META PI—An on-ine interactive compiler-compiler

by JOHN T. O’NEIL, Jr.

RCA Laboratories
Princeton, New Jersey

It is difficult to specifically date the origin of the
research efforts within the programming discipline
that are directed at describing and implementing a
language which would produce compilers.

The motivation for these efforts stems from meta
languages such as Backus Normal Form (BNF)
which attempt to describe in a mathematical nota-
tion the syntax (structure) of a programming language.
The thinking is that if a given language (FORTRAN,
ALGOL, etc.) could be described in rather precise form,
then it should be possible to construct a translator that
would accept statements, say, in BNF and output the
appropriate compiler. This processor is shown schemat-
ically in Figure1.

The actual construction of the compiler-compiler has
proved to be an elusive goal; the efficient implementa-
tion of the theoretically possible turned out to be far
more difficult than originally anticipated.

In early 1966 work began at the RCA Laboratories,
Princeton, on what has since evolved into RCA BTSS
II (Basic Time Sharing System, Version II). During
the design discussions for this system it was decided
that the interactive language would be based on FOR-
TRAN 1IV. It was further decided to implement the
language, so far as possible, using a compiler-compiler.
The final compiler was named FORTRAN PI and
its compiler-compiler parent, META PI. It is the opin-
ion of the author based on implementation experience
and user acceptance that the viability of the compiler-
compiler has been amply demonstrated by the research
effort which produced META PI and FORTRAN PI.

Before discussing META PI it will be necessary to
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discuss BTSS II since it is the operational environment
within which META PI functions.

RCA BTSS II provides the on-line user the ability
to create, modify, execute and correct programs on an
interactive basis. The user accesses the system services
through three main software components:

A Command Language.
A Text Editor.
The FORTRAN PI compiler and META PI

compiler-compiler.

FORTRAN PI and META PI were designed as far
as possible to be independent of a given control system
and I/O package. Both FORTRAN PI and META PI
interface with the system via an interactive executive.

RCA BTSS ILis implemented on an RCA SPECTRA
70/45 computer system with 131K of memory.
The SPECTRA 70/45 is a third generation computer
system with an instruction set which is compatible
with System 360. It does not have hardware fea-
tures (paging, read memory protect, ete.) specifi-
cally designed for time sharing. (The RCA SPECTRA
70/46 does have these features, and a version of the
PI compiler is operating on it.)

FORTRAN PI was the first language implemented
with META PI. A discussion of its design and the
structure of the object code produced by it will be help-
ful in providing the reader insight into the design and
function of META PI.

The reader is cautioned to keep in mind the various
possible levels of translator activity, that is, the
initial creation of FORTRAN PI via META PI, the
on-line creation of the user’s program via FORTRAN
PI, and the on-line creation of the user’s compiler (or
compiler-compiler).

During the preliminary design phase for BTSS the.
fundamental decision was made to use a FORTRAN
like language as the problem solving language of the
system. Three considerations provided the framework

- for all subsequent design decisions.
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First, to gain insight into the viability of compiler-
compiler approaches, the implementation of FOR-
TRAN PI would proceed only after the structure of the
META PI compiler- compiler was described in detail.
As much as possible of the FORTRAN PI compiler
would be implemented via META PI.

Second, trade offs would be made in the total META
PI approach if, in implementing FORTRAN PI, effi-
ciency of the production compiler would be seriously
impaired by this approach.

Third, FORTRAN IV standards would be adhered
to wherever possible, but since the language was to be
utilized in a time sharing environment, departures
from FORTRAN IV standards would be effected when-
ever the convenience of the terminal user would suffer
otherwise,

In retrospect, considering the rather ambitious design
constraints, FORTRAN PI was able to meet the bulk of
its design objectives. Over 80% of the object code of
FORTRAN PI is generated from META PI. The
‘compiler itself is remarkably similar to FORTRAN IV
when one considers the conflicts of user utility that
arise when one attempts to reconcile a language de-
signed for the batch user with the requirements of
interactive time sharing.

