
conflquration of tha machine through this history of compu-
tation, and Jdetermining which parts of the graph may
be discarded, which may be looped back on themselves,
<tCe The reader 1is referred to (11} for an 1in-depth Je-
scription of the process of supercompilation.
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This chapter describes the resulting grapgh of states,
which 1in itself is an abstract algorithm for solution
of the original programming problem. The followinc sections
aglive an example of a graph of states, and detail the con-

cz2pts necessary to understand a graph of states,

3.1 EXBMPLE QOF A GRARH € STATES

A graph of states may be represented in two formats.
One 1is a graphic represantation, the other is useful for
printing out the graph as produced by a computer. As exam-
ples of both formats, the graph of states of the program

given in figure 1 are given below, as flaures 2 and 3.

(e, => )

JJIOR/ ' (K/PROUT/ X/FA/ R/CARD/... <~ eq )

A2 -
- (B K/FA/ e, - <~ ey )

(sz K/FAl e, . <~ e )
/FA/

Figure 2: Graphizal representation of a graph of states



(/J0B/)
s( (*E/1/=0))[ ((*(/PROUT/* (/FA/*(/CARD/))))=%*E/0/] )

(/FA/)

(¥E/1/=(%5/2/%E/1/))
(

{( (*S/2/=(R))[ (B*(/FA/*E/1/))=%*E/0/] )
+

( (=S/2/7#(RA))[ (#S/2/%(/FR/%E/1/)) =%E/0/] )
)
}

L 2

(
)(*E/ll=())[()=*5/0/]
)

Figure 3:; Computer output reprecentation of a graprh of
states

3.2 QEEINITION OF GRARH QF STAIES

The following is a Backus-Naur Form definition of a
araph of states as praduced by the Refal supercompiler.
The BNF has been extended with square brackets, for an op-
tional entity, and braces, for repetition zero or more
times o3f the enclosed entlity. Parentheses in a DV def-
inition are Refal struycture brackets, which are used to an-

alyze the tree structure of the qraph.
{total-qraph> :1:= { (<f-named>) : (<f-graph>) }
{f-name> ::= / <identifier> / | C <macrodigitd>
Karaph> ::= <p~-segment> <{walk-enc> | <p-segment> <branching>
<branching> | <walk-end>
Kf-gqraph> ::= Laraph> | 2
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¢{branching> ::= :( (Kbranch>) ¢+ ({(<branch>) [+ (<branch>)
<{branch?> ::= <{discriminatinga-operation> <graph>

{discriminating-condition> ::= <condition>
<p-segment> ::= <condition> { <condition> }

{condition> ::= {contraction> | <restriction>

<walk~-end> ::= { <assignnent> } <assiynment>

3.3 EUNDAMENTAL CONCEPTS

The entity <f-graph> gives the definition of one
function (or configuration) of the Refal machine. It is
the parallel to one functlon cefinition in Refzl. Such a
granh consists of a tree structure, through which a
number of walks may be followed from left to rioht. The
left part of a walk, or condition chaln, corresponcds
to the left side of a Rdefal sentence, which performs pat-
t2rn matching. The condition <chain consists entirely
of contractions and restrictions, as Jdescribed below. The
riaht hand part of each walk, called the walk-end, consists
of a chain of assignaents. These assignments are the
parallel of the right side of a Fefal sentance, which
parforms the replacement o0f the function call by its re-

sult.

A contraction {in a graph of states rapresents a
tast of a condition and a (temporary) assignment if the

condition is found to be true. A contraction always con-

1)



sists of a variable on the left side, fcllowed by the
sian *->', and an exuyression on the riaht side, The super-
compiler is set up in such a way that there are only sev-
en elementary formats for contractions. In natural Refal
code then, we may have a contraction:
(e ->se2)
1 2 1
This contraction performs two functions: first, we test
to see whether th2 expression el starts with a symbol. If
it does, then we assign the value of that symbol to a new
variable, s2, and then g¢ontract the value of el by deleting
the first symbol from 1it. If it doesn't, a branch
is taken. Thus, el has been redefined. Subsegquent
operations (i.e., those further to the right)} in a walk

which refer to el refer in fact to this contracted value.

In Metacode A, we write the contraction in a slightly
different format: (¥Z/1/=(%S/2/%E/1/)). Notice that
the '->' siqn is replaced by an equal sign, and that the
expression on the right is placed in parentheses. Also no-
tice that, as the supercompiler only uses macrodigits
foar indices, the metacod2 A contraction has macrodigits for
indices. For simplicity, contractions will usually be
shown in metacode A heaceforth. The following is a list-
ing of the allowable formats for contractions. Indices

are shown as lower case letters, but will in actuality be
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macrodiqits. The letter T indicates a character or specific

ob ject symbol.

(*Ei=()) {type 0 contraction)
(*Ei= (*S4=E1)) (type 1 contraction)
(*Ei= (>xE1%51)) (type 2 contraction)
(%Ei= ((*EL1) *EJ)) (type 3 contraction)
(*Ei=(¥E9 (*E1))) (type 4 contraction)
(#S1i=(C)) (type S5 contraction)
(=Si=(*S1)) (type S contraction)

Restrictions taka a format sigilar to contractions, and
denote the inverse operation: if the condition is not true,
then continue througqh the walk. We have three elementary

restrictions:

(%E1£()) {type 0 restriction)
(*Si%(*S59)) {type S restriction)
(*Si% (C)) (type S restriction)

Now we can define the format of an assignment, and what
it meanc. As seen above in the BNF definition of a
araph of states, an assignment occurs in a <walk-end>, which
represents the right-hand sile of a Rerfal sentance.
Bach assignment represents the assigning of a value to
a particular variable. Thus, the format fcr an assiagnment
will be zn expression on the left side, follcwed by the <«lgn
(-, followed by a variable. The expression on the left
may be any, as 1long as any variables indicated in it are
already defined 1n the <(p-segment> part (corresgonding to
the left side of a Refal sentence) of the particular walk
in which the assignment appears. For example, following
the above contraction example, we may have an assionment:
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(e s ABC e <- e )

12 1 0
This assignment means: composSe an expression consisting
of the concatenation of expression el, symbol s2, object
symbols 'ABC®, and a copy of expression el, as defined
within the walk. Then assign the resulting value (i.e.,
expression) to variable e0. In metacode A, we will
write the above assignrent as:

{((*E/1/%S/2/RBC*E/1/) =%E/0/) .

The variable *E/0/ has a special significance in a
gqraph of states: it represents the output of a particu-
lar configuration. Thus the above assignment would have to
b2 tne last one in its <walk-end>, and composes the
expression which 1s the result of evaluation of the function

in which it appears.

The graph of states represents a proqgram in Refal. From
the above BNF definition, we can see that each <{f-graph>
consists either of a <graph>, or the letter 2. Z is
the symbcl which indtcates *recognition impossible®’, oneg of
the states of the fefal wmachine. In Refal, each function
is defined by a number of sentences. 2as seen in agpendix A,
»ach sentence consists >f a pattern expression on the left

3ide, followed by an equal sign, and an (output) ex-
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pression on the right side. The Refal machine works by
matching the pattern on the left side of each sen-
tence in 2 functiorn definition against the argument for the
function call, and when a match 1is found, replaces the
function call by the expression composed in the right side.
Thils {(putput) expression nay or may hot contaln con-
cretization brackets. In any event, the supercompi-
ler breaks down the process of pattern recognition into its
=ma3llest elements, by replacing the pattern expression
with contractions (and internally, also with restrictions).
Then, the patterns, in contraction form, are compared,
and common elements are combined, so that we end up with a
graph. Let's say that we have the following definition of
a Refal function in metacode 3, taken from figure 1:¢

FA 'A* EX = *B* K/FA/ FX.
SY EX SY K/Fas EX.

This function does the following. It takes an expression
as 1its argument, and for each occurrence of the character
*At, replaces it with '3°'. The second sentence says that
any other symbol is to be left alone. The third, and last
santence, says that when the function is called with
an empty argument, the result of evaluation is nothing.
Thus, we have defined a r=2cursive function /FA/, In qragph

of states format, w2 could see function /FA/ to be:
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(/FA/Y ¢ (3 (
(
(%E/1/=(25/2/%/17))

R

(

(#S/2/=(2))[ (B*(/FA/*E/1/)) =%F/0/}
)
+

WO DN EWN

(XS/2/#(R))[ (¥S/72/*(/FA/=E/1/)) =*E/0/ ]

1
o

)
)

(*E/1/=0 ) () =%E/0/]

el s Al el
W=-JOWNE WK

)
+
(
)
})

Line 1 gives the name of the function described in
the graph (/FA/), the colon and left bracket containing
the <f-graph>, and the colon and left bracket surrounding a
<branching>. The paired brackets appear at the end of the
qraph, in line 18. Line= 2 and 13 are the brackets enclos-
ing one <branch>. Line 3 contains a contraction, which
breaks the initial argument into one symbol on the left and
a contracted expression. Lines & and 12 give the brack-
ets surrounding a <branching>, this one at a lower lev-
el, within the first <branching>. The brackets in 1lines
5 and 7 surround one {phranch>: line 6. This line
says that if #%S/2/ (defined in line 3) has the valuve A, then
perform the assignament: %E/0/ becomes the concatenation cf
*he letter E with the resualt of evaluation of /FR/ on

*£/1/ (1.e., the remainder of the original expression after
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the first symbol is removed). The brackets in lines 9
and 11 surround the second <branch> 1in this <branching>,
line 10. Line 10 says: if *5/2/ (defined in 1line 3) is npot
the letter A, then compose the ocutput expressior as what-
ever the value of *S/2/ is, followed by th= result of apply-
inag /FA/ to the ra2mainder of the original expression
#2/1/. The + in line 8 separates the above two
<branching>s. The + in line 14 separates the two higher
level <branching>s with the brackets in lines 15 and 17 sur-
rounding the second wmain branch: line 16. This 1line
says: if the 1input to the function is the smpty expres-

sion, then the output 1s the emgty expressior.

3.4 THE GBRAPH OF STAIES AS AN ALGEBRAIC 2BJECT

The graph of states of the Refal machine is 1n fact an
allebraic representation sf a computer program, written in
an apstract form. The supercompiler operates by applying
various rules of reduction and driving (i.=2., the impressing
of a particular case of input to the program onto the “his-
toryY of computation reprasented by th2 graph) ¢to the
jcaph of states, thus performing optimizations to the
oriqinal proqgram. The elementary contractions and
ra2strictions presented earlier (see section 3.3) are the
basis for the alaebraic manipulation rulss. For a discus-

sion of the manipulation rules, see [1:100-102]7.



4. LISA - THE LANGUAGE FOR IMPLEMENTATION BY
STACK ASSIGNMENTS

The language LISA has been developed as a universal
prcqramming language into which a supercomplled graph cf
states may be easily transformed. LISAR allows description
of varjiables with arbitrary data types, and specifies for
each varliable the means of accessing and storinc it. R
LISA program consists essentially of a number of function
definitions, each of which corresponds to one function sub-
graph from the overall graph of states. No mention is made
in a LISA program as to how the program is to be imple-
m2nted -- the LISA program is assumed to be rmachine indepen-
dent, representing an abstract LISA machine. The fol-
lowing sections Jescribe th2 language itself, and the

pre<ent implementation of a LISA wachine in Pascal.

4.1 MARRINC CONCEPTS

It is useful at this point to describe more fully the
concepts cf mappinc. The remainder of this section is ex-

cerpted from [1:134-133]:

Thke most oeneral princirle of mapping o©f the
Refal machine on a target nachine {computer)
is: to each configuration of the Refal machine
there corresponds a control point in the prcgram
of the computer, and to each variable in the
gqraph of states of thz PRefal machine there cor-
responds a variable 1in the computer prcaram



together with an informatior field in the computer
memory and an access aethod to use this informa-

tion.

The 1linkace between the Pefal machine and
the computer is established by th2 concept of
mapped variable. If Vi is a variable, then the
mapped variable is

Vi in M

where M is a mappiny of this variable, il.e.
an object which encodes all directions neces-
sary to have access to the value of the variable.
Tne concrete form 2f M depends, of course,
on convention. Tha access method used must
ba encoded, and some specific 1information must
be provided, such as pumnerical Oor symbolic
word addresses etc, ¢ configuration, in
which all variables are mapped, will Le referred
to 5 a gapped conflayration. E.g., the mapped
configuration

Cé6 (s1 In B23) (e2 in A24, AZD)

may signify that when control in the coeomputer 1is
at the point corresponding to configuration C6
of the qraph cf states of the Refal machine, the
value of the variable sl is stored in word A23
(syrbolic address), and the value of e2 is
stored in the field baginning at A24 and ending at
A25.

To start turning a graph of states into a pro-
aram for a computer we aucst comehow map the in-
put configuration. In fact, the mapping of the
input configuration should be an intzgral part of
the exact formulation of the Jjob. To define the
final program unigquely, one must spacify not only
the input (initial) configuration, but also the
way the input data 1is stored 1in the computer.
The same is true for the output conficura-
tion: the program will vary dep2nding on the
output data we choosa.

£ compilation task must include a program P
in Refal, and two mapped conflaqurations: the
input configuration C1 and the output coanficura-



tion C2. We will 4o0in these twe cornfiocurations
into the /0 guasisantence:

Cl => 22
E.g., @ typical i/0 guasisentence might be:
K/L/ GROSS{CAT):; ADD(DOG) (ex in Rl1l, R2) => ey in

which means that the 1input string ex should be
taken from the field with the boundaries stored
in registers R1 and R2, while the boundaries of
the output sirirg should be stored in R1 and PR3...

cos Transformation of a Refal proaram (or a
graph of st2tes of the FPefal machine) into
a program for the target machine, 1i.2. the map-
ping process in the oceneral sense, includes pro-
cedures of twd types: rappina pnroper, which
refers to variables and conficurations, and
translation of arcs and other subgraphs of the
araph of states (when all of th2 variables
are mapped) into instructions for the target
machine. The main unit in the translation
process is a translation staiement. It concists
of two parts separated by a horizontal bar, the
top part beling an element of the araph of states,
and the bottom part being its computer equivalent
(translation). The final result of the wmapping
process, as well as intermediate resulte and
some prerequisites, are translation statements.

For a subgaraph with mapped input and output
confiqurations the translation cstatement is:

€i/0 guasisentence>

A N e e T e Y —

<corresponding computer program>

If we make a mapping simultaneously with the com-
pilation of the graph of states of the Refal
machine, the configurations of 1/0 quasisentences
will be expressed in terms o¢of the original ne-
fal program. If we first complle a oraph of
states and when this part of the job is fin-
ished proceed to map, then configurations in qua-
sisentences will appear 1in a standard notation
{normpal form). Translatior of external function
calls is also performed with the aid of corre-
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sponding translation statements. Suppose, e.g.,
that the target wmachine has an instruction for
additior which in the =zssembler language (serving
as the target language) 1s written in the form:

ADD, Al, a2 -> A3

(a three-addressed machine). Let us uce + as the
determiner of the external function performing
the operation lesignated as ADD, and let the for-
mat be

K + (N1) (N2) .

where N1 and N2 are the numbers to be added.
(We 1ignore the type of numbers they are and
their representation, although the user should of
course know this). The translation statement
which would allow us to use this external function
might be:

K + (el in A1) (e2 in BA2) => e3 in A3

aDD, 1, A2, -> A3

The essence of the mapping process is:
starting with the configurations already nmarpped,
move along the arcs and then map unyet mapped
configurations in such a way SO as to
avoid unnecessary moves of the information
in the computer. Contractions are translated

into conditional statements and definitions
of new varlales, whereas assignigents arz> trans-
lated into assiagnments. Pecompositions will be-

come procedure calls.

The full state of the Refal machine is not rep-
resented, generally, by a configuration, but by a
vertical segment, i.e., a composition of a number
of conflgurations (2 stack of function c¢alls).
The configurations (vertices, to be precise) of a
graph of states fall into noprecurreat, which o
not appear in the vertical segments generated by
them, and grecurrent, which Go appear there. Recur-
rent configurations, in turn, fall intoc static and
dynamic ones. A configuration is static if it ap-
pears only on the top of any of the vertical
seqments generated by it. Otherwise, it is dynam-
ics 35tatic r=current configurations correspond
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to iteration, and should be programmed as
nonrecursive proczadures. Dynamic confioura-
tions correspond to Yrecursion proper" and
must be programmed as recursive procedures.
ARnalyzing the gqraph of stetes, it 1is easy to
break down all active configurations into nonre-
current, static and iynamic.

The qraph of states is a sort of flow chart of
the future program, written in a special language.
This language 1is rather abstract and doesn't
specify some of the important featureas of the com-
puter progranm (the mapping of configurations),
so we have some freedom of action for program op-
timization., Mapping 1s essentially code genera-
tion, with a graph of states as the source pro-
gram. Methods and technigues of afficlent ccde
generation developed by different authors wusing
different source languages can and should be used
for mappinge.

4.2 IHE NEED FOR A DUNIVERSAL INTERMEDIATE LANGUAGE

Upon closer inspectiosn of trke aforementionz2d require-
ments for a successful mapping of a graph of states onto
Pascal, and with the additional realization that the Refal
zupercompiler is intended as a universal optimizing engine
for computer algorithms, one may conclude that certain
of the aspects of the mapping onto Pascal will be in common
with a mapping onto any other language. It 1= possible
to envisage a scheme whereby all the common features of
transfornmation of the grarh of states into a program in some
other lanquage are perforred in one phase (napping procp-
er) ., and the actual production of ¢ode in the target

lanauaqe is saved for a second phase. This second phase
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couli be performed by 23 simple Refal provoram which oper-
ates by applying a set of production rules (the translation
statements describe? in the preceeding section) to the map-
pa2d program, in orcer to generate code in the toarget

lanaguage.,

Thus we arrive at the need for an intermediate lan-
qguage, which contains all the infeormation necessary to
map a graph of states program onto a tary2t language, in-
cluding the mapping of each variable and function call
onto the proper stack 1locatlons of the target machine. Such
a lanquage has been developed, and has been laplemented as
part of this project. Th2 language is called L[ISA, for Lan-
guage for Implementation by Stack Assignments. It is
sirilar in some ways to the graph of states itself, but
contains only mapped variables, and some special LISA com-
mands which could be called compller directives. The
syntax of LISA is described in detall in section 4.3, and

the corresponding semantics in section 4.5.

With the establishment of the need fcr LISA, the
scheme for mapping from a graph of states to a tar-
get machine can bz foraalized as taking two steps. They
are: 1) transforcation of the graph of states into a
LI5A program; 2) transformatior of the LIS3 programr into a

working target 1language program. RBoth of these func-
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tions have been implemented with the data types allowed be-
ing jJust those which exist in Refal programs,
i.2., doubly-linkad lists and symbols. In addition, basic
work has been begun on expanding the present lmplementation
t> other data types, and for allowing auvtomatic data typing

(see section U,6.6).

The first step, transformation of th=2 graph of states
tnto LISH, includes: 1) transformation of the gragh
into a sequential notation; 2) analysis of data typing re-
quirements; and, 3 any optimizations to the original
graph. The result, a LISR program, is ready for the sec-
ond step: translation 1into the target languaaqe. This
second step is performed by a simple table-driven cnde gen-
eration scheme, and greatly simplifies the problemns of
code qgeneration. The LISA prcgram is produced in a sim-
ple tree structure which may be easily analyzed by a short
Refal program containing the translations for each
LISA statement. Tha retargetting of th= second, o° LISA
coxpilation phase, 1is simple to accomplish by hand. In
fact, the LISA format makes it quite simple to adjust the
tode generated to particular programminc problems, by
recognizing the LISA statements produced, and writing more
efficient translation statements. Once a mapping for Pascal
is cre~ted and tested, the mapping ontc another language,

say an assembler language, would simply entail the transla-
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tion by hand of the translation statements into trans-
lation statements for assembler language. This process
would have to be performed just once, after which map-
pings for both languages would exist. Qf course, all the
backgrournd functions of the operating environment would
also have to be translated into the new language, but again,
this task would need to be performed just once. The pro-
caess of program 4evelopment may then be seen as taking
three steps: 1) definition of the problem; 2) supercompila-
tion; and, 3) adjustment of data types and code transla-
tions, either automatically, as a de®ault, or with human

intervention, for fine tuning.

4.3 BNF DEFINITION QF LISA

The following is an extended Backus-Naur Fora description
of LISA. The extensions to BNF used are sguare brackets,
whicn incdicate an optional entity, ani braces, which
indicate repetition zero or more times of the entity en-
closed. Notice that the stucture is quite similar to
that of a graph of states ac produced hy the Refal super-
compiler. The notable dJdifference is that each branch
point is preceded by a label, and that 3ll variables are
mapped.