For example, some of the present FORTRAN PI
alterations to FORTRAN IV are:

1. Free field input format to both compiler and I/0
Formatter.
. Format statements are optional.
. Recursive functions and subroutines.
. Arbitrary subscripts.
. Negative increments in DO loops, ete.
. Symbolic variable tracing, flow tracing, and
other debugging aids.

OGN

Further alterations are, of course, easily implemented
via META PI.

The FORTRAN PI compiler has the following
characteristics:

1. Statements are accepted and compiled a line at a
time on an interactive basis.

2. The object code generated is read only and is capa-
ble of immediate execution. (The FORTRAN PI

compiler is a one pass compiler.)

The above characteristics are desired for several
reasons. First, it was desired that programs be com-
piled rather than interpreted for greater run time
efficiency.

Second, the read only feature of the object code
permits the executive to omit writing the code back to
dise when each run time execution slot terminates.

Third, the immediate compilation allows several

important additional advantages to acerue to the in-
teractive user. Among these are:

A. The compiler can be used as a desk calculator.

B. Complete symbolic debugging aids (the principal
advantage of interpreters) are still available due
to the easy access of the compiler and symbol
table at run time.

C. The user can symbolically alter variables in a
running program without re-compiling or re-
starting. »

D. The user can cause each program statement to
be executed (incremental execution) while it is
being compiled a line at a time (incremental
compilation).

The compiler itself is composed of two sections; a set
of subroutines which are hand coded and the code
generated by META PI. The subroutines fall into
two classes.

a. Those which are not sensitive to the language
being compiled. These routines are used by both
FORTRAN .PI and META PI and as such can be
used for generating new compilers. An example of
this class of subroutines if INUM ; this subroutine
tests the input stream for a digit string of arbitrary
length,

b. A set of subroutines whose generality is a function
either of the hardware on which the compiler is
being implemented or the particular source lan-
guage itself. For example, the routine EFFI de-
tects the occurrence of certain instruction pairs
and replaces this pair with a single instruction.
This replacement is obviously dependent on a
specific hardware instruction set. Another routine
FLB is used to detect valid FORTRAN PI FOR-
MAT statements. Such a routine is unique to
FORTRAN and is not useful in the implementa-
tion of other languages. These non-transferable
routines comprise less than 59 of the total FOR-
TRAN PI object code.

The second section of FORTRAN PI is composed
entirely of code generated by META PI. This coding
performs a left to right scan of the source text, testing
for syntactic units exactly as specified by the input to
META PI. The structure of the input to META PI will
be taken up shortly.

FORTRAN PI accepts source statements from ter-
minal users and generates the machine code necessary to
to carry out the intent of the statement. The compiler
uses five regions in creating the users object program.
These regions are created in 145 page blocks. A 14
page is 2048 memory locations (bytes); this is the
minimum size block that can be memory protected on
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the Spectra 70/45. The number of 14 pages allocated
to each region is user specifiable at the time his pro-
gram is created. The five regions are allocated as
follows:

Regions 1 and 2

Contains the compiler’s working storage, a specially
constructed statement table and the source program
label table.

The statement table is used for symbolic debugging;
it enables the user to trace his program on selected
criterion. For example, the program can be halted at
any statement number, or the user can cause a symbolic
printout when the value of specified variables change.

The label table contains information on every pro-
gram variable and statement which contains a state-
ment number.

Region 3

This area contains the user’s compiled code. The
generated code is “read only” and self-relocating. As a
result the code 15 pages need never be written when
the program is being staged out at the end of an exe-
cution time slot (the maximum time slot is 14 second).

Since the code generated is self-relocating it ecan be
used as shared code on virtual memory hardware even

though the current implementation is on a processor
without virtual memory capabilities.

Region 4

This region contains constants that appear in the
user’s source statements and all variables that have
been declared in COMMON statements.

Region 5

This area contains the value of variables not in
COMMON, DO loop indices and the recursive function
stack area.

FORTRAN PI functions and subroutines are re-
cursive. The dynamic memory requirement needed to
efficiently support a recursive process is obtained from
Region 5. Thus the actual storage used in Region 5
expands and contracts dynamically during execution
of the user’s object program.