{LISA-progqram> ::= {program-ccmment> <{end-labeld

({internal-label-1list>) ({(<function-13-1ist>)
{starting-function-definition> {Kfunction-definition>}



<end-label> ::= (label>
{internal-label-list> ::= L <labeld> {(<label’}
{function-id-1list> ::= C <function-id> (<function-id>}
<function-id> ::= <function-named> |

{function-nase> (<external-function-name?>)
{external-function-name> ::= <string>

{starting-function-definition> ::= <function-definition>
{function-definition> ::= <iritial-conment> <function-name>
t( <treed )

{program-comment> ::= ( <string> )
<initial-conment> ::= ( <string> )
{function-name> ::= {label>

<{label> ::= <macrodiaoit>
<macrodigit> :31= / <3igit-string> /

{tree> ::= {c-segment> <walk-end> | <c-segment> <branching> |
<branching> | <walk-end>

<branching> ::= :{ (<{branch>) <label> + (<brarch>)
[ <label> ¢ (<branch>) 1)

<hranch?> ::= <discriminating-contraction> <{tree>
<discriminating-contracticn> ::= <contraction> | <empty>

{c-segment> ::s {contraction> {(<contraction>}
{contraction> ::= ( <{mapped-variabled> =
{ <pattern-expression>) )

{walk=-end> ::= {{garbage-collection-directived)
{{assignment>} <assigneent> {<intzrpreter-directived}

<assignhment> ::= ( (<expression?>) = <{magrped-variable> )
{compiler-directive> ::= <{garbage-collection-directived> |
<interpreter-directive> | (? <{expression> )

<garbage=-collection-iirective> ::= (2007} |
(?0UTAV (offset>)) | (?RV(Koffsetd))

{interpreter-directived> t:= (?POP) § (?Y¥YF (Kmacrodigitd>}) |
(2BP (<macrodigit>))} | (?X{<labeld)) | (2INCSTEP) |
(?F (<function-named)) | (?L{(<macrodigitd>))

<symbol> ::= <object slgn> | <compound symbol>
Ccompound symba1> ::= /<object strinagd/
Cexpression> ::= {empty> | <expression><term>
{ampty> ::=

Ctarm> ::= <syabol> | (<expressiond)

<mapp2d-variatled> :1:=
=M { <data-type> <{status> <role> <offsatd )



<data-type> ::= <{term>
¢status> ::= A | G 1 P | RIT
<role> :3= + | -

Coffset> ::= <macrodigitd>

In the above BNF definition, some of the entities are

left either undefined, or are not completely
d=2fined. <{string>, <object-string>, <digit-string>,
etc. are defined as usual. <data-tyge> 15 purposely

1l2ft undefined so that the language has the atility to
accept various specifications of data types of variables.
0Of courcse, in order to implement various other data
types, it will be necessary to create the arpropriate
background functions for a new operating snvironment in the
target language. However, ia I1ISA the odperatinc environ-
ment of the target progra®» is invisible. The present imple-
mehtation accepts just data types E ani S, corresponé-
ina to the expressions and symbols in interpreted
Refal. (The term “interpreted RefalY refers to the cur-
rant fnplementation of Refal, where an expression
is reoresented as a doubly-linked list, ani a symbol is one
element of such a 1list). The entity <{pattern-expression> is
left undefined for brevity. In fact, this entlty corre-
sponds to the right side of a contraction found in a graph
of states, with the restriction that all variables
are mapped. Thus, the set of
<pattern-expression>®s s a restricted set (see section
3.3).
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.4 EXAMPLE OF A LI34 RROGRAM

Before giving a2 formal description of the serantics of
LISA, it is worthwhile to see a sample prograa in the lan-
quage, in order to give the reader a sense of whrat is be-
ina presented. A short Refal program was presented as fig-
ure 1. The corresponding graph of states, as produced by
the Refal supercompller, was presented as figure 3, in chap-
ter 2.2. The proaram represented in these figures will be

referred to throughout this chapter.

Figure 4 1s the LI3A translation of the prograr. In or-
der to make the structure of the program more clear, blanks
have beer added freely, and the structure brackets sur-
rounding each assignment have been rTeplaced by sguare
brackets. The original LISA program, of course, consists of
one string of obiject symbols. Bdditiomally, each walk seg-
ment which 1is too 1large to fit on one line has been
folded over onto a number of lines, with all lines after the

first one indented.
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(=% MAPGOS1 VERSION OF 10 APR 1983.)
/1/
(L/7C/7/37/747)
(C/1//2//5/ (PRIOUT) /6/ (CARD) )
¢ 7J0B/ = CONFIGURATION NUMEER 1 ™)
717 (
(20UTY{ (*(/6/))=%M(EA+/8/) ][ (*M (SA+/u/)) =M (EA-/3/) ]
[ (*(/2/7 (M (EA=-/3/))))=%M(ER+/2/) ]
[ (XM (E8+/2/)) =32M(EA-/1/) ]
[ (*(/5/ (*M(E8-/1/))))}=%M(ER+/0/}) )
(?3P (/3/7)) (AP (/5/)) (IPOP)

WUt EWN

)

{* /C2/ = CONFIGURATION NUMEER 2 *)
727: ¢

(
(M (ET=/1/) = (*M (SP=-/U4/)*M (CP-/3/)))
3

(
(*M(SP-/8/)=(R)) (IRV(3)) (?2CUT)

B P S D e g
OWEO -0 & Wk =

21 [ (*M(ER-/3/))=%M(ER-/1/) ]

22 [ (/27 (¥ {FR=/17))) ) ="M (FR+/0/) ]
23 [ (B%M (SR+/0/))=%M(EA+/0/) ]

24 (23P(/1/)) (2XP(/2/)) (?POP)

25 )

25 737+

27 (

2% (7RV(8)) (?3V (3)) (?70UT)

29 ( (*M(EA-/3/))=%M(EA-/17) ]

30 [ (*({/2/ (*M{ER~/1/))))}=*M(ER+/0/) ]
31 [ (=M (SR=/7U4/)2M(S"+/0/)) ="M (FA+/0/) )
32 (P3P (/1/7)) (TXP(/2/)) (?POP)

33 )

3y )

35 )

25 J4/+

37 (

38 (M (ET-/1/)=(0)) (?0UT)[ () =*M (ER+/0/) ]J(?POP)
33 )

%) )

Figure 4: Sample LISA projram
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4.5 SEMANTICS OF LISA

The definition of an algorithric lanquage implles the ex-
istence of an abstract machine which accepts a program in
that 1lanquage and executes {t. The LISA machine can be
described in terms onf the objects it operates on, the
allowed elementary operations, the method of determination
of the order of operations, and the environment in

which the machine operates.

The basic object on which a LISA machine operates 1is a
Gata type. Tach variable in a LISP projram ls mapped, so
that its data type is fixed. A data type, in the last
analysis, correspands to a fleld 1in tha computer's
m2aory, specifying only partially the types of operations
that may be performed on a particular varlable. Fach
mapped variable has its own data type indicatcer. This
indicator may be wused in the code generation phase to
determine the encoding of the variable in the information
field in the computer. The remaining indicators of a
variahle's mapping determine the methcd 9f access and the

1o>cation of the particular varialbkle.

The assignment of a data type to a variable i3 performed
by the first phase of the mnappina schene. At pres-
ent, the only implemented data types are those correspond-

in3 to the data types Of interpreted Refal., These are
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data type S, which 1implies elther one obiect symbol
(character) or a macrodligit (Refal implementation
of a non-negative integer), and data type £, which refers to
a2n expression (3doubly-linked list <tructure), in which ob-
jacts of type S may exist. It is important to remember
h=re that in Refal, parentheses (called giructure trackets).,
are not only linked within an expression with the usual
forward and backward links, but also paired parentheses are
iisked tc each other. This 1i= the =z=2thcd by which the

tree structure of any Refal expression may be analyzed.

The mapping scheme leaves room for cther data types Ly
specifying that the data type indicator of a variable map-
ping is simply somz2 term. An algebra of data tyre deriva-
tin is beinqg develaped, anl is discussed further in section

4,646,

Data type £ is the most general data type. It is the de-
fault 4~ta type for any variable which can not be re-
duced to a more restricted format. Data type S is again
a general type, although 23llowinag just one element. In in-
terpre*ed Refal, all 2lements cof typue S are ‘treated in
the same way, but in a LISA program the handling may be dif-
fsarent for macrodigits, characters, special symbols,

etc.
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In & LISA progqram there are two basic cperations
allowed: contraction and assignment. A contraction repre-
sents a condition test followed by definitions of new
variables (if the condition test succeeds), or by a branch
to another point 1in the program (if it fails). An as-
sl onment 1s Just what the name implies: assignment
of a value to a varlable, as the result of a completed com-

putation.

The general format for a LISA contraction is:

(V=(L))

and the general format for an assiqgnment 1s:

((E} =V}

where all the V's are mapped, and L and E consist of expres-

sions in which any variables appearing are mapped.

LISA implies a method of execution of a program. The
body of a LISA crogram consists of a nuamber of func-
tion Jefiritions. A function definition 1is written with a
tree structure, using Refal structure Lrackets to delin-
it the different branchese. Each internal branching
p2int in the tree i3 laballed, »nd recognition of the appro-
priate branching destination is easy to implement in the

R2fal program which generates target language code.



Tach function definition describes a process to be per-
formed, which consists of a number of paths or walks
thrcugh the definition. Every walk starts at the same
point in the +tree structure, and begins with a number of
contractions. A branching (or splitting of execution flow
into a number of walks) occurs after every contraction. At
the end of each walk, there is a chain of assignments
(or walk=-end), which describes the formatting of the re-
sult of the computation performed by the function. A
particular walk-end is reached only upon successfcvl comple-
tion of a unique set of the contractions in the becginning of
the function definition. A walk-end may contain a num-
ber of nested and/or parallel function calls, indi-
cating further processing of the output of the current

function.

LISA is a puraly functional precgramming language.
That \is, a program consists of an initial function call
for the LISA machin2 to evaluate (this represents the task
t> be performed by the program), and the Jefinition of
a number of functions. WYhen the LISA machine is startsd up,
the initial function call i3 placed on an coperating stack,
and any input data is 1loaded into the agppropriate
locations in the information field of the real com-
pater. Then control 1is passeda to a gtagk interrzeter, 2

szction of the LISA machine which executes the stacked



function calls one by oSne. Each function 1is responsible
for inserting any oatput in the proper location in the 1in-
formation field of the computer, and for adding any
additional function calls to the operating stack. The
called function then passes contrcl back to the stack in-
terpreter, which determines from the cperating stack which
function is to be called next. Finally, when the operatina
stack is cleared of all function calls, the LISA machine

completes execution.

The environment in whizh a LISA program executes consists
of twe fields within a real computar. The program
field contains the LISA program, along with the control (op-
erating) stack, the stack of variables, and the stack
interpreter. The information field contains the values
bsund to the variables in the program field. See flgure

5. bEIOHQ

Propram Information

Fleld Field

Computer

Figqure S: LISA machine environment
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The LISA machine implies the existenc2 of two separate
stacks in its operating environment. The first is the c¢op-
trol stack, which contains function calls. fach function
call consists of two parts: one ldentifies the function to
be executed, and the other gilves the number of argume=nts
for that function call. The sa2cond stack in the LISA envi-
ronment is the gtack of variables. cach level in the stack
of variables corresponds to one mappeld variable 1in the
LISA program. Such a variable is implemanted as a pointer

(or set of pointers) to a location or region in the

information field of the real computer.

Fiqure 6 details the structure of the two stacks in the
LISA environment. Notic=2 that each of the stacks has
a pointer 1indicating a curreat level. The polinter in the
control stack indicates the current function being executed.
The pointer in the stack of varlatles points to the
basis o5f the current function, 1.e., the location of the
variable rerresenting the output of th2 function. all
other variables used by the function, whether input vari-
ables, or variables da=fined by the function itself, are
reaferred to by offsets from the pointer in the stack of

variaples.



Control

Stack of
Variahles Stack
Func. len.
level -
o | ~ ..,__§ 1] 2
-) 4 1
-—...______j.’.;’/’ LBl
16§ 2
M
Informatioq‘Field
\-—-—‘

Figurzs 6:

In figure 6,
of pointers to sections of the informatisn

computer. In %tha current

Current
Rasis

tions are doubly-linked

implemented,

the stack

Current level ~

Stack structure in the LISA environment

level

0

ra

the stack of variables consists of a number

field of the
implementation, these sSec-
lists. When cther data types are

of variables

will consist of

p2inters to other structur=s within the information fieléd of

the comnputer.

In the figure,

for function number 16.

*he current hasis

of varlables),

is at level 3

Its length is 2.

{pointed to by the polinter

in the stack

*he current function call is

Correspondinoly,

of

in the stack

variables.,

Tais can be found by the sum of the lengtns of all function

calls further up in th2 control stack,

i.e.,

2+ 1 =

3.



Pooping of the stacks (upon completion cf a function
call) is accomplished by £first moving the control
stack polrnter up onr2 level, and then movina the rpointer in
the stack of variables up by the length of the (now) current

function.

The initial function call of the LISA program is placed
on the control stack before execution begins. As new
fancticn c¢alls are generatel, the control stack pointer is
always set to the 1lowest function call on the stack,
and control is passed to the stack interpreter. WHhen the
pointer in the contraol stack points to the highest level in

the stack, execution is completed.

A function definition in LISR consists of a la-
belled tree structure, contalning contractions and assign-
ments defining the walks through the tree. The branch
d2stinations within the tree are exactly the .labels of
=ach branching poirt. When the condition test of one
contraction fails, a branch is taken to the next walk at the
same level in the tree structure. If no more branches
exist at the same level, the function falls, and ex-
ecation is halted. This state corresponds t> the “recog-
nition impossible™ state 5f the Fefal machine. Thus, the
tree structure of a function definition etermines the or-

der of execution within the function, and the contractions
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and assignments determine what operations are to be execut-

el.

The ternm YLISA statement" refers to contractiones, assign-
ments, and LISA compiler directives collectively. These are
the statements that are translated into target lan-
aquaqe code using the translation statements described
earlier. The tree structure of a function Jdefinition in
LISA is not a statement proper, but is used in the genera-
tion of target code simply ¢to determine branching desti-

nations, along with the labels at each branch point.

The environment in which @& LISA machine operates
haszs been described briefly in this section. A further
discussion of the current implementation o¢f the operat-
ing environment may be found in chapter 5.4.1l. Sections
B.5.1 ard 4.%.2, Dbdelnw, describe the objects on which 2
LISA program operates, and sections 4.5.3, 4.5.4, and 4.5.5,

descrlibe the operations performecd by a LISA proarar.

4.5.1 Mapped VYariables

A mapred variable in a LISA progqram 1is a string which
speciflies a data type, means of access, and location
of a variable. The encoding used in LISA is aeneral to the
extent that any name may be oilven to the data type

(within the syntactic constraints described above), but of
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course the meaning of any new data type must be built into

the resulting target code.

The ancoding of a LISA mapped variable is given by:

*M (<data type> <status> <{role> <offsetd)

In Refal, the above expression will be treated as one
ob ject, referring to o927 pappec variable., As an example,
we might have the mapped variable #M{CA+/1/), which refers
to> a variable of type £ at 1location 1 in the stack of vari-

ables, which is the output of scwme function call.

The four indicators in a variable mapoing can be seen
as four ‘“dimensions whicn are orthogonzil™,. Fach 1is
needed to fully datermine what the fata of the specific
variable is to Dbe, Tha following is a detziled de-

scription of the indicators in a variable mapping.

4.5.1.1 Data Type

The data type indicator of a mapped variable has al-
ready been described brlefly. Yt remzins to show how
this indicator may be used for +the extension 5f LISA into

various cdata types other taan types E and S of Fefal.

L2t us suppose that the mappinag program determines that a

certain variable may best be represented as an array of
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characters, as oppos2d to the more general doutly-linked
1ist structure of an E type variable. We may assign the
data type (AC) to m=an an array of characters, and data type
C to mean a single character. Input wvariables then may
have the forms: 4 ((AC)I'~-/1/) and %N {(CP-/2/), for example,

and we may have a contraction of the form:

( ™M((AOYT-/1/) = ( *M(CP-/2/) *M((AC)P-/3/) ) )

The ameaning of this contraction is: take the array of
ch2racters at locatisn 1, and split off tha first char-
acter. Assign the value of ¢this charact2ar to the variable
at location 2, and the remainder of the oric¢inal ar-
ray to the variable at location 3. The 'T*' in the orginal
variable means that the variable is total (i.e., in its
original uncontractad form), and the 'P'" in the two vari-
ables on the right signifies that they are partisl. The

'-* in all three sp2cifies that each is an input variable.

8.5.1.2 Status

The =status indicator of a mapped varilable describes
either the origin of the variable {(for values 2, R, and T,
described below), or whether or not the wvalue in the in-
formation field of the computer may te changed in

any way (values 1A and G, below). Values P and T occur
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only in contractions, and values A, G, and R occur only in
assignments. The values of the status indicator are deafined
as:

* } an Actual variable. This 4implies that the
gsection of the information field pointed to by this
variable may be changed 1in any way regJulred. The
inverse statu< 1= that of a chost.

s G a Ghost variable. This 1indicates that the
value in the information field pointed to by this
variable may not be changed in any way. Thus, if a
ghost variable appears 1in the left side 5f an assion-
ment, the value of the varlable must be copied, in-
stead of being 1linkad to the surrounding expression.
A more detailsd discussion of ghost variables may be
found in sectiosn H.6.3.

o P a Partial vartiable. This wvalue applies only
to the {input variables tfournd in contractions, and in-
dicates that the variable is the partial result
of a contraction (i.e., the varlable is Adefined within
the walk in scme contraction). The inverse status is
T, total. This 2/T differentiation is useful
in the optimization which deletes the definition of
local variables wnich are not used in a function's out-
put. See section 4.6.4 for a further discussion.
Only variables wlth status P 2re elijible for this op-

timization.
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e R a Replacement variable. Such & wvariable cor-
responds to the tamporary variable needed when
exchanging the values of two variables. Replacement
variables are always assigned thelr values in the be-
ginning of a walk-enid, and are always used later Iin
the same walk-and. For example, we may have the as-

signment:

( (*M(EA-/3/)) = #=H(ER-/7/) )

This assignment saves the value of the 7 type variable
at location 3 in a variable of corrasponding type at
location 7. The variable at location 7 will be used
somewhere later (further to the right) in the walk-
end, for exampie, 3as ¥M{EA-/7/). The reascn for the
replacement is that somewhere between the above assign-
ment and the use of what was originally variable 3, an
assignament appears with the varlable on the right be-

ing at location 3, e.7.,

( (--o) = *H(olo/al) )

where ... Indicates an arbltrary expression. In order
to prevent the overlaying of the still not used vari-
able at location 3 with some computed value, it is

saved at location 7.
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» T a Total variable. This value applies only ¢to
input variablass found 1in the contractions in the
beginning of a walk, and Indicates that the variable
is still in 1its  uncontractcd state, ani is an argu-

ment of the current function call.

4.5.1.3 Role

The role indicator of a mapped variable relates the usage
of the variable to the right-for-left-side sutbstituticn
which is the main operational unit of the Rafal machine.
There are two allowable values for this indicator:
LER a reference varlable, corresponding tc a left
side variable in a Refal santence, and *+', a place-holder
variable, corresponding to a function call occurring in

the right side of a Refal sentence.

Reference variables are exactly what their name
implies: references to specific wvalues in the informa-
tion field of the computer. Thlis implies that the values al-
ready exists, and may be used {reely. A reference vari-
able which appears in the left side of an assignmert will be
used according to the remainder of its mapping {i.c.,
data type, status, anl location). A referance variabie
in the right side of an assignment signifies sirply that
the wvariable is to take as 1its value the expression in

the left side of th2 asslgnment.
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In the current implementation, reference variables always
refer to two locations in the information field of the con-
puter. This 1is because the bacic data type is the doubly-
linked list structure of interpreted HRefal. The two loca-
tions are the end points of a Refal expression. Each
variable in the stack of variables 1is a header record which
points to the two ends »of the doubly~linked list. An
enpty expression is indicated by having the forward
pointer point back to the header. A variable of type
S is tndicated by having both pointers point to the same
element of a doubly-linked list (il.e., a symbol is treated

as a list with one2 element).

The place-holder variables represent the results of
corwputations which have not yet been completed. When such
a variable appears in the left side of an assignment, it
means to save a place for composition of tha result
of a function c2ll within the surrounding expression.

For example, in the assignment

( (R B *M(ER+/16/) C) = *M(CA-/3/) )

the expression on the left is composed of the letters B
and 2 followed by a place-holdex and the letter C. The
r2=ult 135 to be givan to the variable at location 3. This
place-holder variable will be wused to set a pointer at

stack location 1l to the proper place in the 2xpression ¢n



the left. Location 16 refers to the bhasis of some function
call on the stack of variables, The basis is the first lo-
cation in the stack of variabler used by & function call,
and always points to such a place-holder. Thue, earlier

in the walk-end we will find some assignment

{ (eee) = *M(EA"/].G/) )

where ... in this case will be some function call.
The place-holder variasle in the right side of the assign-
ment means that 1location 16 is the basls of another func-
tion call to be added to the stacks {(operating and vari-
able). When the value of this function call is
c>mputed, it 1is substitut=2d for the place-holder in the as-

signment for the variable at stack location 3, above.