Since FORTRAN PI is implemented in the main
by META PI its structure, which is designed for
efficiency in the time sharing environment, is in fact
determined by META PI. The implication is that
any other language implemented using META PI
would also have this region oriented structure; this
without any special effort on the part of the language
implementer using META PI.

The full implication of the nature of the compilers
generated by META PI will be amplified when the
implementation of Dartmouth BASIC using META
PI is discussed in a later document.

META PI is a problem oriented language, that is,
it is designed for use by individuals implementing en-
tire compilers, syntax checkers, or for extending the
capability of eurrent compilers to satisfy special lan-
guage requirements.

It has long been proposed that the structure of
languages must be placed within the domain of the
user; the logic is that only the user can be truly sensi-
tive to his own specific needs. It is the purpose of
problem oriented languages to achieve just this end,
that is, they provide the user with a language that en-
ables him to solve problems with special structural
characteristics that would be either extremely difficult
or, from the economic point of view, impossible to
solve with procedure or assembly level language.

One of META PI’s problem oriented objectives aims
at providing the user the ability to create languages
suited to his own needs without requiring that the user
be familiar with specific computer hardware or the basic
internal structure of compilers. This goal has yet to
be achieved in its entirety, but META PI has demon-
strated that the concept is feasible and that it’sonly a
matter of time before the user will be provided with the
capability for developing his own languages just as he
is now able to create his own programs; the only re-
maining problems to be solved relate to the extent to
which symbolics should be used within the compiler-
compiler languages themselves.

In order to define a problem oriented language it is
first pecessary to examine the characteristics of the
problem that the language is to slove

The language of a compiler-compiler (META PI)
must be designed to solve the problem of compiler
generation.

Compilers perform two basic functions:

1. They scan input statements in order to determine
their validity within the definition of the language.
The valid statements within a language is estab-
lished by the syntazx of that language. For example
the Dartmouth BASIC statement

I0LETX =X +1

is valid
while

I0LETX = JOHN 4 1

is not, since in Case 2 the variable JOHN is not
permitted in the language and hence is syniacti-
cally incorrect. .
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2. The second requirement of a compiler is the
generation of the necessary computer intructions
for effecting the execution of syntactically correct
statements. This phase of the compiler implies
that a meaning (semantics) is to be associated to a
given statement. The meaning supplied takes the
form of generated object code.

A compiler-compiler then must contain structural
elements necessary to provide, in the compiler it pro-
duces, the ability both to scan for correct statements
(syntactical structures) and also to produce object
code. The user of such a language is freed of all the
details that are involved in the actual generation of
machine code required to implement the compiler itself.

META PI uses as its basic language structure the
" META series of compiler-compilers deseribed by
D. V. Schorre? and his associates at the UCLA com-
puting facility. Its implementation, however, unlike
the META series of compiler-compiler of the UCLA
group is intended primarily for interactive software
system. It has been used to generate two interactive
compilers that are used on a production basis.

The basic parsing algorithm of the META type
compiler is top-down left to-right, and deterministic.
Briefly, “top-down” means the compiler first decides
which rule should be satisfied next and then checks the
input (or calls new rules) according to the alternatives
of the rule. A “bottom-up” parser would, on the other
hand, first check the nature of the input and then
determine which rules could be used to describe it. A
top-down, deterministic algorithm was selected for
three principle reasons.

1. Coding can be generated immediately for the
META statements as they are read in. This meshes
with the goal of having incremental compilation.

2. Errors are easily pinpointed in deterministic
parser. Backup is provided only when explicitly
specified in the META PI language.

3. Deterministic parsers are faster than non-deter-
ministic parsers.

As has been stated, the first requirement of a com-
piler-compiler language is to provide the language it
creates a syntax checking capability. Fortunately,
the syntactical description of programming languages
has been provided a powerful symbolism in the Backus
Normal Form (BNF).

BNF achieved its fame from its use in ALGOL ’60
but is suited for describing a broad class of languages.
It provides an excellent vehicle for the statement
structure of a compiler-compiler. In order to enable the
generated compiler to syntactically test the input
statement, a BNF description is converted by META
PI to generated code that will perform snytactic tests

on the input statement. Though it is well suited to the
syntactic phase of a compiler’s work BNF was not
designed with the intent of attaching semantic meaning
to the statements involved.