4.5.1.4 Of fset

Offset as used 1in the last indicator of a variable map-
pina refers to the location of a variable. Zhe term
is derived from the current implementation: all variables
exist in the stack of variables, and are 1located by
an offset from a pointer in that stack. This stack of vari-
ables pointer 1s always set to the basis of the current
function by the stack 1interpreter. Thus, the mapped
variable *M(SP=/3/) may be found &Ly looking at the stack
location 3 places away fram the basis (and the stack point-

er).



In other implementatinns, or with other cata types, this
indicator may be used to 3ive actual names to variables if
necessarye. All that is needed 1is to set scme naming
canvention, such as: all variables of type integer are to
be named °*In', where n is sore positive integer, 1like
I34723. Then, the code generation program simply appends
the character T to the offset to arrive at the vari-

atle's nanme.

e 5.2 Labels

Labels in the PMAIN program (PMAIN is the name of the
LISA wmachine ipplemented in Pascal) perform two tasks.
First, each function 1s given a label, whizth corTesponds to
its number in the graph of states, and which is used
by the stack interpreter to call each function by simply
transferring control to that 1label. Second, branch ad-
dresses within a function are also given Pascal labels, and
sarve to control the proper execution of thz ° condition
tests within the function. In addition, & label is given
to the final *SND.' in the PMAIN program, and a PMAIN proce-
dure called PIFHALT is Jeclared, whizh simply trans-
fers control to this final statement when execution by
the stack interpreter |is completed. The 1label chosen

for the HALT functlon d20ends on the number of labels used



previously by the translation prugram and is indicated in

the LISA program by the entity <end-labeld.

3ecause 92f the syntax of Pascal, it is necessary to
gznerate 2a list of the 1labels. For example, in the pro-
gram from which the previous examples were taken, we have a

declaratlon:

LAREL 0,3,4,1,2,5,6,7;

Some of the labels declared stand for functicn names,
and some stand for internal branch points within those
functions. Finally, once we have the list of all function

labels, we can produce the stack interpreter:

0: BEGIN (% STACK IMTERPRETER %)
PIFINCSTCZP;
CASE FUNT OF
1: GOTO 1;
2: GOTO 2;
S: 5: BESIM PRFPROUT; PIFPOP END;
6: 6: BEGIN PRFCARFD; PIFPOP END;
7: PIFHALT
EMD
END (= BLOCK 0 =)

QWO E WM

=

In this stack interpreter, we have a CASE statement which
chcoses amonqg ¢the labels 1, 2, 5, 6, and 7 as func-
tions. Label 0 is always the label of the stack interpret-
er, and in this case 1label 7 1is used to conmplete exe-

cution of PMAIl. Mote on 1ine 2 the procedure statement



PIFINCSTCP. This procedure Iincrements the step counter,
and Lf the program is in debugging mode, invokes the debug-
ging functions. Labels © and 6 are special cases
whicn represent tha calling of external functions corre-

sponding to Refal system functions /PROUT/ and /CAFRD/.

4.5.3 Contractiong

A contraction in LISA siagnifies a condition test
and the Zefinition of 1local varlables if the test suc-
ceeds. If the test fails, a branch is taken. Trhe variable
in the left part of a LISA contraction is the one the test
is to be performed on, and the expression on the
riaght defines the new variables to be given valuves if the

test succeeds.

The set of contractiosns allcwed corresponds to the
elementary contractions found in a graph of states. The
r2ader should refer to section 3.3 for the definition of
the elenentary contractions. LISA contractions are iden-
tical, e»cept that each variable in the contracticn is map-
p2d, and the variables in the right part never have the
same > fset as the one in the 1leit (this is 5o that the
partial variables may be 3ccessed without denying access to

the oriqinal variable),

Suppoce we have the following LISER contraction:



(EM(ET-/1/7)= (*4(SP-/4/)*M (EE-/3/)))

This contraction wmay have been the result, for example,
of the mapping of the following graph of states contraction
onto LISA:

(e ->se2)
1 21

The meaning of the LISA contraction is: take the vari-
able whcse stack offset is 1, whose data type is [C (ex-
oression in the Refal sense}, and whose status is T (total,
that !s, the variable is in 1ts oriaeinal input form and
has not been contracted), and see if 1t begins with a sym-
bol. If it does, then assign the value of that symbol
“5 the partial (P) variable at stack location 4 (whose type
is S5 =-- symbol), and assign the value of the contracted
expression to the partial variable at stack offset 3. Thes:
1ocal assignments are not assianments in the truve sense.
Qather, they mean siaply to set the pointers at stack
offsets 3 and 4 to the appropriate parts of the criginal
value in the coaruter's information field pointed to
by the variable at offsat 1. The pointers in variable 1
still point to the original value in the information
field. If the test is not met, then a transfer of execu-
tion coantroal will be indicated. The transfer destina-
tion will Dbe deternined by the context of the tree

structure in the current function.
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Now, the translation of the LISA statement can be
male by application of a translation statement. The gen-

eral format for a translation statement is:

<LISA statement>

Corresponiing Pascal code

The actual translation statement in the code generation
program, of coursa2, consists of a Refal pattern on
the left, which Jdetermines which LISA statement must
be translated, an3 a replacement expression on the
right, which yenerates tha2 Pascal code. The translation of

the above LISA statment, for example, will be:

(# (ET-1 -> SP-u FEP-3) FLSE GOTO f1 #)
TA1 := XS (AP+1.)3
IF TA12.FJLL2.PTAS <> SYM THEN GDOTC 43
WITH XS(.XP+4.)3 DO BEGIN
FOLL := TA12.FOLL;
PREC := FOLL END;
WITH X5 («XP+3.)3 DO BEGIN
IF TA12.FOLL?.FOLL = TAR1 THEN FCLL := XS (.XP+3.)
ELSE BEGIN FOLL := TR19.FOLL?.FOLL;
PREC := TA13.PREZIC END END;

OOV~ WM

-

Line 1 in the translation is simply a comment, used 1in
debugging the code g2neration prograg itself. It pro-
vides a method for tracing which LISA statemant produced
what Pascal code. Line 2 sets the value o0f variable
TAl (Temporary A8ddress 1) to the address of the header of
the expression at stack offset 1. Each =xpression type

variable is stored in PHAID {the Pascal ervironment



for executing the translated pregram) asc a dou-
bly-linked ring, with the stack of variables entry being
the header for the ring. Thus, the FOLL field of the
expression header, TA12.FOLL, points to the first PIZCE
{(>r element) in the expression. Line 3 than tests to see if
thi< element is in fact a symbol. If not, a branch is tak-
en, in this case to label 4 in the PMAIN programe. Lines
4 through 10 perform the temporary assignments 1if
the c¢ondition is true. Lines 4 through 5 assigrn the value
of the first symbol to the header at offset 4, Line 8
checks to see whether the remainder of the vriqinal ex-
pression, el, is empty. If so, then the contracted expres-
sion 1is set to enpty, in 1line 8. Dtherwise, 1lines 9
and 1C set the expression heaier at stasck offset 3 to the
ends of the contracted expression. This can be used later

in the walk, if necassarye.

.5.4 fissignpents

An example of a graoh of states assignment, its LZISR
equivalent, and 1ts Pascal translation are given below.

Lat's say we nave the assijgnment:

{ (%M (EA-/1/7)) = *M(ZA+/0/7) )

This acssignment may have been tho resnlt of translation

into LISA of the following jraph of states assianment, or
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it may have been genarated internally by the translation
program when expanding the assionment chain in some walk-
end.
(e <- e)
1 c

We can see in the LISA statement that the assignment is
to be made to the variable at stack offset 0, which repre-
sants the output of a particular conficuration. This
variable's role i35 3enoted by 2 +, which d=notes output, angd
its tyne is £, for expression. Ihe 2xpression to be
assigned to this wvariable is simply another expression,
and it is actuval (A), not a ghost. That means that we can
take the expression in its entirety for the replacement of
the function c¢all by 1its valuz. Since the variable
#M (ER+/0/) represents the value ¢of a function call, the
assignment simply means to replace th2 function call's
place-holder with 1its value. R PMAIN procedure exists
which carries out this function, and its name is PIFREPT
{(z11 PMAIM function and procedure names begin with 2 three
lztter prefix, in this case PIF stands for PMAIN Internal
Function). The translatiosn of this LISA statement then is:

1 (¢ (FA-1 Z- Er+0) =)
2 PIFESPT(0,1):
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Line 1 in the translation is again a comment, and line 2
is the Pascal proc2dure statement which causes replacement

of the function call by its va.ue.

4.5.5 Compiler Directjives

In addition to the LISA statements which correspond
to the contractions and assignments 1in the original
araph of states, statements are added which pertain to the
control of execution of the LITA program itself. These
campiler directjives fall into two categoriss. They are gaz-
bage c¢collectjion directives, and interpreter directives. The
garbage collection directives tell the executior environ-
m2nt when the value in the information field pointed to by
a particular variable may be marked for return to the free
memory of the computer, and wher a particular value is to
be saved for further computation. The interpreter di-
ractives indicate to the stack interpreter 1in what way
to update the various stack pointers, and, depending on
the implementation, may be used to bypass the stack in-
terpreter entirely. A final spacification for a LISA compi-
lar directive, (?<expression>), is left undefina=d, s0 that
future inmplementations may expand the set of directives,
while continuing to use a standardized format. all di-
ractives then c¢an be recognized as being one term, where
the first =ymbol inzide the enclosing structura brackets is

a question mark.



8.5.5.1 Garbage Collection Directives

The most general garbage collection directive is
(?20UT) . It indicates to the LISA compiler that all of the
input variables may be released and added to the free
memory of the computer. 0Of course, in most cases, some of
the input wvariables to a function call will be used in
sYpe manner in the sutput, either totally or partially. For
this reason, the directive (7RV<offset>)) may be used to
Peserve a Variable before (?0UT7) 1is specified. For ex-
aaple, suppose we have the following walk 1in z
function definition:

(*M(ET-/1/) = (%M(SP-/3/)%*M(EP-/2/))
( (%M (SA=/3/) ) =4M (ER+/0/)

The first contraction defines variables at offsets 2 and 3. The
ellipsis indicates sther contractions and assignments in the walk.
Finally, an assignment appears which makes use of the variable at
offset 3. Let us assume that the remainder of the original {input
variable at offset 1 is5 not used anywhere in the assignment chain.
Then the variable at offset 3 must be saved for composition into
the output of the function, while the rerainder may be returneld tc
the free memory of the computer. FRememher that data types 7 and §
in the current implementation are treated as doukly-linked 1list
structurer. Then th2 variable at offset 3 simrly points to one
element of the list pointed to by the input variable at offset 1.
By adding two garbajge collection directives, the element pointed
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to by variable 3 is removed from the surrounding 1list structure
(the exgpression pointed to by variable 1), and the remalining list
is "sewn up", so that it may be returned to the free memory list.

The regulred directives are:
(ZRV(/3/7)) (?20UT)

The first removes variable 3 from the surroundinc expres-
sion and relinks the axpression remainings the sscond
returns all input variables to the free memory list (in this

case, only variable 1).

The condition chain (the part of a walk which con-
tains only contractions) of a walk defines the par-
tial wvariables in a tree-like structur=. For example,
suppose we have the walk:

(*M(ET~/1/) = (#M(SP=/3/) *M(TE~/27)))
(%M (EP=/27) = (#M(5P-/S/) ™M (EP-/4/)))

LR N

( (=M (ER-/2/) %M (5G-/5/))=4M (CA+/0/)}

The garbage collection scheme in the mapping program will

*hen produce the two directives:
(?EV (/727)) (?0UT)

Motice that no Jirective 1s included for variable 5,
and that variable 5 is mapged as a g¢host 1n the as-

signment. This is because variable 5 was defined as part



of a larqger expression which 1s also used in the
output (variable 2). The wuse of a diractive (?RV(/5/))
would have simply removed a part of th2 expression
pointed toc by varlable 2. Since variablz 2 is used in its
entirety, any use of variable 5 1in the output must be made
by copying. This is specified by status G in the mapping of

variable 5 in the assignnent.

The last garbage collection directive,
(?7UTAV (<nff<et>)), is used in the case where an input vari-
able iz used in its entirety in the output. In this case it
is not enough to simply “reserve¥ the partial variables
used and then release all the renainders s5f th2 input vari-
ables. The garbage collection scheme recogniczes this
condition, and instead of adding one (?20UT) statement
t> the wzlk-end, adds one (70UTAV(n)) statement for each

input wvariable which is not used in its entirety.

#.5.542 Interpreter Directives

Interpreter directives are used in LISA to 1indicate up-
datinaga of the stack pointers, poppina of the operating and
variable stacks, and if 3i2sired, the bypassing of the stack
interpreter entirely. The first set of inter~
preter directives includes (?BP (<macrodigit>)) and

(2XP(<macrodinit>)). The names of these 31irsctives are de-
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rived from the names of the PMAII variables which represent
the Slock Poiater (pointer in the control stack), ard eX-
pression Pointer (pointer in the stack of variabhles,
which in this implementation is =2 stack of expressions in
the Refal sense). The directive (2BP{(/3/)) then, tells the
LISA compiler to insert the appropriate PMAIN commands
for adding 3 to the pointer in the control stack, while
(2XP(/8/)) indicates that the pointer in the stack of vari-

ables should be incremented by 8.

These directives appear only 2t the very end of a walk in
a LISA programe. The walk 1is translated statement by
statement from left to right, so that the ¢offsets of vari-
ables in the walk are always referred to the current values
of the stack pointers. Once a walk is successfully complet-

el, the stack pointars may be updated.

It 15 interesting to note that the valu=2 of the nracrodi-
git in a (?BP(m)) command will always be onhe more
than the number of function calls to be added to the control
stuck by the particular walk-end, and that the macrodi-
ait in the (?XP(n)} command will always be one more than the
cumulative block 12ngths (the nunber of stack locations
used for input, plus one for the output}) of all the func-
tion calls to be stacked. This 1is so that the next

interpreter comwarl will cause the stack Interpreter to



properly reset the stack pointers for the next function
call. The next directive is (?7POP), which simply pops both
stacks anéd beqins the next function call, by tranfer-

ring control to the stack interpreter.

Typically, then, a walk will end with a seguence like:

((s0e)=M(EA+/D/))
(?BP (/27)) (ZXP(/5/)}) (?POP)
If a walk is entirely passive, that 1s, it does not 1in-
clude any function calls, then the walk will end

with only the (?POP) comasand; the next function to be called

15 deteramined by th2 staczk interpreter.

Two more interpreter directives are included in the cur-
rant set. They are (?X(<1label?)), and (?IRCSTEP}. The
first is the equivalent of a GOTO statement, and it is in-
tanded for use in the situation where a walk in a function
definition is found t> be 1iterative, 1instead of recur-
sive. In this case it would be unnecessary to change the
values of the stack pointers, and only necessary to re-
tuin to the beginning >f the function definition for the
next iteration. The label in the (?2X(n)) statement then
would be the label designating the functicn. The
{(?X {<1label>»)) directive may also be wused in the opti-

mization which bypasses the stack interpreter (see sec-
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tion 4.6.5). The second directive, (?INCSTEP) is included
so that in the above instance, if so desired, the features
of PMAIN function INCSTEP, which increwments the step count-
er, and may also bz us=231 for debugging aids on a step-by-
step basis, may be called without invoking the stack inter-

preter.

In order to implement the stack interpreter bypassing op-
timization it is necessary to add directives which set the
carrent function name and length in the control
stack. These directives are: (?F (<function-name>)), and

(7L (<macrodiqgitd>)).

4.6 QPTIMIZATIONS THRQUGH MARRING

A number of optimizations to the program represented by a
agraph of states have been identified. Some of these have
been implemente2d, and some are still in the development
stage. The following sections describe those optimiza-

tions which have been identified so far.

4.6.1  Stack of Varjables Optimization

The first optimization of a araph ¢of states through map-
ping occurs in the implementation of the “inforamation field"
of the abstract LISA rachine as a stack of variables.

This field represents the contents of the computer's memory.
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In a Refal machine, this is called the view field,
and is set up as ong doubly-linked list structure. In the
LISE machine, each variable c¢n the stack regresents a

structure, in this implezentation, a doubly-~linked list.

In the process of supercompllation, the pattern expres-
sion in the left side »of cach Refal sentence 1is broken
up into a series of condition tests (contractions and re-
strictions). The result s that a function call in the

supercomgpiled program app=ars with the feormat:

% (<confiag-number> <arg-11ist>)

where <{config=-number> is the identifier of the func-
tion (or configuration of the Refal machire}, and

<{arqg-1ist> is a Refal list of expressions, defined by:

{arg-list> ::= <{enmnpty> | (<expressiond>) <arg-list>

If a functinn call #ith such a format were to be trans-
lated back into Refal, then, the Refal system would
simply palr up the parentheses surroundingy each expression
(the actual value to be passed to a particular formal pa-
rameter of the function call), and treat the entire 1ist
of expressions as one expression. Fer example, the fol-
lowing Refal function 1is a translation of one function

Cefinition in A graph of states tack into Refal:
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8 (E1) (S2) (E3) (&) (S22S) = (E1)S52E3
{£1) (S2) (E3) (£8) (56%%) = K/CB/(El) (52) (E3) (E456) (ES) .
(E1) (S2) (E3) (E4) ((EB)ES) = K/CB/(E1l) (52) (E3) (EU(Es8)) (ES) .
(E1) (52) (E3) (E8) () = X/C7/(Eu) (E1) (S2E3).

Notice that the left side of each senta2nce conslsts of 5
sets of palred parentheses, each pair containing some pat-
tern expression. The parentheses serve only to separate
oneg expression froms the next. The Refal mwachine, upon
encountering a call for function 8, must go throush the
process of recognition for each palr of parentheses,
even though they are not actually part of the input to the
function proper. 3y implenenting the 1L.i54 machine as one
with an information field which consists of a stack of
variables, the reczcognition process to be performed on
the formatting parentheses can be celeted. This
means that each palr of parentheses Jelimits the value

t> be given to one varlable in the stack at thz time of in-

vacation of the function.

When a LISA program is coapiled then, the formatting
parentheses are compiled out. Each LISA functior call as-
sumes that the proper number of stack locations have
ba2en previously filled by some other furction calls. Thus,
the recognition process for the first sentence in the pre-
c2ding example would c¢onsist of only two contractions:
one which determines 1f the Sth variable starts with a

symbol, and a second which checks to s2e if the value of
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that symbocl and the value of variable 2 (alss a symbol)
are the same. If both contractions succeed, the replace-
ment indicated by the right side (walk-eni in the LISA pro-

gram) is executed.

4.6.2 Iteration in plagce of Recursjion

The mapping from the araph of states to LISP may be
used to determine whether a function 1s recursive or it-
erative. In the case of an iterative function, the LISA
program could be tailor=d so that the code generated from
it, in the target lanquage, nakes use of the iterative prop-
erties of the function, and prevents recursive func-
tion call=e Thic would greatly relduce the overhead for exe-

cation of the function in guestion.
Suppose we have the following function in FRefal:

FA *A* EX = 'B8Y K/FA/ EX.
SY EX = 5Y K/FA/ EX.

This function simply scans the argqument, which 1s assumed tc
consist only of symbols, and replaces every 'A' with a 'B*. Of
course, the way the functlon is written, execution is recursive.
Iteration cannot be roepresented in the graph of states as such,
bat the translation into LIS3: can change the function definition
t> an iterative one. The above functiocon, after supercompilation,

and translatisan back into Refal, may appear as:
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C2 ('A‘El) = °'B*K/C2/(El).
(S2E1) = S2K/C2/ (El).
0 =

The corre<ponding translation Iinto LISA may
in figure 7, below,

1 /2/:((
2
3 (%M (ET-/1/) = ("M (SP-/U4/} %M (EP~/3/)))
4 : {
5 (
5 (=M (SP-/0/)=(A)) (TRV{3)) (?20UT)
7 { (*"M(EA~-/3/))=¢M(EA-/1/) ]
8 [ (*(/2/ (%M (EB~=/17)))) ="M (ER+/C/) ]
9 [ (BxM (EQ+/0/)) =%*M({ER+/0/) )
10 (?BP{/1/)) (?XP(/2/)) (?PCP)
11 )
12 /3/+
13 (
14 (ZRV (3)) (2]V (3)) (7CUT)
15 { (*"M(EA=-/3/))=%M(EA-/1/} ]
15 C(x(/72/ (*M(EAR-/1/)) )} =M (ER+/0/) ]
17 [ (SM(SR=/8/)%=H(Fr+/0/))=2M (TL+/0/))
13 (?BP(/1/)) (2XP(/2/)) (?POP)
13 )
23 )
21 )
22 /874
23 (
24 (M (ET=/1/)=()) (?O0UT)[ () =*M (ER+/C/) J(?PCP)
25 ¥
23 )

Figure 7: Recursive function in LISA

be as

The iterative gquality of each walk mray be Jdeterminesd by

the fact that each one contains at most one active as-
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sianment, and that assignment is always a call for function
2, the one being studiasd. In this case, recognition is sinm-
ple, since each walk deals only with Ybreaking off" one
syrbol on the 1left, or determining if no symbols are left
(2mpty expression). We might modify the LISA program
by deleting the active function calls in the first two
waaks, deleting the interpreter directives in both, and add-
ina the appropriate LISA G070 statements at the end of each

walk, as in fiqure 8, belaw,

; 72/ (
(

3 (®M (ET-/1/) = (*M (SP-/4/)*M (EP~-/3/)})
4 |

5 (

5 (=M (SP-/4/)=(R)) (ZRV(3)) (70UT)

7 { (*M(ZR-/3/))=%M(ER-/1/) ]

9 [ (B*M (ER+/0/))=%¥ (EA+/0/) ]

9 (?INCSTER) (27X (/27))

19 )

11 /3/+
12 {

13 (?RV (3)) (2RV (3)) (?20U%)

14 [ (%M (EA-/3/)) =%V (EA-/1/) ]

15 [ (5V (SA-/8/)*M(FRA+/0/))=%M(ER+/0/) ]
15 {?INCSTEP) (?X {/2/))

17 )

13 )

13 )

29 U7+

21 (

22 (®M(CT=/1/)Y =) (TOLUT)[ () ==X (A+/0/) 1(?PCP})
23 )

213 )

Figure 8: Iterative functiorn in LISA
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This optimization has been implemented, and in a short
proaram shows significant execution speedug. See chapter

7.2 for further discussion.

4.6.3 Bctual/Chost cptisizatjon

A variable in LISA is a set of pointers to an area
within the information field of the computer., The cdistlinc-
tion between actual and ghost variables 1is this: an ac-
tual variable points to some part of the information field
which may be modifiz2d, while a ghost variable points to some
part of the information field which may not be modi-
fled. This distinction is useful when it 1s required to
perforn some nondestructive test on the value in
the information fie2ld; with a ghost variable this mwnay be
done without copying the value (that i=, the value of the

actual variable).

Filgure 9 shows two variables, one at offset 1, whose
status 1is A, and ona at offset 17, whose status is
G. The variable at offset 1 may be used for ccmposition
into some other expression, vhile the one at offcet
17 may only be usel for testing. Tf it is regured to com-
pr>se the varlable at offset 17 into some expression, then

the value must be copiad.

Consider the following Refal program:
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Information Field

Value

Current Pasgis

Figure 9: Actual/Ghost mapping

i FO EX = K/fl/ EX K/F2/ EX..
2 F1 =1 F = K/F3/ Zl.

3 E1 T =

4 ¢ AEA=T

5 S2 BA = K/F2/ EA.

6 = F

7 F3I ES = e0e

In l1ine 1, the result of concretization of function /F0/
is seen to produce a copying of its argument, EX. How-
ever, 1investigation of functiones /F1/ and /F2/ reveals that
no matter what fanction /F2/ does, it always throws away
its arquuoent, which in this case is the same argument which
is neeiled by /Fl/. Let the argument ¢to /F2/ be a ghost
variable, pointing to the same expression that /Fl/ has
% part of itz 1lnput. Then /F2/ can make all the con-
dition tests necessary without modifying the oriqinal value

in the informatjion field.
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In the current implementation, the only use of ghost
variables is when copying of a value is necassery. How-
ever, the means exist for implementation of thls optimiza-

tion.

4.6.4 Deletion of local variable definition

A contraction in LISA represents a condition test
followed by Adefinition of locel variables. In many
cases, the only part resquired will ba the condition
tast, In these cas2s, the definition of the 1local

variables 1s superfluous, and may be leleted.

In orcder to determine the need for definition of a local
variable, it i necessary to trace the subtree of a
fanction definition following each contraction, deter-
mining whether each 1local variable is used in the output.
If not, the contraction in which the 1local variable is
dafined may be marked appropriately, for example by creating
a new status YXv, It should be noted that ornly vari-
ables whose original status is P are eligible for this op-
timization, since they are the ones define? locally. Vari-
ables with status T are the forral parameters to & function
call, and as such 2re already deflnec, upon entry to a func-

tion.



4.6.5 Bypassing the stack interpreter

In the first implementation of LISA, all walks end with a
call to the stack interpreter. If a walk ends with no ac-
tive assignments (i.e., function calls), then it is neces-
sary to do this. Howaver, 1if there are a number of stacked
function calls at the end of & walk, the first imple-
mentation sets both stack pointars tc¢ one more than the
number of locations added to the stacks, and then oops
bath stacks, and calls the stack interpreter. This is the
simplest form of complilation of a LIsa program, and
produces considerable ovzrhead. it 1is gute simple 1in-
stead to set the pointer in the stack of variables to the
lowest new basis, and the pointer in the contiol stack to
the lowest new function call, and then to "GUTIOY the func-
tion indicat=d, bypassing the popping step. This optimiza-
tion 1is easy to perform after the LISRE prcgranm is alr=ady
prepared. The result of this optimization can be seen in

the chapter on conclusions, chapter 7.2.

4.6.6 Varlable data types

A5 mentioned previously, the current implemantation al-
lows only two data types, E and S, However, it is pos-
sihle to define new Jata types whiclhh ar2 not as general,

which may be assigned to certain variables if tne
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proper conditions are nmet. If a Ggifferent Jdata type
is assigned to a variable, of course, it will be necessary
t> create the background functions which deal with the
new data type, and the translation statements for produc-
ing the target 1language code from the LISA statments

dealing with variables of the new type.

The derivation o2f data types may be performed in the
first mapping nhase. At that point, a “state-list" of
input and cutput variables existcs. This state 1list is
simply a l1list of formats for each function, showina the num-
ber and general (i.2., type E or §) typ2 of each vari-
able in a call to the function, along with the general type
of the output. Sy applying algebraic rules to the state
list and to each variable in the as-yet urmappeé¢ graph of
states, it is possible to determine whether a soecific data
type is allowable for each variable, or whether the most

general T and S5 typ2s are necessaly.

The derivation of a variable's data type may be perforned

in the following manner:

1. Ccllection of requirementes, This is a cetermina-
tion of what oparations are performed on each vari-
ables in the uanmapp=21 graph of states. A list of the
raquirements of these operations is stcecred for each

variable appearing in the graph of states.
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2. Deduction of the least general data type al-
lowed for each variabile, using the reguirements
collected in 1) above, along with the data types of
the program's input and output (which is part of the
input data to the mapping process). This is per-
formed by comparing the reguirements for each
variable against a list of allowed data types, in
order of Iincreasing generality. The cccurrence

of one regulirement for tyre [ for a specific vari-

able, for example, overrides any less general data

type specification.

The scheme for Jderivation of data types described above
has been implementel faor the two =imple data types character
and string. A test of a simple Refal program which allows
the assignment of these jata types to the program's vari-

ables iz described in chapter 8.

S. TRANSLATION OF GRAPH OF STATES INTO LISA

5.1 QVERVIEN QF THE YARPING PROCESS

Pnase one of the mapplng schere, the tranclatior of the
araph of states into a LISH proqQram, demands
that a number of transformations be carried out on the

araph of states. Tnis section gives a short Jdescripg-
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tion of these requirements. More detailed dlscussions of

these processes may be found in sections 5.2 throuch 5.4.

5.1.1 Modifications to Siate List

The Refal Supercompliler at rresent gives two sets cf
output data, They are the graph of states of a progranm,
and what is called a state 1list. The state 1list is essen-
tially a 1list of function call formats with their formal
parameters, for each function call in the super-
compiled proqram. It i3 used irn the mapplng process in or-

der to determine data types, actual/ghost status, etc.

The state list as recelved from the supercompiler con-
talns some essentlal informatior, and some which is not
nz2eded for mapping. It can thus be modifi2d to contain Jjust
what is needed, and to add some information which will be
used by the mapplng process itself, such as for example,
the number of arguments 1In a specific function call,

whether or not th=2 function call has been mapped yet, etc.

S.1.2 Labelling and Sxpansion of Graph of States

The graph of states must be trancform=2 in some way into
a format which 1lends its21lf more readily to the structura
of a conventional prograaming language. For example,

branch points in a graph >f states are not 1labelled; most
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conventional 1languages requlre labels of some sort. In
ajdition, the graph of states is written in an encoded for-
mat, in order to save memory space during supercompi-
latiosn. For purposes Of translation into LISA, and then
further translation ints a target language, it is conven-
i2nt to use an expanded format, which specifi=2s each meta-
co>de A variable in its entirety. The labellirg and ex-

pansion processes work in parallel.

5.1.3 Benupbering of Input Variables

Variable indices are redefined in contractions in a jraph
of states. For example, we may find a contraction:

(2 =-> s 2 )
1 21

If el is wused in the left side of an assignment in the
<{walk> in which 1t appears, it refers to the contracted
value nf el, not the original. For this reasor, it be-
comes nhecessary to renumber the graph of states, 50 that
each contracted value can be accessed when performing
the replacement (or aggignment of output values) of the left

side of the walk with the right side.
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Se.1.4 Decomposition of Jutput Assianment

The qraph of states as produced by the supercompiler con-
tains Jjust one assignment at the end of each walk. This
assionment may contain active elements (i.e. function
cails), or may simply regulre decomposition into a number of
assignments which represent the passing of arguments to
higher 1level function calls. The decomposition process
vields a chain of assignzents, without neacessary rte-
gard for mapping each active assignmment's forral param-
eters onto the stack of variables. The active assign-
nents will be replacei again ia the expansion process (see
section 5.1.5, below), and will finally Tecelvz their stack
mappings when the variable 1inlices are replaced by stack

of fsats (cee =section 5.1.6, beiow).

5.1.5 Expansion of Active Assiganments

Once the single oatput assignment has bazen expanded
into an assignment chain, each active assiocnment in
the chain must be replaced witl 2 number of passlive
assignments and compiler directives. The passive assign-
mants represent the passing of actual parameters creat-
ed during the operation of a cornfiguration to tie appropri-
at2 stack locations for each particular function ca2ll

soecified as an active assignment. The compiler directives
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are LISA statements which stack the function (or configu-
ration) 1labels on the pperating stack nf the target pro-
aqram, and tell the target program how many stack loca-
tions to reserve for each function. Rdditional compi-
l2r directives are added before each assignment chain to
indicate which dynamic variables can be returned to the

system.

5.1.6 Replacewent of Varlable Indices by Stack Qffsets

Tach variable in the original graph <¢f states has an in-
dex which identifies it wuniquely within the configura-
tion 1in which it appears. After the above-mentioned
renumbering process, each variable still has a uvnique 1in-
dex, although it may differ from its oriaginal value. In
order to place each variable 2at a specific location in the
stack of variables of the executing target program,
the indices must be replaced with stack offsets. These
of fset= must be chosen in such a manner that each variable
has a unigue location, and so that when the replacament

or assignment process accurs, no variables are lost.

5.1.7 Actual/Chost gmaeping

A variable may appear aore than oncs in the output chain

of assignments. It may also afpear as ah aryument to a
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function call which impliess that the variable may not be ac-
tually needed untlil after the function call, or maybe not at
all, depending on the result of the function call. Ffor this
reason, the concept of Ghost variables has been developed.
This concept has the potential for great cptimlzation of
mapped programs. See section 4.6.3 for an example of actu-

al/ahost mappinge.

5.1.8 The Garbage Collection Scheame

A3 the value of =2ach variable in a LISA program 1is
used, a determination must be made as to whether that value
will be needed further or not. If not, the value
(Ll.es, %the area in the computer's information fileld point-
ed to by the variable) may be returned to the free
m2mory list of the computer for reuse. A number of compller
cirectives have been Jdeveloped for this end (see section

4.5¢5.1)

5.2 LABELLING Of IHE GRARH QF SIAIES

The first task of the mapping program is to insert labels
*ato the definition of e2acn function, at each branching
point. This in itself is a straightforward process,
and can be viewed as the initial transformation of the pure-

ly functional format qgraph of states 1into a sequential
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format, The labels make the (modified) graph sequential in
that each branching operation within the 3raph has a named
(i.e., 1labelled) 3Jestination, and so each instruction or

statement in the graph may be executed in sequence.

Each function in the graph of states is given a nane,
which 1is also 2 label. A problem arises when Jeal-
ing with external functions. It 1is therefore the task cf
the labelling routine tO assian labels for sach external
function used by the program, and to insert the arpropriate
instructions into the 1list of function names so that
each external function will be recognized s such when the

LISA program is compiled into the target language.

S.3 THE EIRST MAPPING PHASE - /MAPL/

After the initial 1labelling and reforaatting pro-
cesses are completed, we are ready to begin the mapping
proper, The first phase consists of one left to vight scan
of the «qraph of each function, with a nunber of tasks
being performed. Function /MAP1/ acts as the main control
function for this first phase, and ca2lls a number of spe-
clalized functions as each clement of the graph iz encoun-
tared., The necessary arguments for /MRPl/ are: 1) the
configureation (i.e., function) number; 2) the nmaximum stack

lenath of tris Ffunction (which mnay be mqodified in the
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course of this first phase); 3) the input block length of
the function (i.e., the number of arguments to the func-
tion, bplus one more stack location for the poirter to the
output destination}; #4) the state list; 5 a stack of
variable renumberings; and finally the graph of this func-
tion itself. The function /MRPl/ makes a depth-first scan
of the graph, using the multibrackat technigue de-

tailed in [1:31-377].

The stack of variable renumberings is wupdated wupon en-
countering each contraction in the grapgh, and in addition,
each time a branch point 1is entered or exitted. Upon entry
t> a branch point, a new level 1s added to this stack. A
izvel is signified by an egqual sign, 3 macrodiqit rep-
r2senting the next available index number, and a pair of
structure brackets. fach time a contraction is encoun-
rarei, the renumbecings of the variables are added after the
egual siaqn and n2xt available index number for this lev-
el as a triple: § I N, where I is the original index of the
variable in the araph >f states, and 1 i the rnew inja=x.
The new indices are givan out sequentially, starting with
the next avalillable index after the number of input
variables. At the same time, the contraction itself is
re2numbered, and a coly 9f the contraction is add2d to the
list of contractions at this level, in th2 pair of struc-

ture brackets at the end of this stack level. This list
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of current contractions will be used later, when /MAPLl/
rzaches the walk-end, Iin order to perform conglomeration
(see function /CON/, in section 5.3.2.2). Finally, when a
branch is completed by /MAP1/, the next branch 1is entered
after ‘'rpoppina' the stack of renumberings. That is, the
last level 1s removed, in order to allow for the
different contractions needed to reach the next branch in

the qgraphe.

Suppose that the 1initial part of a araph of states of a
function witk -ne inou* variahle looks 1like this:
s (
(¥E/1/= (%S/2/%E/1/)) (*E/1/=(*§13/T§{1/))
Then, initially, the stack of renumberings wruld 1ook
like: (=727Q)}) . The macrodigit /2/ signifies that 2 is
the next index avallable for renumberinrg. Upon encounter-
ing the first branch point (the second right bracket
in the first line), a n2w stack level 1is added, thus:
(=72/0=/270)) . Notice that intially the next avatlable
index is the same as that of the last level. Next, the
firset contraction s encountered. It is renumbered
thus: (R0/1/=(*5/3/%E/2/)) . Notice that *E/1/ in the letft
part 1is not renuabered at thics point, because 1t rep-~
resents a total input variable. !lowever, %*E/1/ in the right

part of thz contraction is renumbered, since it regresents a
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contracted or pariial input variable. The stack of renum-

bzrings is updated thus:

( =/8/%/72772/872//737 ( (FE/L/=(%S5/73/%S/2/)) Y =/2/() )

Fach equal sign at the highest structure level in
the stack represents one level within th2 araph, and each
nupber sign gives one ranumbering. Upon encountering
the second contraction, additiocnal renumberings will
b2 ¥ided to “he highest lavel. At trnis point however,
*2/1/ 1in the l2ft part of the second contraction js
ranunbesred, before tne ranumbevirng of #*>E/1/ in the rioht
part is performed, since this entry of *T/1/ repre-
sants the already contracted value producsd by the first
contraction. Therefore, the <cecond ccntraction is renum-
bered thus: (xC/2/=(#5/5/*E/4/)), and the stack of renum-
berings is updated to:

{ =/6/8/1//74/7%/3//75/%/1//72/4/72//37
(#E/1/= (%S /3/%2/72/)) (¥E/2/=(%3/5/%Z/4/)) ) =/2/()
lotice that now there are twgo renuonbering=s in the current
stack level for index /i/. 3Since the Refal csystem always
matches patterns by scanning from left to richt, the left-
mast renurbering will subsequently be chosen, It is not
necessary to remove the earlier renunbering, and its

reaoval would just necessitate an additional scar of the
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stack bhefore proceeding to the next step., Therefora,

the previous renumtering is left in the stack and ignored.

The actual renumbering of the contractions 1s per-
formed by €function /NXOP/, for Number and eXpand OPera-
tions. The expansion process is necessary because
the superccempiler produces cortracticns in an abbreviated
code. Each contraction then 1is expanded by /KXOP/ into
the metacode A format 3Jiven above, and is renumbered. Re-
stricticns, the other ¥ind of condition, have alresady
been removed by tne 1labelling process before entry to

/MAP1/.

Yintice that as each naw level is passed In the graph of
states, a new stack level is added on the left >f the stack.
This is so that upon exitting from that graph level,
the 1last stack level aay be *popped* simply by removing
everything in the stack before the second equal sign. The
number signs are necessary for each renumbering, in order
to ensure the choice of the correct index as thez intial one,

and the correct one as th2 new Onc.

Upon reaching the first assignment in a walk,
/MAPl/ passes control to function /WEP1/, which is the main
contrel function for tha first of two passes over the
walk-end beginning with this first assignment. /HE21/

performs the following tasks: 1) renumbering of all in-

!
e
[#2]
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put variahles appearing in the left sides of the assign-
ments in the walk-end, acc2rding to the renumberings ac-
canulated by /MAEPl/ (performed by function /NXA/, see sec-
tion 5.3.2.1); 2) congloreration of input variables in out-
put expressions, perforned by functien /CCN/; 3)
decomposition of the single assignment produced by the
supercompiler into a seri2s of 31a¢k assianments: 4) calling
of the second walk-end processing function, namely,

/A7P2/

Function /WEP2/ takes the walk-end after processing by
/9EP1/ and performs the following tasks: 1) creates
temporary S*ack variables when "t i= necessary to prevent
erasure of a variable by overlaving during execution of the
r2sulting program (performed by function /TMP/); 2) updates
the maximum stack lengqth of this funztion; 3) vTeturns

to /MAP1l/ for processing of th2 next walk.

5.3.1 Nypbering and £xpansion of Operations - /NXOP/

The numbering and expansion of condltions (i.z., contrac-
tions), as mentioned above, is performed by function /NXDP/.
This function is a straightforward selection process,
wvhich simply selects the proper contraction type from a 1ist
of encodings (corresponding to the codes produced by the

sapercompiler), and produces the metacode A representa-
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tion of the contraction, after renumbering the vari-
zbles. Function /NX0P/ determines whether or not the
variable in the left side of the contraction must be ren-
unbered, and then passes the contractiosn to an auxiliary
function which renumbers the right side of the cortraction.
The only noteworthy part of this process is the way
type S contractions (e.g., (*5/1/=(%*S/4/)) ) are handled.
Since in this type of contraction, elither thz variable on
the left, the variable on the right, or both, may be
input wvariables, two checks must be mad2 for what must be

renunbered, instead of just one.

It should be noted that after renumbering by /NXOP/, the
variablecs in each contraction ave }jpdexed, that is, the
variable numbers are still not stack offsets. 0f course
the 1inlices corresponding to total input variables will
eventually get offsets identical to their indices, but all
partial variables will ultimately get offsets which may
be different, devending on the final value of the maximum
stack length for this configuration. Thus the irput vari-
ables are still pot yet mapped, but only renumbered to re-
flect their partial nature. The final mapping of each
input variable occurs during processing by function

/MAP2/ (zee cection 5.4).
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S.3.2 First pass over ihe walk-end - /WEP1/

The first pass over the walk-end performs a number
of tasks. Remember that at this point, =ach walk-end
consists of just one assignment, 2s create? by the supercon-
pller prrogram. The purpose of this first pass then con-
sists of:

e Renumbering of input variables appearing in the left
side of the single output assignment, to corre-
spornd with the renumberingc created in this walk by
functions /MAPl/ and /NXOP/. This 1is performed by
function /NXA/ (see section 5.3.2.1, below).

e Conglomeration of partial input expresxsions into
their original total expressions, where possible.
Thic i5 performed by function /CTON/ (see section
5«3.2.2, below for a mor~ detailed explanatlon of this
process) .,

e Decomposition of the sirgle assignment received
from the supercompiler program (as medified by
the above mentioned functions) into a chain of output
assignments, where tne 1ticht side 2f each is a fully
mapped variable giving a2 real stack c¢ffset (variable
location). See section 5.3.2.3, below.