It is in the area of semantics that the major effort in
design has occurred in the development and definition
of META P1.

META PI is computer program written for the RCA
Spectra 70 that accepts the description of a language
in extended Backus Normal Form. Both the syntactic
and semantic functions of the compiler to be generated
are contained within a single META PI statement.
The output of the interactive version of META PI is
(read only, sharable) Spectra 70 machine code which is
the compiler for the language being described. This out-
put code is unique to a given on-line user and does not
interfere in any way with other on-line users who are
sharing META PI interactively. The user of META
PI can in fact have any number of different languages
in various stages of development; the system does not
distinguish between programs written in FORTRAN
PI and those written in META PI; FORTRAN PI,
META PI and the user’s compiler form an integrated
language system in RCA BTSSII.

The object code produced by META PI consists
primarily of a set of subroutine calls which perform a
recursive left to right scan of the source statements of
the particular compiler language it describes.

META PI statements are designed to resemble
Backus Normal Form. It was important, however, to
extend BNF in order to include semantic operations
(code generation) within the syntax structure de-
seribing the language and to simplify the description
of the language. Four extensions were invloved:

1. The inclusion of factoring and the addition of an
iterative operator. For example the BNF statement

A::=B/AC/AD
becomes
A: = B$ (C/D)

These changes were necessary for two reasons.
TFirst, the use of the $ sign enables the compiler to
identify an iterative operation immediately on
the appearance of the dollar sign ($). This greatly
simplifies the compilation process. Second, since
META PI is an interactive language the $ notation
reduces input requirements thus increasing termi-
nal efficiency. Furthermore, from the purely
descriptive point of view, it simplifies the identi-
fication of proper strings defined by the statement,
since the $ can beinterpreted to mean “followed by
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an arbitrary sequence of.” Hence the sample

META PI statement above is read as:

“An Ais a B followed by an arbitrary sequence of
C’sor D’.”

From just the visual examination of the string

BCCDDDCCCDDDDD

it is difficult to determine using the BNF descrip-
tor whether or not the string is valid. With the
extended BNF descriptor of META PI however
it is immediately obvious that the above is in faet
a valid string, that is a B followed by an arbitrary
sequence of C’s or D’s.

2. The semantics are included within the syntax of
a statement. This allows for object code to be gen-
erated as the scan of the source statement pro-
ceeds; in the vast majority of statements seanned,
the complete generation of code and end of scan
will oceur simultaneously.

3. The ability to backup the code generation to
some previous scan point is provided through
special commands that are part of the META PI
statement structure. This feature allows for effi-
cient identification of those statement strings
belonging to a language but not immediately
identifiable on a left to right scan basis as a partic-
ular statement type. Consider for example the
FORTRAN PI statement

DO1I=1.5

This statement is a valid assignment statement
which assigns the value 1.5 to the variable DO1I.
If the syntax analysis, however, begins analyzing
the statement as a DO statement 1t will not be
rejected as such until the analysis of the statement
is nearly completed. The backup facility of META
PI provides an efficient means for re-evaluating
the input string as a different statement type.
It must be noted that the backup facility is pro-
vided for the scan of the source statement to the
compiler being generated. It is never necessary to
backup during the scan of a META PI statement
since META PI is a deterministic language.

4. The compiler writer is provided with the capabil-
ity of generating compile time error comments
via a special error command which is also an
integral part of the META PI statement struc-
ture. (This feature is not avaible in the interactive
version of META PI described here.)

Before proceeding with a discussion of how META PI
statements are written a discussion of META PI vs.

BNF syntax is in order. The following conventions will
hold:

META PI BNF
/ l
ABC <ABC>
: ABC : ABC
In addition:

1. A ; will terminate a META PI statement (un-
necessary in the on-line version).

. () [parentheses] will be used to simplify BNF and
will indicate factoring,.