= Passing of the resualt to the furction perfcrming tne
second pass o2ver the now-expanded walk-=2nd, namely

function /WEP2/ (see section S5.3.3, helow).
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Se3.2.1 Renumbering of variables in the walk-end - /NXA/

The first task performed by the first walk-end processing
function is the renumbering of the input variables appearing
in the single assiqgnment cre~ted by the supercompi-
ler. This process is performed before expansion of
the assignment into a stack assignment chain simply
for the sake of efficiency. This process is carried out by
function /NX%/. The actuwal arquments for /NXA/ are the
stack of renumberings created in /MAPl/ and the walk-end it-
self., The remainder of the gragh of this function is
saved outside the range of concretization of this function
when /WEP1/ is called, and is restored in the proper multi-
bracket format upon completion of /NXA/ by an auxiliary

function called /NXAF/.

Tunction /NXRAR/ perfaormas 23 simple 1=ft-to-right scan
of the expression in the left rart of the single assign-
ma2nt, vsing the multihracket technigue to search all
levels of this expression, and replaces all occurrences of
renumbered variable indices with the new indices.
Thase indices are simply taken f{rom the renumberings
in the stack of variable renumberings created by /MAP1/.
For example, suppose that part of the stack of variable

ranunberings incladed the following seyuence:

( =/6/8/1L/7/4/%/3/775/%/17/72/%/72//737

(PE/1/=(%S/3/%E72/)) (*E/2/=(XS/S/*E/4/)) ) =/2/() )
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and alsc suppose that the single output assignment is:
( (%S/72/7%S/3/%E/1/R3C*(/6/(*L/1/) (%5/72/))) ==E/0/ )

This assignment means: the output of this walk should be
composed of variable #%5/2/ concatenated with variable
*$/73/., concatenated with variable =*E/1/, concatenated
with the string °*ABC!', and finally concatenated with the
rasult of evaluation of function {(configuration) & on
copies of *E/1/ and *§5/2/ as 1its arguments. Function /NXa/
scans left-to-right through the expression in the left
part of the assignment, and each time 1t finds a variable,
checks to see if a renumbering exists for that variable.
For examgle, upon encountering *E/1/, /NXA/ recognizes
that the last renumbering of this variable is $/1//4/.
Thus, *F/Y/ will be raplaced by =*F/4/. Continuing in

this fashion, we arrive at the renumbered assignment:
{ (%=S/3/%S/5/%22/8/R3C%(/6/ (FE/4/) (*5/3/))) =%E/0/ )

Note that there may not be a renumbering for a particular
variable in the stack of renumberings. This 1imrlies that
the variabtie is a total input variatle which was not con-
tracted at all in the walk beino processe?, In such a
caze, the variable is left alione. lso note that *E/0/ in
the right side of the assignment is 1left alone, as this

variable always reoresents the output of one walk.



Upon c¢ompletion of this renumbering scan, control is
pissed to functi~n /CO%/, described below in section
Se3.2.2. At this point, the walk-end still consists of one
assiqgnment, but all the wvariables 1in the 1left part of
that assignment have been renumbeied to correspond with the
renumberings in the condition chain 1leading to this

wilk-end.

Se3a2.2 Conglomeratiosn - /CON/

At this point, it is possible to search the single as-
=ignment for subexpr2ssions which corresoond to the right
sides of contractions in the condition chain leading
to the walk-end. If such subexpressions are found, they
can be replaced by the original uncontracted varlable in
the left side of the contraction in which they were creat-
el. This is the reason that each level in the stack of
ranumberings also includes a list of contractions found at
that level, This task of copnalomeration is performed by
searching the left side of the output assignaent for oc-
carrences of the riqght side of each contraction in the
condition chain preceding the walk-end. When a match is
found, replaceaent of the subexpressinon by the varlable
from the left side of the contraction is rerformed.
Contractions are back-substituted in this manner in the

raverse order from which they cccurred in the condition
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chain, in order to ensure that all possible conglcmerations

are performed.

For examcple, in the example of the previous sec-
tion, the subexpression #$/5/%E/4/ occurred in the single
output assignment. By searching the (renumbered) contrac-
tions stored in the stack of variable renumberings,
wa £ind the contraction (®E/2/=(%S/S/%*E/4/)).
Y= can then replace the subexpression *S/5/%E/4/ with

the variable =*E/2/, so that the asslanment becomes:

( (=S/3/%E/2/R3Cx(/6/ (*E/U/) (%£/3/))) =%E/Q0/ )

Notice that now, we find the subexpressiocon %§/3/%E/2/
in the assiqgnment. This corresponds to the right side of
the contraction (®E/1/=(%S/3/%LC/2/)). Thus, w2 can now re-
place this subexpression with *t/1/, to resuylt in the as-

sianment:

( (*F/1/3ABCE (/67 (X5/8/) (*5/3/))) ==E/D/7 )

It 1is important to understand the sionificance
of the conglomeration procesc, 'y replacirg subex-
pressions by their antecedents, the ccmplexity of the out-
put assignment is reduced. However, there 1is also at
this point another meaning. tach contraction in the con~
dition chain represents a condition test followed by

the creation of local or pagrtial variables. If after con-
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glomeraticn, the partial variables do not appear in the
resulting expression, it is possible to conclude that only
the condition test part of the contraction is necessary. It
may then be possitle to perform an optimization in the
co>de generation phase which recognizes this situation, angd

daletes the creation of the specific local variables.

Function /COY/ makas use of the rerumbered contractions
saved 1in the stack of renumberings. For each walk-
end entcred, the renumbered contractions will be
dl fferent, represanting a different concition chain fol-
lowed to arrive at that walk-end. Before /CON/ can
parform the conglomeration process, then, an auxiliary
function /CONC/ sc2ns th2 current stack of renumberings and

extracts the appropriate contractions for this walk-end.

Yhen function /TON/ is finished with the walk-end, it
passes the result to function /DE/, the main decomposi-
tion function for the walk-end. Just before this, function
/27M/ maps the variable in the right part cf the single
assignaent, since it is already known that thls variable
is =E/0/, representing the oputput of the walk-end. The
variable is mapped as =M (ZA+/3/), which 1in the current

mapping schere is always the output of a walk.



5:3.:2.3 Decomposition - /DE/

The next step in the first pass over the walk-
end is the decomposition of the single assianment as
produced by the 3upercompiler into a chain of assignments
with mapped variables on the right side. FEach mapped vari-
able in this step will ra2present one stack location, and the
indices of each mapped varlable will correspond to this
stack location. The exprassion in the left side ¢of the as-
signment is assumel to have already passed the renum-
bering and conglomeration processes. Function /DE/ is
the formatting function for decomposition, which in
turn passes control to function /DEX/, itz auxiliary.
/IZX/ always looks at the rightmost assignmert &n the
developing assignment chain, and determines whether or not
it is necessary to decompose it in any way. If not,
the assignment is considared completed up to this roint, =2nd
is saved with any previosusly completed assignments, in
their original order. If it {is necsssary to decom-
pose the assignment, control is passed temporarily to one of
two auxiliary functions, /PLH/ and /FP/. Uron completion
of the processing by either /PLE/ or /FP/, control is rec-
turned to /DEX/, f>5r th= next assignment. When tha as-
sianment chain is complet=2d, it is passed to function /WEP2/
for a second pass, and than, finally, control 1s returned

to /vMAP1l/.
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Of course, upon initial entry to /DE/ and /DEX/, the
assignment chain consists of Jjust one assignment. If
this assignment requires no decomposition, control
is passed to /WEP2/., DOJtherwise, the singlza assignment
is decomposed, foraing the beginnings of an assignment
chain. The result of 3ecomposition of that first assignment

is then stored, and the newly c¢reated assignments are

checked again by /DZX/. Processing by /DEX/ continues
untiy gll assignments have teen d2composed ap-
propriately.

Reaember that the single assignment as receive¢ by /DE/
and /DEX/ already has a mapped variable on the right.
/DE/ then determines «hether the single assignment 1is gom-
pasite or not. The term composite is used in this context
t> mean an assignaent in which the expression on the
12ft consists of more than one term (i.e., a coaplex expres-
cion in which more than one variable, symbol, or active
element appears). If the assianment is composite, then,
function /PLH/ is callel, to replace active elements
with place-holders, and to create new acssignments
rapresenting the expr2ssisnzs these place-holders replace,
Control is then passed to /DEX/ fcr the remainder of the as-
sianment chain. If the assianment is not composite, meaning
it consists of exactly one furnction c¢3ll, centrol is

passed to function /FP/, which assigns stack locations and
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mappings for the formal parameters in the function call,
and creates new assignments which relate the actual to the
formal pcrameters. Control is then passed to /DEX/ for the

ra2mainder of the acssignment chain.

Once the “initialization“ described above 1is performed
by /D=/, functicn /JEX/ operates on any assignments re-
maining which have been created previously. /DEX/ recogniz-
e5 a number of condlitions, and responds accordingly. These
conditions represent classes of assignments, and they are:

1. Simple assiagnments which contain just one variable

in the left side. These are of the form
( (*TI) =%*M(DSRO}), where T is the variable type, and I
is its index. The left side consists of cne mapped
variable, witn the usual flelds=. This kind of as-
signment will have been previously created or passed
by functions /PLH/ or /FP/. The result is to sim-
ply add tne assignment to the chain of completed as-
signments.

2. Active assignments created previously by /FR/.

This kind of assignment takes the form
( (% (NKvar-1istd)} =M ({DS-0)), where N is the function
number (a macrodijit), and <var-1list> is the list of
actual p=2rameters for this function call, Note
that the role field 4in the wapped variable on the

right has ths value '"-', which is used by /DEX/ as an
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indication that the assignment was created previous-
ly by [/FP/, ani must be assigned an arcpropriate
stack location for its basis (i.z2., pPlace-holder
for the functiont's output). In addition, an as-
signment must be created which relates thils basis
to the stack location receiving the result of the

function call. For exanple, the assignmant:

((%(/6/(3E/1/) (*3/2/))) =#8(EA-/8/))

might be replaced by two assignments:

((*{/6/(*E/1/) (¥5/2/})=%*M(EA+/1C/))

((=l11(EA+/10/)) =M (EA-/U/))
The first assignment is added to the left end of
the 1list of uncompleted assignments, so that it
will be processed later by /FP/. The s2cord assian-~
ment is complete, and simply says that the result of
evaluation of the function call with tasis at
stack offset 10 shnuld be linked with the variable
at stack offset 4. This linkina means that as the
target progqram Operates, the function call with
basis at stack offset 10 will b2 exacuted first,
and when execution of the function which has stack
offset 4 as one of its arquments 1is performed, the
rerult from the -3all of function 6 will bte in tha

proper location.
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3. Active assignments with role '+°', These assign-
ments are those createid greviously by /LEX/ in
the process described in the preceding point. When
such an assignment 1is encounterel, control is
transferred to functior /FP/, which produces the
assignments relating actual to formal parameters.
Upon return to /DEX/, this assignment will have
only mapped varilables in its <var-list>, and the as-
signment will be considered completed.

4, Any other assignmant, This implies that the as-
signment has a complex expression On the left,
which may contain active elements. The assignment is
passed to function /PLH/, which finds any active ele-
ments and creates place-holders for them.
Once the place-holders are 1inserted in the appro-
priate nlaces in the left side of the assignment, the
assignment is considered complete. For each
place-holder, a new assicanment is created, which is
added to the2 list of uncompleted assignments. The

new assignments will be precessed further by /DEX/.

It should be clear from the above discussion that in ad-
dition to simply passing each assignment to the appropri-
ate function, /DTX/ must also acsion stack offsets for each
naw function call added to> the resulting assignment chain.

Stack offsets for the actual parameters to each func-
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tion call are assigned by /FP/ and /2LH/. In order to do
this, a nuamber of 1local variables ar2 wused by /DEX/,
/PLH/, and /FP/. These are the next available stack
location for a basis, ani the current number of function
calls already stacked. In addition, th= cuarzent maximua
walk-end length is savad, so that it can be compared to the

length of the walk-end being processed.

When an assignment o0f the class described in point 2
above 1is encounter=d, /DEX/ assigns the next available lo-
cation for a basis to this assignment (corresgonding to
the 710/ in point 2 above), and calculates the next availa-
ble 1locatjion for a basis. This calculation is per-
farmed by searching the state iict for the lenctn of thne
fanction in cuestion, anl addinag this number to the previ-

ous bhasis location.

Finally, when the entire acsignment chain is com-
plete, J/TEX/ performs ona more task before passing control
t> /WEP2/, This is the determination of whether tne
wilk-end has a=y active assignments present. The
presence of active assignments is indicated by the value
of the next avalilable location for a basis, and the number
of blocks 1in the w=lk-endi. 4 value of zero for both of
these local variables indicates that the assignment chain

is entirely passive. In this case, the assignment
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chain is completed by adding the LISR compller directlive
(7 20P), which tells thz target proqram to pop the oper-
ating stack. If either variable 1s not zero, the LISA ¢di-
rectives for incrementing both the operatirng stack
pointer and the pointer 1in the stack of variables are
alded hefore the pocp comdand. In addition, 1in this case,
the walk~en@ length is compared with the previous maximum

wialk-end length, anl the maximum of the twd> is taken.

Functions /P/ and /PLA/ work in parallel with /DEX/,
using the same local variables. They are described in sec-

tions 5.3.2.4 and 5-3.2'5, below.

Se3e2.l Relating Actual to Formal Parameters - /FP/

Function /FPB/ 1is responsible for taking an active assign-
ment found by /DFX/, anl creating one assignment for each
formal rarameter. It uses the offset in the variable
in the right part af %“he assignment to sat the offset for
the first new assignment by adding one to 1it, Then,
jt separates the variable in the right part from the list of
actual jarameters, and passes contrnal to an  auxiliary
function /FPA/. No change 15 made either to the next
available location for a block, c¢r to th2 number of blocks
in tnis waik-end, since it !s =2ssumed that the oifcet of the

variable in the right part of the assignment is wmap-
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ped correctly. All assignments created will have a value
of '=' for the role field of th2 wmapped variables rapre-
senting their respective stack loeocations, so that if
this part of the Jecompossition results 1in an assignment
witn exactly one active element in the left part, the role
field will be changed to a *+°! when /DCX/ assigns a

neaw location for a basis.

/FPA/ then 1is 3 functinsn which simply creates one as-
sianment for each formal parameter. Its argunents
ares 1) the next paranmeter'®s offset; 2) the list of
formal paranpeters for this function, taken from the
state list: 3) the mapping of the varlable in the rioght
=ile of the original asslignpment; 4) the 1ist of actual pa-
rameters, taken from the sriginal assignment; S} the list
of completed assignments; 6) a list of dummy arguments for
the reconstructed assignment. /FPR/ siaply matches each
actual parameter with the corresponding formal parameter,
and creates an assianment for eech such palr., At the
s3re tipe, the actual parameter in the original as-
signment 1is replacad with a dummy argument, thus recon-
structing the assignment. Alvro, as aeach assignment is

created, the next parameter offset is incrementad.

As each pairing of actual to formal parareters |is

made, ar auxiliary function, /FPOEY/, is call~ad to re-
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place the offset »>f the formal parameter taken from the
state list with the offset to be assigned by /FEA/. Fi-
nally, when the lists of parameters are exhausted, /FPR/ re-
constructs the orijinal assignment, tlaces it in the
list of completed assignments, and returns control to

IEX/.

or example, suppose /FP/ receives the fcllowing assign-

mant:

(> (/18/ (*8/1/) (%E/2/%5/8/) (*{/113/(*E/7/)))) )=*M(ER+/0/))

Assume also the following state list wmappings for functions
/18/ and /113/:
X4/113/7 (TYPE) 72/ ( (*M(EA-/1/) ) ==M(EA+/0/)}
*M/18/ (C18) /47 ( (¥*M(SA-/1/)) (*M(ER~/2/)) (®*M(ER-/3/)) ==*M(E8+0))
In this mapping, function /18/ takes three arquments,
represented by foraal parameters %=M({S&-/1/), #F(ER-/2/),
and *=M(EAR~-/3/). Function /113/ is an external func-
tion representing the Refal function /TYPE/. It has one ar-

guwent, =M(FR-/1/).

Function /FPA/ then creates lists of formal and actual
paraneters for function /18/ fronm the state 1list and
from the actual acnsignment. After performing the pairinag
described above, we arrive at an assiqgnment sub-chains

((*(/113/ (%E/7/))) =% (EA-/3/))
((*L/2/%S/5/)=*M(ER-/2/})
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((*S/1/)==*M (SAR-/1/))

Notice that the first (leftmost) assiagnment contains
Jjust one active element on the left, and a rcle of °*-'
in the mappinag of the variable on the right. It will subse-
guently be processed by /DEX/, in order to cive it a
stack offset for its basis, ard then bty /FP/, tDo give an as-
signment relating the actual parameter of function /113/
(®*2/7/) to the formal parameter {as yet unknown). The re-
maining two assignments should be self-explanatory. These
three assiqgnments will be added to the right end of the
chain of assignments to be further processed by /DEX/.
The first to undergo processing will be the one with the

lowest offset.

In addition, the original assignment will take the vari-
ables frcm *the right sijes of the new assignrents, in-
st2ad of the actuyal parameters. The result, balow, will be

adided at the left of the chain of completed assioanments:

(C* (/187 (A (3P -/1/)) (3H(ER-/2/)) (RM(ER-/3/))) ) =%M(EA+/0/))

This assignment (now a LISA s*atement) will be used in
the c¢o2de generation phase to update the stack point-
¢crs in the target program, and to ciezte the operating

stack record which sgimulates a call of function /18/.

Finally, function /FP/ passes its results back to /DEX/.
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Se3a2.5 Creating Place Holders for Active Elements - /PLH/

Function /PLH/ is called by /DFX/ whenever an as-
signment is encountered which has as its left side an ex-
pression which 1is more complex than elither onre active
element or one variakble. /PLH/ performs an all-level scan
of the expression in the left of the assignaent, using
the mwmulti-bracket tachnigue. The scanh 1is performed
from right to left through the exprezsion, since /PLH/ will
assign bases for any active elements it finds. This
corresponds to the rule for order of evaluation of expres-
sions in Refal: active expressions ars evaluated
l2ft-to-righ%t at each level of nesting. /PLH/ assigne loca-
tions for bases in asceniing order, so¢© that the first ac-
tive element to be found on the right will be given a lower
stack offset thar one found Jiater; the blocks (repre-
senting function calls) with higher stack offsets will be

vxacuted firct,

The arquments for function /PLH/ then are: 1) the state
list; 2) the next avallable offset for a basis; 3) the
currea*t number of blocks in this walk-end; 4) the expression
from the left side of the assignment being scanned; 5)
a list {initiaxlly 2mpty) for <storing any new7 acssignments
craated., The variable from the right side of the assign-

ment is held outsile the ranae of concratization of /PLH/



by an auxiliary function, for reassembly into the com-

pleted acsignment shen /PLH/ 1is finished.

Function /PLH/ then simply scans the expression.
When it encounters any varilable, 1t simply peasses over
it. When it finds an active element on the right, the ac-
tive element is replaced by a place-holder, with the map-
ping taken from the state 1list entry corresponding to the
function whose call has been fourd. At the same time, a
raw assignment is created, with this came place-
holder variable as its risht side, and the active element as
its left side. The new assianment is added to the left end
of the l1ist of new assigaments, end tie twd global variables
are updated. These are the next avalilable location for a
basis, and the number of blocks. The next available loca-
tion for a basis 1i=s c2lculated by adding tre blcck
lenoth of the function call to the previous value: the num-

ber of blocks is simply incremented by one.

This function also has tne tack of replacing the *%V' of
matacode A expresslons with 'Y, The object symbol '%*' is
changed to '%#V' in the wetacode conversion; /PLH/ takes

rasponsibility for changing it tack.

Finally, /PLH/ passes the modifiesd assignm2nt back to
/OEX/ as comnlete, Any new assignments created by /PILH/
are added to the list of incomplete assianments to be pro-
cessed by /DEX/ on the left end.
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5.3.3 Second pass oyer the walk-end - /NWEP2/

A second pass over the walk-end 1is peorformed in the
context of /MAP1l/. This pass occurs after all the stack
locations for output assignments are created. ARt this
point, the walk-end consists of a chain of assignments, with
the right =ide of each being a mappecd variable. The offsets
for these variables are in descending order (looking at the
assignment chain from left to right}. The left side of

zach assignment consists of an urmapped expression.

The developing assignment chain is viewed as a set of
sequential assignment statements, which compose the out-
puat of a function. ach will uitimately be executed in
its turn by the target programe. Since each assignment
may make use of e¢lither part or all of the input variables
to the function, and since these input variablec exist in
the same stack of variables as the output iIs to exist in, it
may happen that somz2 0f tha stack assignments will over-
lay an input variable before that variable 1is composed
into the proper output assignment. Ther=fore it is neces-
sary to check fer this condition 4n the assigoment chain,
and if it occurs, to create temporary variables with which
t> save the input variables until they are to be composed
*fnto the nutput. Thi= corresponrs to tha use of temporary
variables when exchanging the values o¢f two storage loca-

tions.
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The purpose then, of /WEP2/, is to Z2etermine exactly
wvhetner such a situation hLas coccurred. If it has, an
assiqgnment is created which has a replacement variables on
the right, and ths variable which would have teen over-
laved on the left. This assigneent is placed at the left of
the assignment chain, s> that it is exezuted before the
undesired overlaying can occur. The search for over-
layed variables is carried out by function /IMP/, whilch

is called by /WLP2/.

Once /TMP/ has finished, /WEP2/ Jdotermines whether
any new assiqgnments have been created. If they have, the
new assignments will aid to the £final 1lenath of the
walk=end, and the maximun walk-end length 22y need to be up-~-
dated. Finally, /WSP2/ passes the walk-end back to
/MAPl/, which continues through the graph of thLe current

function.

503.3.1 Creation of Temporary Variables - /TMP/

The purpose of function /TIHp/ is to determine
whether the assignment chain will inadvertently wipe out
any needed results before they are usei. This may oc-
cur since there is no direct relationship between the off-
sats choten for stackiny the output assignments and the

of fsets of the 1input arguments. Thus, a variable at say,
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offset 3, might not be used wuntil an assignment is made
for the variahle at offset 1, but meanwhlil2 an assignment is
mzde to the variable at »>ffset 3. Function /IMP/ cre-

ates temporary variables which prevent this from happening.

Function /TMP/ makes one left-to~rigqht scan through the
walk-~end, and wupon encountering each assignment, makes a
mark in a list of stack offsets. Once this initial mark is
maJe for a particular »sffset, if the input variable at
the same offset appears further to *he 1left, then it |is
clear that the variable will be overwrittan. In that
case, function /TMP/ creates the temporary variabrle, and
an assignment for that variable, and places the assign-
m2nt at the 1left (beginnina) end of the the walk-enc.
Additicnally, since this assignment will be to a variable
in the stack, the maximum stack 1length needed for the
function is updated. Finally, every occurrence of the
saved variable further to the right from the point of saving

is aiven the offset of the temporary variatle.

The result of function /TMP/ 1t returned to /4APl/ via

/EEP2/.
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S.4  SECOND RHASE OF THE MARRING = /MAP2/

Function /MAP2/ serves two Durposes. The f£first is to
map the 1input variables appearing in the left slldes of
assignments, and the second is to insert the proper garbage
collection directives in each walk-end. At the point
of invocation of /MAP2/, each function araph has all 1its
input variables 1indexad, but the 1indices are not
stack offsets. The 4indices are used 2nly to relate the
variables appearing in the left side of *the graph with
those in the2 right side (walk-ends). Th2 offsets are cal-
culated by adding the maximum stack length of the walk-ends
in the graph to the indices. This method insures that
input variables will always reside in the stack at 1lo-

cations which will not* be overwritten by assignments.

Function /MAP2/ makes one depth-first scan 2f each fuhc-
tion qraph, using the multibracket technigue. Its arguments
are the function graph 1itself, the maximum lenath of the
output stack (to be added to indices to arrive at the
of fsets) , the state 1list (which contains the mappings
of ecach wvariable), and a stack which represents the
derivations of each partial variable in the function
araphe. This stack 1is ajded to as each contraction is
passed and aqiven its offsets, and eypands and contracts

similarly to the stack used by function /MAPLl/. This
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stack 1is wused by function /GC/, which performs the gar-

bage collection strateqgy upon each walk-end.

The operation of /MAP2/ then is straightforward.
Offsets and mappingt are given to each input variable in
the left side of the function graph, and each walk-end is
passed to /GC/, along with the current partial-variable
derivation tree. Fhe resuit of /MAP2/ is the coimplested
LISA function definition, which is passed to the routine
which formats it for output. Function /GC/ is described

below.

5.4.1 Garbage Cellection = /GC/

The purpose of function /GC/ 1is twofold: 1) to insert
the proper qarbage collection directives at the beginning
of each walk-end, so that any value in the computer's infor-
mation field which is not needed is restorad to free
memory, and 2) to perform the actual/chost mapping for

input variables.

The first task is performed by making repeated right-to-
l12ft scans of the walk-end, one for each arguaent of the
function. /GC/ scans the left side of sach assignment in
the walk-end for as yvyet unmapped varlahles. Zach time one
{5 found, a check 1is made to see if the wvariable in

question is a derivative of the argument beinqg scanned for.
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I1f so, the variable is mapped with status A, and an in-
dication is made that occurrences of the same variable fur-
ther to the left must be wapped as cghosts. At the same
time, an indication is made in the tree of derivations that
the variable in gquestion will be used in the output,
and so a directive (?RV(n)) will have to be added to the
walk-end. If the wvarlable in question is not a deriva-
tive of the the argument being scanned for, it is passed,

and will be plicked up on a subseqguant scan.

when /GC/ completes scanning, a number of indications for
(ZRV(n)) directives will exist. /GC/ finally determines
if any of the variables indicated for resservatjion are to-
tal input variables. If so, then the (?0UTAV(rn)) format
will be required, 2and the garbage collection directives are
added at the beginning of the walk-end. If not, then the

abbreviated (70UT) format is used.

Function /GC/ is tha last function tc modify the
qraph of a function, which may now be properly
called a LISA function definition. Any optimizations to
the completed graph may be performed after this point
(for example, the iteration for recursion optinization).
Otherwise the function is passed through /MEP2/ to the out-

put routine of the mapping scheme.
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6. OPERATING ENVIRONMENT FOR THE TARGET PROGRAM

Once a graph of states has been mapped onto Pascal, it

requires an environment in which to operate. Of course,
each confiquration (or function) in the graph of
states 1is mapped as a Pascal compoun?d stateaoent. This

is essentially the configuration declaration, similar
t> a procedure declaration in Pascal. However, aside
from the configuration declaraticns themselves, we must
have declarations of all the glolkal variables, definitions
of the variable an3 operating stacks, access prcgrams for
the various data types, and definitions of internal and
external functions. Thus, the final Pascal program will
cansist of a few separate <ecticns, soma of which
will appear unchanged in each mapped program, and some of
which will be defined by the graph of <states of the origi-

7132l program.

In =ffect, it is necessary to delilne an abs*ract ma-
chine which will provide the operating environment within
the constraints of the target 1language. For the mapping
onto Pascal, this machine will be callec PMAIN, for Pas-
cal MAIN prooram. Included in FMARIN are:

e All the internal functions necessary for accessing each

d1ta item in the variable stack. As differant data
types are mapped, it will be possible to adjust the ac-

cessing method for maximom efficiency for each type.
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e Declarations of various global variables and types.

For example, Refal expressions zre mapped with a dou-
bly~-linked list structure. Each symbol consists of one
pigge, which in Pascal is defined as a dynamic record.
The type plece is then defined within PMAIN in the fix-
ed portion of the program, and various static pieces
are also declareld, for use by the accescing proce-
dures.

Definition of a gtack jinterpreter. This is &2 section
of the progras which will determine which func-
tion is to be executed at what time. The stack in-
terpr=2ter consists 9°f an operating stack of function
calls, and a Pascal CASE statement which reads the
current operating stack record and transfers c¢onh-
trol to the functisn specified. Yhen 2 function
completes executing, it transfers control back to
the stack interpreter. Fach function is mapped in
such 2 way that it adds the appropriate records to
the operating stack so as to cause execution by the

stack interpreter of the correct function on the prop-

er arquments 3t the appropriate time.

The Pascal language by itself has no stopring func-
tion. In order to mimic a step-by-step machine, such
as the Refal machine itself, the stack intarpreter must

be able to determine when executicn has been complet-
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ed, and then to return control to the operating
system. In Pascal 1t is n2cessary to cra2ate a HALT
function, which essentially says, go tc the last
line in the program and stope. A label is given t> the
final statement in the program, and when the stack in-
terpreter determines that all functiosn calls have been
evaluated (i.e., the operating stack is empty), it

transfers control to this label.

The stack 1interpreter also takes responsibility
for all the housekeeping functions, such as re-
cording how many steps the machine has executed,
which functions have been executet, anl sSo om. This
is useful when running a mapped prograr in debug modec.
In this mode, it is possible to have PMAIN print out
the arquments and results of each function evaluation.
All the external functions relating to the original
language of the orogram before supercompllation, mod-
ified to run in the PMAIM ervironment. For example, it
we supercompile a FORTRAH program which deals
witl; floating poiat numbers, we must provide pro-
cedures in PMBPIM which will perform the same functions
on PMAIN objects as the original program performed on

its FDRIRAN objects.
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Appendix U shows the global declarations section of a
PMAIN proqram, i.e., the 1lowest level of the
background environment. Not includel in that aprendix are
the PMAIN internal functions, and the external functions
(corresponding to Refal external functions). Figure 10,

below, shows the structure of a PMAIM program.

Proqram Headling

Global Declarations (see appendix D)

PIF (PMAIN Internzl Function) Ceclarations

PDF (PMAIN Debugging Function) D=clarations

PRF (Pascal-Xefal external Function) Declarations

BEGYN (main program)
PMAIN initialization statements
1: SECIN
{starting-function-definition>
ENDs;
0: SEGIN
stack interpreter
END:
remaining functior definitions

<end-label> : =ND.,

Tigure 10: Structure of a PMAIN procram

7. TRANSLATION OF LISA INTC THE TARGET LANGUAGE
- PASCAL

This chapter contains a discussion of the sicnificance
of LISA st~*ement~, and sampler of translations into Pas-
cal. Subsequent sections give Cdescriptions of sample LISA

statements.,



For the reader's convenience, the TYPE and VAR declara-
tion sections of PMAIN have bzen includ=21d as Arppendix D.
Variable indentifiers in the Pascal translation statements
will then refer to those deciarations. The purpose of
each target languaqe varlable will be explained when neces-

SAIY.

7.1  BELATION OF LISA ENIITIES IC RPMAIN

This cection relates the various LISA trrogram entities
to the actual Pasczal code generated for the PMAIN en-
vironment. The entity <LISA-program> gives th= fcrmat of a
prcaram created by the mapping scheme. The puruporce of each

of the constituents of the program is d=2tailed below:

o {program-comment> 1is used as an 1identifier {or the
program, It nay contain information on which su-
percompiler producel the program, which nmarping pro-
qram version was wused, what the nanme of the original
Refal program was, etc. Any string may be used,
including the empty strinag; the comment 1is enclosed
in structure broackets.

o <end-label> is the next available 1incdex ZIor a la-
bel. In tha present implementation, this 1is used

only for the definition of the stopping function
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PIFALT. The label is used to identify the 1last
"END." in the target program; the stopring func-
tior. 1s written th2n as a rimple GOTO statement with
the label of the last statement as its destination.

e The dinternal-label-list> gives all the latels used
as branch points within function definitions. It
is used along with the <function-id-1list> and the
<end-label> to produce the LAJEL declaration needed
in every Pascal progran (and will probably be needed
for generation of coie in other target lanjuages).

» The <function-id-list> is used to create the qglobal la-
bel declaration, and also to create the stack inter-
preter. Fach label in this list which is followed by a
parenthesized string represents an external function,

and is used to produce a line of code such as:

<label> : <l=bei> : BEGIM <external-function> ; PIFPOP =NL;

Cach label without a foilowing external function
nime 1s used to produce one line of cole in the stack

interpreter, thus:

<latzl1> : 3070 <label) ;
o A Cfunction-definitisn> is used ty define a Pas-
cal compound stat=asnt rtepresenting a function from
the supercompiled program. This 1is the basic element

of a LISA program, ané there will usually tGte
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many in each program. The definition of function 1,
the starting function for the program, is always speci-
fied before any of the others. The remaining func-
tion definitions may appear in any orider after function
1l.

s The <starting-function-definition> 1is always the first
function to b2 executed, and in tne structure of a
PMAIN program appears Just before the stack interpret-
er (see figure 10} so that it is executed exactly once
before the stack interpreter is invoked for the first

time.

7.2 THE CODE GENERATIION SCHEME

Sections #4.5.3 anrd 4.5.4 3lve examples of LISA to Pas-
cal translation statements. These statements are imple-
mented in the code generation scheme (i.2., LISA compi-
lar) as wsimple Refal sentences which wm@match the LISA
statements against patterns, and produce cede according to

the pattern matched.

The branching destinations are recoanized by the context
of each function Jdefinition. Repember that in the map-
ped LISA program, each branch point is labelled. Then, if
a label follows any contracticn at some level, the

branch destination used 1in the translation process 1is that
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label. If no 1lab2l follows at the sane level, rec-
oanition is inmpossiblz, and the code for implementing
the recognition imoossible state is inserted in  place of a

G2TO statement.

8. EXPERIMENTS IN OPTIMIZATION

As a first test of the mapping scheme, & number of Refal
programs were fed to the Supercompiler, and the result-
ing program~ were mappel onto Pascal. Tha resulting
Pascal proqrams were run side~by-side with the original
Refal proarams, just to check the resclt of computation. In
all casas, the orioinal Refal progranm= ard the parallel
Pascal proqrams produced identical results. The progranms
tested ranged from the simple program given as figure 1,
ts a progras which parses arithmetic expressinnes ang
produces assembler code for a hypothetical single-ad-

dressed machine.

The most important test, of ccurse, is the test of effi-
ciency of the mapped program as comnared with the su-
parcompiled program being run under Refal. Unfortunately,
»t this point it would s=em that Pascal may not have been
the most appropriata choice for the target languags, for
a number of reasons, and these preclude a fair comparison.

First, <% CUNY, the orly Pascal syciean available which has
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been able to compila the proaramyx 2roduced by the
mapping (for reasons of program size only), 1is Waterloo
Pascal. Th®*s Pascal system is not a compiled system, ani
s> any program produce’ mast be interprated, which
alds great inefficiesncy to execution, bayond the reach of
the programmer. Also, becavse Waterloo Pascal does
not allow separate compilation, the compilation phase
includes all the time reqguired to compile tne kackground
functions needed to execate z PMAIN program. At the sanme
time, Waterloo Pascal does not include any timing func-
tions, so the only means for obtainina any timinc informa-
tion which exist ar2 at the operating system level, such
as job statistics when running under MVS, or the TIMES pack-

age, when running under V4.

Pascal 1itself has other drawktacks. The lancuage is
very highly typed, which 1in the stages of development
of a Jrogram is desir=2able. However, type and range
checking are ¢nstly, ani it should be assuamed that a
proqram produced by the supercompiler 1includes any such
checking nacessary. B production Pascal system ty rights
zhould contain th2 means for disabiing the type and range
chec*ing, but unfortunately WVaterloo Pascal is ndot a
production system. Pascal/VS is also available at CUNY, ani
dyxe= aive the option fr ¢*sabling type enf ranga

checking, but is simply not capable of compilinc programs



as large as the ones produced by the mapping. In or-
der to use Pascal/VsS, it would e necessary to completely
rastructure the mapped programs produced so that each
function 1in the program would become a Pascal proce-
dure, resulting in the 1loss in efficiency gssocliated

with repeated orocedure calls.

3d4ditionally, Pascal dses not give encugh flexibility
in the definition of pointer types. Pointevs in Pascal
are allowed to point to only one type of variable, even
though in reality all pointsrs are basicaily machine
aidresses. Tt 1is po=ssible t2 cide-step this 1ssue by us-
ing record types with free unions, but then there 1is
the added problem of storage mappings: how auch space is
used up by a free union which coasists of 3 iifferent
painter types? Cne would hope that only the €pace re-
quired for one machine address would be used, but this is
not necessarily the case. Al=o, if a free union is used, 2
different field identifier must be used for each kind cf
pointer, and overhead is adled by the mechanism which checks
foar the vinvisible® tag-field value. As the implemen-
tation of LISA depends strongly on pointer operations,
any ilnefficiency dded 2t thisz ievel costs Jearvly. The
problem becomes acute when attempting to implement

the variable data-typing described in this work.



It may be concluded then, that comparisons of timino
between rrograms run in interpretec Refal, and those run in
mapped Pascal may be meaningless. Thare are, however,
s me guantitative comparisons which may be made, nanely,
comparisons of the effects of the optimizations to the uwap-
p2d programse. To that end, a simple HRafal program
was devised with the gosal of tryine to suppress as much
as possible the effect of cowpilation costs in Watarlco
Pascal, while at the same time testing the facilities of the
mapping schene. The program may be found in figure 11, be-

1ow,

JO2 = K/FZRMAT/ () K/TRIHW/ K/TARD/ ...
TORMAT ()'#' E1 = X/PROUT/'IMPROPER INPUT FCEVAT: #'El.

{EN) *#'* E1 = K/REP/ K/NUMB/EN. El.
(ZN) S1 E2 = X/FORMATL/ (EN S1) E2,
TRIM %1 * * = K/TRIM/ El.
1 = El1
REP 70/ EX = +
K/PROUT/'END OF LOOP1l: RESULT = 'F/FA/ K/FB/ EXa..
SN EX = +

K/PRDUT/ K/FA/ K/FB/ EX... K/REP/ K/5UB/ (SW)/1/. EX.
FA 'A' EX = 'B' K/FA/ EX.
SY EX = SY K/FA/ ZX.

F3 "B EX = *C' K/FB/ EX.
SY EX = SY K/FB/ EX.

=FEND

Figqure 11: Program for timing comparisons
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The core of this program is furction /FA/, as described
earlier, and function /F3/, which is 1identical except that
it replaces B's with (C's. The program reads one card of
cata, which starts with a string of digits, followed by a
number sign (#), followed by any string of symbols. The
digit string is used to control the rumber of times the
main loop in the program is executed. The wain loop takes
the symbol string r=2ad in, and applies first function /FB/,
and then /FA/ to the string, and then prints out the result.
This operation 1is repeated the number of times indicated
by the digit string from the input. Thus, the symbeol
string must be copliel repeatedly, and the oOperation
of the two strinay processing functions 1is rereated as
many times. By running the resulting proaram twice, once
with a spall number »of \iterations, and the second time
with a large number of iterations, the time per itera-
tion can be approximatel, and the compilation time can
be removed, Of course, Pascal intzrpretation time,
and range checking time are still included in the resulting
fiuures, but for =2ach level of optimization to the mapped
program, 3a figure which can be compared fairly is arrived

at.

Table 1 is a tabulation of the results of running the
tast program with the current implementation, showing the

ef fects of the various optimizations implemented SO
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far. The stack of varliables optimization is inherent
in even the 1lowest level version (l.e., level 1).
Level 2 includes the optimization of bypassing the stack in-
terpreter, and level 3 includes the level 2 optimization,

and the replacement of recursive function calls with itera-

tion.

R bmmm e m—— e R et tm——————a-- trm———— +
| 10 times | 400 times | sec. / fiter. |
b —ec e m———— LT TP fom v m——— - e ——— R bem +
| Avg. Virt. | % err. | Avg. Virt. | X erre. | abs. | per |
level | CPU (sec.) | ! CPU {(sec.) | | | cent |
o————— torr e ——- $m—mmmm—— temsrccc - —— s e L S trmmm—— +
| I | } | ] !
1 | 5.313 | 1.48 | 56.559 I 1.59 | 0.1314 | 100 |
| I | ! | { |
R F - $mrrm————— o P m—————- P ——— bn————— +
} | } | | ; !
2 | 5.336 i 1.49 | S6.360 §f 1.33 | 041318 | 99.6 |
{ | l 1 ] i |
e O et T b P —— - b - tmm———— +
| | J | | | l
i | S5.000 | 1.07 | 50,835 I 1.4 } 041175 | B89.4 |
! ! | l | | 1
t——m——— P ———-——— oo m———- trmmc e - —— e ———— e ——— o m——— +

TABLE 1

Comparison of Optimizations by execution time

Table 1 was compiled by takina the supercompiled
oroqram, mapping it with three different levelrs of opti-
mization, and then running each program a number of times.
Tach experiment was repzated & rumber of times, in ovrder

to arrive at meaninaful fiqures for run time (Avea. Virt.