3. A $replaces BNF finite state recursion.

w

To solidify META PI syntactical symbolism a few
Dartmouth BASIC statements are shown below in
BNF and META PI.
BASIC READ statement
BNF

<READ statement >
META PI

READST : = :READ : READLST

:: = READ <read list>

BASIC read list

BNF

<read list> ::= <variable> | <read list>,
<variable>

META PI
READLST : = VARS$ (;,:VAR)

BASIC FOR statement
BNF

<FOR statement> ::= FOR <simple variable>
= <expression> TO

< expression > <OPTEXP >

<OPTEX> :: = STEP <Expression> |
<EMPTY >

META PI
FORST :=: FOR: SIMVAR :=: EXP : TO :
EXP (:STEP:EXP/.EMPTY)

These examples are included to illustrate the similar-
ities of BNF and META PI syntax. For the purpose of
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these illustrations an effort has been made to name
syntactic components to convey the same meaning
they had in the BNF statement. For example the
BNF < expression > became EXP.

It should again be emphasized that BNF does not
include any facilities for including semantics operations
within syntax operations hence none of META PI’s
semantic operations were shown.

META PI statements contain 3 types of elements:

1. Syntactic elements; these elements are compiled
into code in the user’s compiler that will test for
syntactic elements in the source input to the user’s
compiler. These elements, then, are used to gener-
ate the “sieve” statement identifier or syntax
checker of the user’s compiler.

2. Semantic elements; the elements are compiled
into code in the user’s compiler that will effect
the generation of object code.

3. META syntactic elements; these elements are
compiled into code in the user’s compiler that
will enable it to efficiently resolve possible conflicts
(ambiguities) in the newly defined input source
statement via a backup facility. The user con-
structs META PI input statements by combining
these three elements so as to produce his own com-
piler.

The general form for a META PI statement is:
LABEL: = expression

The left hand side is a unique identifier which serves
as g reference to the expression on the right hand side
(a META PI identifier is defined as a letter (A-Z)
followed by an arbitrary sequence of letters or digits).
For example the META PI statement which defines a
digit would appear as:

DIGIT: = :0:/:1:/:2:/:3:/:4:/:5:/:6:/:7:/:8:/:9:

The name DIGIT can then be used on the right hand
side of an expression to effect the test for a digit.

The character pair : = serves as a delimiter and
distinguishes META PI statements from FORTRAN
PI statements. The reader is reminded that META

PI and FORTRAN PI are one integrated language -

package.

The expression is compiled into code in the user’s
compiler which is recursive, that is, the expression can
contain a reference to itself either directly or indirectly.

When META PI generates the code for the expres-
sion within the user’s compiler it will be generated such
that it can have one of three results after being called.

1. True. This results if the input scanned as a result
of being called satisfies the expression. The called
routine will return with a truth indicator set, the
input pointer will be moved past the data cor-
rectly scanned. _

2. False. The input does not satisfy the expression,
in this case the input pointer will be unaltered.
The truth will be set indicating false.

3. Error. The expression prefix is correctly identified
but the suffix is not. For example the statement

GO TO 20.3

is an invalid GO TO statement. The prefix GO TO
is (possibly) correct but the suffix 20.3 is not.
When this occurs an error routine is called, the
input pointer is partially updated, the error
routine will then insert a ? (question mark) after
the last character successfully scanned.

These three conditions deseribe the behavior of the
code that is generated in the user’s compiler by a
META PI expression. Some of the elements that com-
prise these expressions will now be discussed in detail.

Syntactic elements

The X’s represent any character
string. This syntactic element will
create code in the user’s compiler
to test the current input for the
string within the colons. In the
DIGIT statement, shown previ-
ously, code would be generated
that would test for a Q or a 1 or 2
ete. v

This results in the generation of
code in the user’s compiler which
will result in a call to the routine
named (ABC in this case). This
routine will presumably be written
by the user with META PI. DIGIT
defined above is such a routine; it
could be used, for example to iden-
tify a number.

INUM: = DIGIT$DIGIT

The name could also designate one
of the currently existing FOR-
TRAN PI routines. This syn-
tactic element is one of two possible
methods available for linking to
subroutines within META PI. The
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.ID

.EMPTY

JINT

.NUM

second method involves preceding
the routine name with a period.
When the period notation is used
META PI will assume that the
routine called is not recursive and
that a truth indicator is to be re-
turned. When a routine is called
without a period recursion is then
possible by the routine called; a
truth value will be returned by the
called routines in either case.