- 125 -



CPU sec. in the table). The programs were run using
Waterloo Pascal anday the TUNY V¥ operating systemnm,
with the IBM TIMES package for timing. Repeatability
for the experiments was surprisingly poor (it was assumed
that "virtual CPU¥ time was exclusive of paging and so
forth, and yet rep2ating the same experim=snt a number of
times resulted in a wide range of values). In order to
rzduce the effect of the varlabtility of timing re-
sults, any group of experiments which resulted ip a per-
cent error of more than 2X was analyzed, and “bad"™ samples
were thrown nute. After thls process, =2ach of the figures
for virtual CPU was comprised of the result of repeating the

experinent at least 4 times,

The major columns “10 times"™ and "400 tima2s" show the
rasults of running the program =o that the irner 1loop
was executed the corresponding number of times, along with
parcent timing error for each group of experiments. The
1s3st major column, "seconis per iteration™, shows the calcu-
lated tixe required for 2ach iteration, and compares these
times for each level of optimization with the lowest Jlev-
€l. This calculated flgure represents the tiaxe needed for
each iteration, exclusive of +the cocmpilation time of
the program, and was arrived at by subtractinc the tinme
raqguired for 10 itaratisns from the time requirec¢ for 400

iterations, and then by dividing by 400 -~ 1C = 390, The
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percent column shows that the first optimization, that of
bypassing the stack intarprete:, results in negligible
increase in effici2ncy, but that the second optimization,
replacement of recursion by iteraticn, rasults in a 10.6%
increase 1in efficliency. Of ccurse, these fligures are not
absolute; other programs may experience varying de-
qrees of speedup. In particular, the stack inter-
preter bypassing optimization dié not show much speedup 1in
this program, because it only resulted in three actual
occurrences 7f the optivnization, which appeared outside
the main 1loon of the program, Tho iteraticn for re-
cursion coptimization, on the other hand, appeared repeated-
ly within the malr loop, and therefore szhowed o2
substantial gain in pecformance. Additionally, it must be
pointed out agqain that th2 means ¢f performing these meas-
uremants are far froa satisfactory, but are the only

means currently avajilable on the CUNY system.

Other means of comparlson between diffarent levels of op-
timization are the amount of object code generated for each
program, 2and the numb=2r of statements executed when each
W3S run. With these qoals in wmind, table = was complled.
0Of course, the cautions that applied for table I also apply
to this one. The amount of object code generated for =2ach
program of course contains all the Pascal type and range

checking code, the Pascal interpretation code, and so
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forthe. Also, the >bject code generated from the fixed part
(i.e., the PMAIN background functions) of =ach program |1is
included 1in this number. However, a rouch comparison may
b2 obtalned. as for the number of statem2nts 1in each
program, it is more useful to 1isclate the number of state-
ments in the main program section, exclusive of the
fixed part. Finally, the nuanber of statzments executed by
each program is interesting, in that it 1is the only re-
peatable measure of execution efficiency. Cf course,
there is nothing that says what kinds of statemants are exe-
cuted each time, o5r how much time each takes to execute,
but assuming that each PMAIr Erogramn uses similar
statenments (due to the nature of the code ceneration
scheme), this might be the most meaningful measure of com-

parison, given the tools 2t hand.

Notice that in table 2, the percentage gain for the
first optimization, bypassing of the stack interpreter, is
nealiqgible. The reason foar this has b2en given. The
gain achieved by replacing recursive function calls with
iteration, where o02ssibl2, shows a 13% gain in effi-
clency. The figures for statements executed per iteration
ware arrived at by the same method as for CPU seconds per
iteration in table 1, in order to remove the rumber of

statements executed in tha PMAIN initializatjion segment.
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frr st ca s e m——— e mmr s s - ———— et e e e - +

} Lines of Cod2 in | 3ytes of Object | Statements Executed |

i } P rm e ———— frmmm————— +

Level | main prog. block | code generated | per iter. | nercent |

pmm———— s e et ——— e m—rr e a - -———- e a——- o e -—— +
| i | | | ]
| 1 1| 578 | 619u3 | 221e | 1¢0.0 |
| l | | | |
L L LT L e P m .- —————————— e ————— m—————— -
| | l | | |
} 2 i 582 | 51911 t 2209 } 99.6 |
! l i i ! i
F e ——— = - e r e — s ———— - $=——vmcmmma=- brrmm—e -
} | | i | |
) 3 563 | 59559 t 1929 | 87.0 |
! ] | I I |
P ——— b - ———— - P —————————— - dmm—n e ———— - +

TABLE 2

Comparison of Optimizations by program size and statements
executed

In order to test the variable data-typing scheme, another
simple Refal prograa was ievised, in which the inherent data
types of the variables are simple characters and stringse.
The progqram is =imilar %> the one used in the previous ex-
periments, in that it consists mainly of one functiorn, again
called /FA/, which replaces all cccurrences Of the letter A
with the 1letter 3. The Jifference 1is that in this case,
/FA/ is defined as a purely literative function of two argu-
ments, so that no 1oudbly-linked 1list structure ic required

for the deta. The progran is shown in figuie 12, below.

The program in figure 12 was supercompiled, and then map-
ped using the level 3 mapping described earlier in this sec-

tion, and then a#pped again using level ¢, which derives
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JCB = K/PROUT/ K/FAR/() (K/CARD/.)..

TA (E1) ('A* E2) = K/FA/ (FE1 'B') (E2).
(E1) (S2 E3) = K/FA/ (E1 S52) (E3).
(E1) () = E1

sEND

Fiqure 12: Iterative program for testing data-typing

data types more specific than E sand S. Th2z mapped LISA pro-

arams are shown in figures 13 and 14, repectively.

g /2/:((

3 (XM (ET-/2/) = (*M {(SP~-/S/) M (EP-/4/)})
4 s {

5 (

5 (%M (SP-/5/7)=(A)) (2PV (/4/)) (20UTRV (/2/))
7 [ (¥4 (Ex-/8/)) =2 (FR-/2/) )

8 [ (*M(EA-/1/)0) =M (EA-/1/) ]

3 (ZINTSTEP) (2X(/2/))

1) )
11 737+
12 (
13 (?RV(/5/)) (?RV (/U4 /)) (ZCGUTAV(/2/))
14 [ (*M(EA-/4/))=%U(EA-/2/} ]
15 [ (*M (EA-/1/)%M (SA-/5S/)) =M (EA-/1/) ]
18 (?INCSTEP) (?X(/2/))

17 )

18 )

1% )

20 /47

21 (

22 (=M (ST-/2/7)=()) {(?7OUTEV(/2/))

23 [ (=M {(EA-/1/))=%M(ER+/0/) }(?PCP}
24 )

25 )

Figure 13: Level 3 mapping of iterative function
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1 7273 (

2 (

3 (%M ({(AC) T-/2/)= (3N ((C)P-/5/) "M ((AC) P-/84/)))

t N |

5 (

6 (=M ((CYP=/57) =(B))}[ (*M ((AC) A-/U4/)) =%V ({(ACYA-/2/) ]
7 [ (4 ((RC)A-/1/)B)=¢M ( (AC)A-/1/) ]

3 (?INCSTEP) (22X (/2/))

9 )
10 737+
11 (

12 [ (*M((RC)A-/4/)) =M ({(AC)A-/2/) ]
13 [ (*M ((RC)AR-/1/) %M ((CYR-/5/))=2M ((AC)A-/1/) ]
14 (TINZSTCP) (X (/27))

15 }

16 )
17 )
18 Ju/+
19 (

2% (M (A T-722)=())[ (*M({RCYR-/1/))=%M( {(AC)RA+/0/) ](2POP)
21 )

22 )

Figure 14: Level 4 mapping of iterative function

Notice that the differences between th2 functions shown
in fiqures 13 and 1% lie in the data types of the variables,
and in the absence of garbaage collection directives in the
lattar. In *he 1lavel 3 mapplno, all variables have been
mapped Wwith Zata types (C) and (RC), which stand for charac-
ter and array of characters (string). respectively. The
structure of the function, however, is the same at both map-

ping levels.

In order to compare exscution speeds of the two mappings,

it was necessary to> red2fine PMRIN so that it would work
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with the new data types. The same machine structure was
tained, but the PMAIN functions which operata on the
data types were addad. Tables 3 and 4, below, detaill

results of the comparison.

st s e e c——————— o -
J3tatements ETxecuted | Execution Tipe
P ———— trrm - e ———— P ———————
Level | absolute | percent | absolute | percent

L P ———— P m - -—— e e L R T

| i | | I

) 3 | 1685 | 100 { 0.054 | 100

| | | | |

$m————a- pr——mmmmn—— $mmmrem——— e rmm——————- pm——w— e — e

| | ! | |

i 4 | 601 | 3.7 | 0.032 | 59.3

| | | l !

$m—mmmm—— e Powmmrm————— m - ———— e ————

TABLZ 3

Comparison of Data-typing optimization by execution tim

As seen 1in tabla 3, execution time was speeded up

re-
new

the

e

by

30.7% by mapping the pragram onto the charactar and string

data tvpes., The namber >f statewents exscuted was redu

ced

by 64.3%. Table 4, below, compares proqgqram lengths. hgain,

suhstantial reductions were obtained by this optimization
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P m e e — - -—.-——- $r - ——————————— +

| Bytes of Object | Lines of Source |

I I ]

Level | code generated | code genarated |
bmm—m——— - - —— o —— e = = ——————— +
[ | | |
I 3 ) 29789 | 741 I
} | { I
tm—m————— b ——-———————— fmm e —————— +
| | | i
) 4 | 6522 | 166 |
) | | |
rom—————— o —r et e —— e $o et e —————— +

TABLE &

Comparison of Data-typing optimization by program size

9. CONCLUSIONS

A method has been pre2sented for mappirng the graph of
states of the Refal machin2 onto a Von Keumann tyrpre segquen-
tial lanquage. Thls m2thod paves the way for implementing
a supercompller system «shich produces 2f ficlent programs
for real computers. The development of this method has re-
sultad in:

1. The definition of an intermedtate languace, which
allows the specification of arbitrary data types
for its variables. The language, LISA, has a simple
tree structure, which makes it =asy tc translate
into code in an implemented sequential language, and
is written in an algebraic form which simplifies the

manipulations necessary to perform optimizations.
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2e

3.

4.

The implementation of a nmethod for translatina
the abstract program represented by the graph of
states into the intermediate language. The method
includes a fumbar 2f optimizations to the original
program, and th2 potential for further optimiza-
tions, which have been outlined.

The implementation of a scheme which gesnerates code
in the targat language, Pascal, from the LISA
programe. The code generation process may be =zasily
retargetted f£or ovthar languages, either hich or low-
level (i.e., assemblers).

The implementation of a LISA machine in Pascal. This
includes all the internzl functiocns ani definitions
needed to run the mapped program 1in Pascal,
along with the definitions of the external func-

tions avalliable in Refai.
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ippendix A
REFAL SYSTEM STANDARD EXTERNAL FUNCTIONS

The following is a  list of the standard functions and
tha2ir meanings and syntax:

JCARD/. Data for proarams may be read froa card images
using the built in procedure /CARD/. The result of
coucretization of K/CARD/. is5 the 80 obdiect symbels on the
next card. At the first call the first card is read, at the
second czll the seconl card is read, etc. dhen function
/CARD/ finds no mor2 cards, the result of replacerent Iis
the eppty expression. Calling function /CARD/ oOnce more
will result in an abnormal stop.

/PRINT/. The result »>f concretizatiasn of K/PRINMT/ EX.,
where EX is any axpression, will be the printing of ex-
pression EX, and £X will be left in the view-field in the
piace of K/PRINT/ ZX. 811 compound sym%ols will be nrint-
ed in guotes, and obiject symbols and structure brackets will
be printed as characters.

/PROUT/. Function /PRIUT/ worke the same as /PFINT/, ex-
cept that the empty expression is 1left in its place in the
view-field.

/BrR/s, /0G/, /CP/, /RP/. Theve are functions uwsed fcor
Ysaving" intermediate values during execution. The inple-
mentation of the Refal machine has a third field, called the
=tock, in which we can "bury" (/BR/) and "dig"™ up (/DC/)
saved values. For @exanple, if we have a term
K/3R/*X=APPLE", in th2 view~-fiell, the Refal nachins will
store the value 'APPLCY uander the ra2me 'Y¥', and remove
the term from the visw-field. If we subsequently have a
term K/DC/'X'. in the visw-fiell, the Refal pachine will
150k in the stock, find out that th~ valae c¢f 'X*' is
'LPPLE', replace the term with *APPLE' and remove the entry
from the stock. If we Dury two values uncer the name 'I°°,
then when we call the diag function, one value will be re-
turned each time, in the reverse order from which they
wher2 buried. If fanstion /DG/ finis no entry under the
name it is called with, it returns the empty expres-
sion. Function /CP/ works similarly to /DG/, except
that it does not remova tha entry from th=2 stock (l.e. /TCF/



- CcOoDY). Similariy, function /RP/, when called, adds
a value to the stock, Just as /BR/ does, but if it finds
that the stock already contains a value under the name it is
called with, it replaces that value with the new one.

/abbs, /sus/s, /MUL/, /DR/. These are the functions for
integer arithmetic. All are called in the same format:
K/7ADD/ ((11)N2. where /RADD/ can be replacel by the apprc-
priate determiner for ajddition, subtraction, multipli-
cation, and integ2r division, respectively, and N1 and
N are macrodiqits. The result of concretization of
the Ffirst three will be a macrodigit, and for division, the
result will be of the form Q({R), whera 2 is the quo-
tient, ani R is thez r2mainder. Division by zero results in
an abnorwal stop.

/NUMB/, /SYMB/. Funstion /NUMB/ converts an string
of object symbol 2igits into & macro:digit, 1i.c. a term
K/NUMB/'123"*, will place the macrodigit /123/ in the
view-field in its place. Function /SIMB/ works in the
opposite direction: K/7SYM3/ /123/. will leave the obdect
string '123* in the view-field.

/TYPE/ . This function s wused for determining what
type of element Is found in the first position in the
expression it is acting on. Tts format is K/TYPZ/ EX.
where £X is any expression. It will return an a2xpression c¢f
the form T EY, wher2 I 1identifies the typ2 of the first el-
ezxent as:

i g£irst element of EIf

b compound symbol-label

LA I compound symbol-numbar (macrciigit)
*L? object symbol-letter

e object symbol-digit

ta left structure brack=at

It empty

0 other object sian

/FIRST/, /LAST/. Functions /TIRST/ anc /1AST/ scyve tO
break off a part of a fixed length from an expression. A
call to them has the £fo5l1lowing format: K/FIPST/ N EX. or
K/LAST/ VY EX. where ™ is a pacrodiait, ang £ 1is any ex-
rression. These functions break down the expression into
two parts, i.2. tha expression EX into ©1E2, in such a
way that the following cnndition holds: for /FIRSI/ E1
consists of N terms, and for /LEST/ E2 consists of N
terms. If it 1is possible to break EX down in such a way
(1. LY conslists of at least M term=s), then th2 re-
sult will have the following fornat: (51)t2 £for /FIR3T/,
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and E1(E2) for /LAST/. If the number of terms in EX
is less than N, then the output of /FIRSI/ is *%**'EX, and the
output of /L2ST/ 1s EX‘'«?,

/LENGW/, /LENGR/ « The result of concretization of
K/LENGW/ EX. or <£/LEN3R/ EX., where EX is any expression,
haz the format N EX, where 1 i- & macrodisit. For /LENGW/ N
represents the number of terms in expression EX, and
for /JLENGP/ N is the real 1length of the expression, 1i.e.
the number of symbols anl brackets in EX.

/MULTE/ . This function simply mnultiplies the expres-
sion it is operating 2n. If we write X/MULTE/ N ZY.,
where M is 23 macrodlgit and EX 1is any expression, the
result of concretization will be expression EX reproduced N
times.
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Appendix B
REPRESENTATIONS AND METACODES

{(Excarpted from [1:12-14))

To write in Refal Rlgorithas dealing with algorithms
written in Refal 1tself we have to represent sertences by
object expressions, therzfore, we need 13 speclal code for
this burpose. It wlll be called Metacod2 A. ¥e further
n2ed a code to input Refal programs into a computer, which
wlil be called Hetacode 3. It is convenient to represent
object signs in Refal by bytes in a comput=2r, and it is con-
venient to treat each byt2 as an object sigrn. Circe in I/0
ocarations we are Jealing, after all, with secuences c¢f
bytes, Refal sentences, and all possible Rerfal objects, for
that matter, nust be represented in metacode 5 by obhicct
stzings (strings of obiject signs). In metacode a, Refal ob-
jacts will be represented as object expressicns -- for there
is rno need to destroy their tree structura.

So, metacode A 1s a mapping of the sat of all Refal ob-
je2cts (that is programs and expressions) on the set of all
ob fect exnrressions. Jetacode transfnrmation will be Jesig-
nated by adding an asterisk as a superscript to the designa-
tion of a Refal obijact, If 2 is a Refal object, 2% is its
m2tacode-2 transionrmation, Z2% jits double transformation,
etc. Natuarally, the metacode transformation and the re-
varse must be unigue, but there 1is no ne=d to regquire that
each obiect expression could be iInterpretzd as the metaccode
of some Refal object. It would be convz2nient {f the meta-
code of an obiect expression were always identical to the
rxprassion itself, but this is, obvicusly, 1impossible be-
ciause of the requirad uniqueness of the lnverse transforma-
tion. (Indeei, let £ b2 an expression, which is not an ob-
jact expressione. Then <% 1s an object expression. If its
metacode transformation Z#* must be identical to E#*, then
the inverse metacoie transformation, wh2rn applled to E=*,
a5t give both E and £%, «#hich do not coincide by the defi-
nition of E.) HNeverthalz2ss, it is desireable to define me-
tacode A in such a way that the subset O0f those object ex-
vressions E0 for which E%% is not aqual to EO is winimized,

We define a metazode A by th2 followinj rules.
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e The metacode of a segquence of objects 1is the sequence
of the metaccles of these obijects. The metacnde of
(%), where E is an axpression, s (E®*). This rule also
applies to specifiers.

» The asterisk is a speclal syrbol. Its metacode is =V,
All the other symbols are transformel by the metacode
into themselves.,

e A variable tyo2 sign v is transforged into v, For ex-
ample, the metacode of sx is %*S5X. Restriction: The
asterisk cannot by us2d as a variabla index.

e An expressjon X € . is transformed into *(5%)S,

e A sontence with the left side L and the right side F is
transfornmed into = {(L*) = R%)6&,

As an example consider the followina program:

K/RP¥/ e + e => K/RPH11/ e + - K/PPM/ e .

1 2 1 <
k/R2M/ e => K/RPHL/ e .
1 1
K/RPM1/ e (e )2 => e (k/RP/ e .) K/KP¥1l/ ¢ .
1 2 3 1 2 3
K/RPM1/ e => e
1 1

which 2escribes a function, replacing the symbol + by the
symbol - on all levels of parenthesis structure. In the me-
tacod2 A it will become the following exprassion:

X (/RPM/ #*E1l) - % (/RPM1/ %02))

= (/RPVM1/ #E1))

&T1 (% (/RP¥/ %S2)) & (/RPN1/=E3))
w£1)

*{(/RPM/ =C1 + *T2) =
*{ (/RPM/ =[1) =
#((/RPM1/%E] (*T2) *E3)
* ( (/RPM1/%E1)

[

5 This rule has been modified. The orizinal netacode trans-
formation was = (S%). However, it was found that tha "K¥
was unnhecessary. TIhe subsequant example has obeen modified
to refiect this change.

¢ llere too, the metacod2 has been chang:d: the reversion
indicator and comments have been deleted.
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de shall not describe metacode B here (it may vary with
implementation), we will only give an illustratior?. This
is how the above program will appear on the programming
fornm:s

RPA E1 '+' E2 = K/RPM1/El1. '-' K/PRPM/E2,
£1 = K/RPM/E1.

RPM1 E1(E2)E3 = €1 (K/RPM/E2.) K/RPM/E3.
El = E1

T The metacode transformation given is in fact that found in
the CUNY/UCC implamentation of FEFAL.
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Appendix C
DEFINITION OF BRSIC REFAL

(Excerpted from [1:7-111)

1. Syntax

A considerable part of the syntax will be doscribed in
th= Backus Normal Form.

1.1 Zi3ns

C{sign> ::= <speclflic sian> | <obiject sign>

{specific siqn> :2:= / | <bracket> | <variable tyge siqgn>
<{bracket> ::= {structure bracketd> | <{concretization bracket>
{structure bracket> ::= ( | )

{concretization bracket> :
{varlable type sian> ::= §

<Object siqn> is any character (represznted by a byte
in the computer). To distinguish object siqgns from these
characters that are used to represent spacial Refal
signs object siqgns are embraced 1in quotes, e.«g. 'A' or
"We. A quote as a single object sian i3 represented by a
palr of quotes *t ,

An <obiject strine> 1is a non-empty s=z2guenrce cf object
siqns. It is put 1~to gquotes 13 a whole, 2.6 '"RD3+35/5* .

1.2 3ymbols and Cxpressions

C=ymbnl> ::= <obiject sign> | <compound symbol2
{comoound symbol> ::= /<obiject string>/
{expression> ::= <sampty> | <{expression>{tera>
Cempty> s:=
Cterm> 1:=
<symbol> | <variabl2> | (<expression>) | K<expression>.

{varilable®> ::= <{3impl= variablad> | <specified variable>
{simpl2 variabled> ::= Cvariable type sign><{index>
Cindex> ::= Cobject sign>

spectfied variable™ ::= S<spacifier>{ini=x>
{specifierd> ::= (<obifact string>) | <compound symbol>
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A pattern expression is an expression, which does not
contain concretization signs {(but generally contains

variablez). A workable exprevsion is an expression,
which dces not contaln variables (hut genarally con-
tains concretization sians). An object expression is

an expression, which contains nelith=r concretizaticn
signs nor variables.

1.3 Sentences and Programs.

The following syntax Jdefinitions ar> given for the
RBESTRACT Refal machine, which 1is used below tc formally
define the semantics of Refal. The way a program 1is
written for computer input is described 1in Part II .

<sentence> ::=
t<conument><{reversion indicator><left sile><right side>
{comment> s$:= <objact string> | <empty>
{reversion indicatar> ::= <empty> | (R)
Cleft sided> :1:= K<{pattern exprassion>=
<{program> ::= <{empty> | <program><{sentence>

‘Io sentence can contain variables with identical in-
dices but different type signs,. The riaght sicde of a
sentence can contain only those varlables appearing in its
left slde, Specifiers in right sides are omitted.

By the range of a concratization siqn K in an expression
we mean the subexpression bounded by this sizsn and the
concretization point ".¥ paired with 1it. “e call the left-
105t sign ¥ with no other signs K in its range the lead-
ing sign K.

Ze. Syntactical Recoanition

2.1 We say that an object expression EO0O can Fke syn-
tactically recognized as a pattern expression Eg, if the
variables in Zp c¢an be replacec - vbserving the rules
listed below = by such expressions, called their values,
that Ep becomes identiczl to EJ. The rules are as follows.

2elel R variable of the form €%, WX, 2T Tx, where x is
the index, can take as a value any symbel, trrm,
and expresslon, respectivaly.

2:1.2 B variable of the form S(P)x, where P is an object
string, can take as a value any symbpl, which enters
P. Variables S/SIGN/x and S/COMP/x take as values object
=jcns and compound symborls respectively. A wvariable of
the form SDx, where D is a compound symbol different from
those two, is eguivalent to a varlable S(P?)x, where P
is the result of concrztization of KD.
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2.1.3 All entrlies of the same variable, i.e. those with
the same index, must be replaced by the same value.

2.2 If there are several alternative ways of assigning
vaiu2s to the variebles, the ambiguity iz resclved in one
of the following tw> ways, whicrh will be called reccocqgnition
from left to right, and from riqght to left, If recognition
from left to right (from right to left) takes place, taan of
all alternatives the one in which the 1leftmost (right-
most) expression variable Ep takes the shortest value is
chosan,. If this does not resolve the ambiqgueity, the
analoqous selection is made with resgect to the second
from the left (right) expression varlables, ectc.

2.3 To recognize = term K £E0 . as a left side ¥ Ep =
means to recognize E0 as Et.

3. The Refal HMachine

The Refal machine is 2n abstiact device which executes
aloorithns written in Refal. Tt consists of two potentially
infinite stores, which are called the memory-field and
the view-fileld, and a processor. At every romert in time
the memory-field contains a finite segquence of sen-
t2nces, and the view-field contains a workable expres-
sion,.

“he Refal machine works in steps. Having fulfilled a
step, the machine proceeds to execute the next one, provig-
»j that the former has not l1led to a normal or abnorscl
stop. Execution of the step begins with the search for the
leading sign X in the view-field. If thera {is no sign
K. tne Refal machinz comas to a normal stop. On finding the
i2ading sign ¥ the Refal wmachine examines the term which
beains with 1t; it is called the active term, and we say
that the starting siaon X has become active.

3.1 It the active tarm is K/BER/N'='E., where N
and £ are expressions, the machine writes down a new
santence $K/CC/ ¥ = E 1intd the memnry flelld, rputting it be-
fore the first sentence. The active term is removed
from the view-field, and the step 1s completed.

3.2 1Ii the active term s K/DC/ M., the R2:al machine
finds the first saentencz2 in the memcry-field of “he form
$K/DG/ N = E with the sam= N, removes it from the memory-
field and substitutes £ fo~r the active tevn, thus finishing
the step. If there 1is no such sentencs, tha active ternm
is merely removed.

PJ

o

t
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3.3 In other cases the Refal machine comparass the active
t2rm wilth the consecutiv: sentences in the uemcry~-fleld, be-
ainning with the first one, searching for an applicable
sentence, by which we mean such a sentence that the active
term can be recognized as 1ts left side. Pecognition is
performed from 1left to right if the reversion indica-
tor is empty, and from right to left if it is (). Having
found the first applicable sentence, thre Refal machine
coples its right side, replacing the variables by the val-
u2s they have taken in the process of recognition. The
workable expression thus €formed is substituted for the ac-
tive term, and the stap 1is finished. Jf there 1is no
applicable sentence, an abnormal sStop OCCUrS.

4. External Functisns

In real inmplementations of Refal, as distinct from the
abstract Refal machine dJd2scribed abaove, one nore action
is taken at each stap befsre using the sentences: the exam-
ination of whether the active term 1is or is not an ex-
t=2rnal function call. 3y external we mean those functions
which are not descrlbel 1in Refal. Som? 3ymbols must be
sdaecified in every iaplementation as =xternal function
determiners. If the active term has the form XFE., where F
is such 2 determiner, control joe? to a proaras (or what-
ever) that perforas the concretization. It may re-
sult in the replacement of the active term by some worka-
ble exrression, and may produce any effect in the
environment. After it is over, the current step is finished
and c¢ontrol goes back to the Refal machine.

Tne functions which provice 1input/output facilitics
clearly must be external. In all implecentations, a
function /PRINT/ is available, which is defined s0 that
when a term K/2RIIT/E. Dbecomer active, the expression
E 1is printed and the term is transformed into E. Another
function, /PROUT/, prints arguments and deletes the actlive
tarm.

We do not introlduca into the formal descriotion of
Refal the concept of number, but in the implementations
it 15 possible to code positive inteqer nuabers in a
certain range (e.qg. for I3M/370 up to 2 exp(31l) - 1) as
comoound symbols of a special kird (c3lled a macrodigit).
Th= arithmetic operations on them are p2i:foraed with the

ald of the appropriate external functions. In the »rocess
of recognition, a macrodigit will be recognizel as one sym-
b1 wvariable, without reaqard to the number of real

diaits involved.
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A compound symbol which enters a symbol variable as a
specifier may also represz2nt an external function.



Appendix D
TYPE AND VAR DECLARATIONS FROM PMAIN

This appendix haz been included as a Teference 1in de-
scribing Pascal c¢ode gensrated when a gJraph of states is
mapped onto Pascal. Appropriate comments have been added to
the code., The declarations have been extractel from a pro-
gram actually produced by the current majpping,. Note that
the data types inherent in this mapping are primarily REFAL
expresslions.

CONST STACKDEPTH = 100 (* DZPTH OF OPERATING STACK %) :
MAXNUMBER=16777215 (% = 2 TO 24 MINUS ONE =) ;

TYPE (UMIERTYPE =
aDDR = IPIECE
PIECETYPE = {(SYM, PAR, PLH, HEAD);
SYMPARTYPZ = (TP, NP, WP, LPR?, RPAR);
SYMTYPE = CP..WP;

PARTYPE = LPAR..RPAR;
PIECE = PACKED RECORD
?REC, FOLL : RIOD7;
CRSE PTAG : FISCETYPE OF

¥

SY¥YM : (CTAG: SY4TYPE; CODE: MUMZERTYPE) ;
PAR : (BTAG: PARTYPE: FAIE: ADDR);
PLY : ():
HERAD : ()
b 20 H
ASRANGE = 0..5TACKDZIPTH:
BSRANGE = 0..STACKDZPTH;

FLALELRANGE = l..116;

BLOCKHEADER = PACKED RT.CORD
F : FLABELRANGE {#* FUNCTIOM NAMES =) ;
~ : PSRANGE {(* BLOGCK LENGTHS =)
TND:
VAD
XS : ARRAY (.XSRAN3SE,) OF ADDP (* FEXPRESSIDOH STACK #};
P ¢ XSRAEMNGE (® ZXPRESSTON STACK PNIVTER =) ;
B33 ¢ ARRRY (.BSRANGE.) OF BLOCKHEEDER 3
32 : BSRANGE (* 3LOCX HCZADER STARCK POINTICR %) ;

{(* AUX. POINT=RS FOR BUILDING EXPRESSIONS %)

3 : ADDR (* POINTER THAT MOVES THROUGH EXPRESSIONS =) ;
30 3 ADDR (* ANTHOR 2IECE, IVITIALIZED THROUGH CREAIION %)
31,82 : 8DDR (% LeFT AND RIGHT ENDS OF NEW EXDPPEGSSION =) 3
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TPLH ¢ ADDR (= POINTER TO TAKLR/PLACE M4OLDER =¥);
ADFREE : ADDR (% BEGINNING OF FREE MEMORY %)

: FLABELRANGE (#* ZURRENT FUNCTICN NUMBER %) ;
ALEN ¢ XSRANGE (% CURRENT BLOCK LENGTHY #};
ABR : ADDR (» POINTER TO LEFT BPACKET CHAIN FOR PAIRING ¥*);
(* AUXILIARY POINTERS FOR EXPRESSIOM MANTIPULATIONS %)
TaO,TA1,TA2,TA3,TA4,TAS,TA6,TA7,TA8,TA® : ADDR;
TA10,TA11,TA12,TA13,TA14,TA15,TR16,TAL7,TA18,TAL19 : ADDR;
TAOF ,TAY®,TA2F ,TA3F,TA4F ,TASF ,TR6F , TATF ,TAGF ,TR9F : ADDR;
TA10F,TR11F ,TA12F,TA13F ,TAIUF : ADDR;
TA15F,T&A1sF ,TAL7F,TR18F ,TAL13F : ADDR;
TAOP,TALP,TA2P,TA3P,TAUP ,TASP,TA6P,TATF, TABP , TASP
TaA10P,7A11P,TA12P,TAR13P,TRIUP : ADDR;
TA15?,TA16P,TA17P,TA18P,TA19P : ALDR;
STEP : INTEGER (% STEP? COUNTLER =)
DIGITS, LETTERS : SET OF CHAR;

ADDR:
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Active
£l ement

Assigqnment

Assignment
Chain

Na ~is

Appendix E
GLOSSARY

A part of an expression found in an assign-

ment, which represents a functicon call.
© An active element takes the
form: Z(N <var-list> }, where N is a

macrodigit 3iving the function number, and
{var-1list> is a Refal 1ist of actual paran-
eters for this function call. Thus, we
may have an active element:
(/67 (%E/3/) (¥S/3/)) . Eguivalently, at
the level of gragph of states, this active
element can be seen as a pair of
concretization brackets for function Cé6:
K/CE/ (ZUW) (33) . &

An element of a graph of states which repre-
sents the c¢omposition of an exgression for
output, upon successful completion of a walk
through the graph. In LISA proarame, one as-
signaent is aqenerated for caen <tack lo-
cation, thus directing the various results
of execution of a function to the next func-
tion to op=rate on each, nm & graph of
states, an assignment takes the form:
{(EY=V), where © is any expression in neta-
code A, and Vv i= a mretacoce A variable
which is assigned the valus cf expression E.
in LISA, an assiqgnrent tak2s th+e same for-
bat, except that alil variables are rapped.

A series »of assichuen's which constitutes
the =end o2f a walk through a aqraph. The
acsignmeant chain represents the right «ide cf
a Refal santence, i.e., the replacement part
of a oroduction rule.

The initial stack locatien 2f a blcocck. Jhen
a particular function 1is axecuting, 1its own
basis always has relative stack location
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Block

Comoiler
Di rective

Condition

Condition
Chain

zero, i.e., the pointar in the stack of
variables points to this basis. Fach func-
tion call to be created as a result of
this function's evaluation will bc given its
own basis, relative to the basis 0f the
executing function. The basis always points
to a place holder which 1is the destination of
the resalt 2f evaluation of the furction be-
ing executed.

A set of sejuential 1locations on the stack
of variables whichk reprzsent the irput
and output of one function call. When a
function is selected by the stack interpreter
for exacution, the polnter in the stack of
variables is set to point to the location cof
the place holder variable for this function
(offset = 0 withir thls block, 1.e., the
basis), and the succeeding 1la2vels in the
stack represent the input variables for the
function.

a LISA statement which gives the code
generation progranm information needed fcr
setting up the control structure of the
translatel program. LISA compilar directives
include commands for updating the stack
pointers, pooping the operatino stack,
restoring dynamic storage to the system,
and also include any target language code
generated by the mappling prograe i1tself, such
as the function declarations which call ex-
ternal functione. Each LISR compiler di-
rective i3 represented as one term, in which
the first symbol is a gquestion mark, e.g.,
{(?P0OP).

A term in a graph of states or LISA proaram
which constitutes a conditional test and
branch, i.2., a contraction ¢or a restriction.
See Condition Chaine.

The series of conditions 1in the beginning of
one walk through a graph. The condition
chain c¢an be seen as correcpending to tne
left side of & Refal sentence, 1.e., a1 pat-
tern expra2ssion. If th=2 patterr 1is not
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Conglomeration

Contraction

Pata Type

Graph of
States

Input
Variable

matched (all conditions in the zhain are not
net), a branch is taken to the next
walk, or, if none remain in the gracgh, rec-
ognition 1is declared. Iimpossible, and ex-
ecution 1is halted.

The process of replacement of subexpressions
in an assignment bv their 2ntecedent
variables, as created in the condition
chain precsding the assignment. IThis process
significantly reduces the complaxity of out-
put 2xpressions. See section 5.3.2.2 for an
example.

An element of a graph of states which repre-
sents a condition test followed by the cre-
ation of lscal variables. If the condi-
tion test 1s successful, the local variables
are creat23, and execution contlnues on the
same walk within the graph of the function.
If the test is not successful, axecution ei-
ther continues 2n the next branch within the
graoh, or execution is haltad if no
other branches remain 1in the graph (i.e.,
recognltion is impossible).

Part of the specification of a magped vari-
able. At present, this indicator c¢an take
the following values: S5 - Symbol in a Jjoubly
linkad 1ist, and £ - Expression in a doubly
linked 1list.

A representation of a computer pregran as
produced hy a Refal Supercoapiler. a8
configuration in a qgraph of states repre-
sents one functior. Each variable in a gragh
of states 1is originally unmapped, and wmay
only have the data types S and E, correspond-
ing tn syawbols and expressions in Tefal.

A variable which is one of the arguments
to a conflguration (function). See also
Total an3i Partial 1Input Variables in this
glossary.
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LISA

Local
Variable

Mappead
Variable

Of £sat

Coerating
Stack

Dp2ration

The Language for Implementation by Stack
Assignments. This language was developed as
an intermedilary betweer the mapping and code
genaration stages of translation of a grach
of states into a working computer program.
A LISA program contains all the informa-
tion necessary to create each function defi-
nition |in the target lanjuage, and gives
the mapping for 2ach varlable.

A& variable which is created as the result of
a contraction. That is, 3 variable which
first appesars in the riaht cide of a
contractlion. Such a variable may itself
be contracted in subseguant contractions,
and mnay appear as part of an cutput ex-
pression.

A specification of a variabl> within a
mapp2d program, which Jdenotas all the
information necessary to locate, access,
and operate on the data contained in the
variable. In the precent mapplirg schene,
a mappel] variatle 1is represented as
#M{D S R 0}, where D is the data type, 5 is
the status, R is the role, anéd 2 is the off-
set (location in the stack).

Part of th2 specification of a mapped vari-
able. This indGicator always takes an
integer value 1in the present mapping,
and represents the 1location of the vari-
able. Since the present mpappling omploys 2
stack of variables, this location is repre-
senta2d as a stack offset, hence the name.

A PMAIN  global array which contains one re-
cord for =2ach function call. Tach record
consists of a field specifyinc the function
name (i.e., configuration number), anc a
field which defines the stack lencth of the
configquration.

Pseudonym tor Condition.

- 151 -



Qutput
Variable

Partial Tnput
Variable

Place~-holder

PMRIN

“ecogqnition
Impossible

AR variable which a2ppenars in the right side of
an assignmn2nt. Such a variabla directs the
outout of a function call to a particular
location (stack cffset}).

A variable which comprises part of an input
variabhle. Thus, a partial input variable
is » result of centracticn of a2 tctal input
variable.

An element of an output expression which
holds a place for the value of a npnot
yet computed function call. In LIS map-
pings, place holders are d=2noted Ly a '+' as
the role indicator. L. place holder variable
appearing in the right side of an assignment
then qgives the destination for the result
of A function call, while =z place holder in
an output expression (left side ¢f an as-
signment) actually holds the place for the
same valu2 until evaluation is completed,

The name of the operating environment for
procrams in the Pascal language produced

by the mapping and code ceneration
schenes., PMARIN includes all the internal
operating functions neeied to execute

the Pascal program, and all the exter-
nal function dJdefinitions reguired by the
proaoram itself.

A state »f the Refal machine which reans that
the actual argurrent to a rparticular func-
tion 4131 not correspond to any of the pattern
expra2ssions in the 1ieft sides of the
sentences defining the functiosn. Rhen
such a state ocgurs, oxecution is abner-
mally terainated. A c=imilar coniition exicte
in PMAIN, when none of the walks through a
function Jdefinition rosult in success-
ful fulfilliment of all the conditions  in
thos2 walks.

The REcursive Furctions Algorithmical Lan-
gquaga, ifavented by Prof. V. F. Turchin. Sce
appendix 1 for a basic definition of the lan-
guaca.



Referenced
Variable

Gestriction

'asle

Stack
Assignnent

Ctack
Internreter

Stack of
Variabhles

A wvariable which references a specific
value. A referenced variable 1is 1indicat-
ed by a '-' in the role field, All input
variables are referenced variables, as are
variables which appear in the right sides
of assignments when the value of the variable
can be directly computed by the assignment
(i.e., nd function calls or place hold-
ers exist 1in the expression). Feferenced
variables appearing 1in the 1left sides of
assignments refer to variaties created in
the condition chain of the current walk.

An 2lement of a qraph of states which
reprasents a neaative condition test (see
Contraction). Aestricticns 2re removed from
2 graph 2f states befor2 nmapping, since
the transforrnation of the prrgaram from func-
tional to sequential representation obvi-
ates thelr presence.

Part of the specification of a mapped vari-
able. This indlcator can take either
the value '-°', which signifies a refer-
enced varlable, or '+*', which signifies a
place holdzar variable.

In LISA, 3 statement corresgonding to an as-
signyent in a graph of states. All vari-
ables in a stack assignment are marped, and
each variable has one fileld which gives the
stack offs=2t, 1i.e., the location in the
stack of variables where the particular vari-
able may b= found. The variable on the
right 3id2> of a stack assijnaent has an
offset which gives the Aestiration for the
maprad expression in the left side.

A 3ection of 3 P4AIN proaram whose purpose is
to simulat=2 execution of successive function
calls on the operating stack.

A PMAIN global variable which consists 2f an
array of polinters to variables oparated on by
the program,
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Stack
Length

State List

Status

Sapercompller

Tstal Input
Variable

Walk

The number of stack locations needed to as-
semble the output of one walk in a graph.
Note that this stack 1length may be different
in each walk in a particular gragh, de-
pending on the number of function calls
founl in the each walk. The stack 1lenath
in the current implamentation always
corrasoonds to the number of assignments
in a particular assignment chain. See Block,
abov=,

A qlobal variable of the mapping process,
which shows the format of each function
call, along with the mapping 0of each input
and >utput variable.

Part of the specificatiocn of a mapped vari-
able. A4t present, this indicator <can take
the following values: ' - Total input
variable, and P - Partial input variable,
both of which appear oanly in the condi-
tion chain of a walk; andi A - Actual vari-
able, G - Ghost variable, and R - Replacement
vartable, which arpear only in the assion-
ment chain of a walke

A program written in Refal, which perfornms
certain transiorwmations on another program
written in Refal. [For more details, see [1].

A variable which is one »>f the arguments
to a conflguration {(functjon). The term
total i3 applied to differentiat2a between the
arquments themselves, ani the prartial,
or contracted variabhles, which are re-
sults of contraction of the arguments. To-
tal input variables can b2 viewed as beina
the fornal parameters within a function Adefi-
nitione.

a path through a araph of one function, com-
prised of a cordition chain followad by
an assignment chain. Fach aoraph rmay have a
numbar of walks, since 1in general, a Qararh
has a tree structure.
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dalk-£r1i That part of a walk which consists
only of unconditional assignmants, i.e.,
the assignment chain. In LISA, the walk-end
miay 31so include ccmpller directives.
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