This is the test for an identifier.
Code is generated to link to the
ID routine. Note the use of the
period. The implication is that the
ID routine does not subsequently
link to itself.

This is a special snytactic test
which forces the true setting of the
truth indicator.

This is a test for a FORTRAN
integer.

This is a test for a number which
could (approximately) be defined
by the following META PI state-
ment:

NUM: = $DIGIT(:.:/. EMPTY)
$DIGIT(:E:(: + :/: —:/ . EMPTY)

DIGIT(DIGIT/.EMPTY)/
EMPTY) :

The code generated for this state-
ment will identify numbers such as
1.23E-01
001371E-15
1.361, 0123, 1E1

the definition could be read as:

“A NUM is equivalent to zero or

more digits followed by an op- .

tional period followed by zero or
more digits followed by the optional
sequence; E followed by an
optional plus or minus followed by
a digit followed by an "optional
digit.”

The  NUM definition is relatively

LKUP

simple yet it illustrates factoring,
iteration ($), tests for syntactic

.elements and the use of .EMPTY;

a clear understanding of these ele-

ments will benefit the reader when

other examples are given later in
this document.

This results in code being gener-
ated in the user’s compiler that will
link to the LKUP routine; this
routine scans the label table for the
last input detected. Label table
entries are statement numbers or
variable names. Each entry also
contains appropriate control in-
formation such as type, memory
address and program level. The
routine will return one of three
possible results.

1. The input was in the label
table and assigned memory
location is defined. '

2. The input was not found in
the label table.

3. The label was found but its
memory location is yet to be
defined. This type of entry
is caused by forward refer-
ences. For example a GOTO
statement that specifies a
statement number that has
not yet been entered.

TYPE(:NNYY:) This routine looks up the input

passed to it in the label table and
tests if the type byte is in the class
allowed by the argument NNYY.
One function of this routine is to
check for mixed mode errors.

Here the X’s represent an arbitrary
identifier. The use of this notation
will cause META PI to generate
linkage to the subroutine named
by the symbol. The execution of the
subroutine is assumed to effect a
test on the input string. The results
of this test will set the truth indi-
cator which is returned to the call-
ing routine. This notation is, in
fact, the vehicle used by META
PI in generating linkage to those
syntactic routines previously dis-
cussed (ID, .LKUP, ete.). In
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addition to the symbols already
defined, the user of META PI
can link directly to those routines
(written in META PI) that are
used in creating the FORTRAN
PI compiler; there are over 100
such routines most of which per-
form functions common to alge-
braie compilers. The META PI
implementation of FORTRAN PI
appearsin Appendix 1.

Semantics—Code generation in META PI

The syntax operations permit the user who is imple-
menting his own compiler to perform the statement
identification function of the compiler being generated.
The code generation that will effect the intent of a
given source statement is handled by the semantic
functions, these functions are imbedded in the META
PI statement structure.

The semantic functions are composed of two sub
elements:

1. Semantic commands.
2. Semantic operations.

Semantic operations are always contained within
semantic commands. The general form is

sematic-command (semantie-Operations).

Semantic commands

Every semantic command has a direct effect on code
generated by the compiler. When META PI encoun-
ters a semantic command in the input statement it will
generate in the user’s compiler the object code necessary
to generate an element of an object program. There
are five basic semantics commands.

OUT(...) This command causes the current
contents of the output area (a tem-
porary area where code is being
created by the user’s compiler) to
be converted to internal form and
placed in the user’s code area. The
output area is a staging area for
intermediate output that is in a
semi-symbolic form. The code area
contains the precise object code that
will be executed by the computer.
The output itself (the strings that
are entered into the output area) is
produced by the semantic opera-
tions that are specified within the

.LABEL(...)

JIGNC(...)

.NOPC(...)

.DOC(...)

parentheses (which are shown above
as (....) ). Three alternate actions
can occur depending on the struc-
ture of the semantic operations
contained within the .OUT(...) com-
mand.

1. If the first character is not a
letter or a digit, then all sub-
sequent characters are copied
directly into the code area un-
til a final colon (:) pair is
detected. '

9. If the fourth character is a
period or a space it is assumed
that the output is an instrue-
tion using an index register
and with a symbolic address
following the period or space
located in position 4. The
symbolic address will be
looked up in the label table
and from information con-
tained there a real machine
address will be generated.

3. If the above two cases fail,

" the character string is assumed
to be machine code and it is
converted directly into the
code area.

This takes the current contents of
the output area and places it into
the label table. An error results if
the label is already defined. The
current value of the code area
location counter will be associated
with the label.

This command will ignore (delete)
the contents of the output area.
This is useful since several semantic
operations produce side eftects,
such as releasing registers, in addi-
tion to generating code.

This command is used to produce
the effect of the semantic operations
without doing anything else. The
results of the semantic operations
will be left in the output area.

This is a specialized command
whose effect is to cause META
PI to execute immediately the
instructions eontained within the
parentheses.
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Semantic operations

The semantic operations are used to generate code in
the output area. The code generated in the output area
by these operations is in a symbolic form and not
immediately executable; additionally these operations
are generally constrained not to alter the input pointer
or the truth indicator. A pointer is maintained to
remember the next available location in the output
area.

This pointer is updated after each semantic oper-
ation. These operations are listed below.

:CCC...C: Suffix the string between the colons
to the output area. Note that no
ambiguity exists with syntactic
elements contained within colons
since this notation has unique
meaning depending on whether it
has occurred inside or outside of a
semantic command.

* Suffix the current input to the con-
tents of the output area. This is
generally used in conjunction with
a successful .ID test. To emphasize
the different roles being played by
META PI, the user’s compiler
source statement which is input
to the user’s compiler, and the
resulting object code, this simple
operation will be explained further.
When the * is found in a META
PI string, code will be generated in
the user’s compiler to effect the
placement of the last input into
the output area. This code is part
of the user’s compiler. When a
source statement is supplied to this
compiler the user’s compiler will
effect symbolic code generation in
the output area. This output area
will then be converted into ex-
ecutable machine code.

S Save a copy of the current contents
of the output area in a pushdown
list and push the list.

R Restore (suffix to the output area)
the top of the pushdown list and
pop the list.

I Ignore (pop) the top. element in
the pushdown list.

X Swap the top two elements in the
pushdown list.

*1 Generate a globally unique 4 byte
character string beginning with the
character # This string will be
locally constant and serves as a
convenient way to label and refer-
ence locations in the generated code.

There are a set of semantics routines which facilitate
the use of the general purpose and floating point regis-
ters of the Spectra 70 processor in the output code. A
type of pushdown list for both of these register types is
maintained at run time. There are 6 general purpose and
4 floating registers available to these semantic opera-
tions. If more registers are needed, coding will auto-
matically be generated to implement saving and re-
storing of registers. This save and restore operation is
a side effect of the following semantic routines.

OF Output the current general purpose
register.

(0] Output the current floating point
register.

+ Output the next free general pur-

pose register and make it current.

+2 Output the next free floating point
register and make it current.

- Output two general purpose regis-
ters. The first one is the previous
register, the second is the current
register. When the operation com-
pletes the previous register will be
made current. The output is always
a digit pair. This format is special-
ized to take advantage of the
register to register operations avail-
able on the Spectra 70 class of
processors.

-2 Output a pair of floating point
registers. The action is the same as
the semantic operation for general
purpose register pairs.

One final set of elements of a META PI statement
have yet to be discussed namely the Meta Syntactic
Commands. These commands are included primarily to
permit efficient backup facilities in the user’s compiler.

META syntactic commands

.LATCH(name) This causes code to be generated
in the user’s compiler that will re-
sult in the routine named in pa-
rentheses being called. In addition,

if the routine (or any routine sub-
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sequently called by the latched
routine) exits to the error routine,
backup will be affected.

C This command can occur wherever
a semantic operator can occur; it
causes code to be generated in the
user’s compiler that will suppress
the occurrence of a .LATCH in the
calling routine. This command is
generally used when initial ambigu-
ity in a sub-expression has been
resolved. Typical examples are
when-the first comma is detected in
a FORTRAN DO statement, or
when the logical operator is de-
tected in a logical TF statement.
Backup will not occur if a sub-
sequent syntactic error is dis-
covered and the error pointer will
more clearly reflect the location of
the error in the input statement.

.CLAMP This command can occur wherever
C can occur. It directs the compiler
to suppress all preceding .LATCH?’s
that are still in effect. .CLAMP is
useful when .LATCH did not occur
on the immediately preceding level,
or when it is desired to inhibit the
PI compiler or META PI from
later attempting to sean input
intended for the user’s compiler.
The reader is reminded that META
PI, FORTRAN PI and the user’s
compiler are, in fact, part of an
integrated language system.

The task now is to describe how the META PI
elements are formed into statements which are used to
create a user’s compiler. The approach to be used in

accomplishing this end will be via example. First sev-

eral simple examples will be described. Then the en-
tire META PI implementation of FORTRAN PI will
beincluded asan appendix.

EXAMPLE 1.

FORTRAN PI allows the user to include comments
in each statement after a concluding semicolon. If the
user did not want this feature, but rather desired to
permit multiple statements on one line (similar to
ALGOL), he could write the following META PI
command:

USERCC: = LABST.NOP(.CLAMP)$LABST

where LABST refers to the FORTRAN PI definition
of a (possibly) labelled statement (see Appendix). The
meta syntactic command .CLAMP disables the backup
mechanism, and allows the error pointer to clearly re-
flect the location of a possible error in the subsequent
arbitrary sequence of labelled statements ($LABST).
Thus, the program segment

X=1+Y
Z=SINX)+ W
Y=Y+10
PRINT 1,X,Y,Z

could become

X =1+Y;Z=SINX) + W;Y = Y + 10; PRINT
1,X,Y,Z

EXAMPLE 2.

There is no efficient way to shift logically in the
FORTRAN 1V language. A FORTRAN PI user at
RCA Laboratories required such a shift in order to
improve the efficiency and readability of his program
in which he made extensive use of bit manipulation. He
used the following META PI statement :

USERCC : = SHIFT: .NOP(.CLAMP) (:L: .SAV
(:89:) /
:R: .SAV(:88:)) .ID (INTV) :,: IEXP1
OUT(:58102000:R:103000:).0UT
(:50102000 05E9,:—.E901)

This permitted him to enter statements like

SHIFTR J, 3 shift the variable J 3 bits to the
right.

SHIFTL K, J + 5 shift the variable K J + 5 bits
to the left.

Note the use of .SAV(...) to save the op-code of the
shift instructions. INTV and IEXP]1 are references to
FORTRAN PI syntax. The “05E9” (BALR 14,9)
constitutes a return to the executive and allows vari-
able tracing (and other debugging aids). The fact that
this is an assignment statement is communicated at
compile time via the .E901 function.

EXAMPLE 3.

To further illustrate how META PI can be used to
create new compilers, two statements from the imple-
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mentation of Dartmouth BASIC language alluded to
later will be discussed. The BASIC statements have
been selected on the basis of their ability to convey the
structure of META PI statements and not on the
simplicity or complexity involved in their actual imple-
mentation.

The BASICREAD statement

This statement has the BNF format
< READ statement >:: = READ < read list >
In META PI the statement becoﬁxes
READ: = :READ:RID$(;,:RID):;:

META PI will scan the statement from left to right
generating the following code:

1. A test for the word READ.

2. Linkage to the definition RID. This is a definition
contained within the META PI definition of
BASIC.

3. Instructions to effect iterative loop that will test
for a comma followed by a read identifier.

4. A test for the line termination character ¢“;”. This
character is appended to the statement inter-
nally.

This META PI definition is totally syntactic. The
semantics for the READ statement are handled in the
RID definition. ' ‘

Handling relational operators

BASIC allows six relational operators; these opera-
tors are used within the BASIC IF statement; the
operators permitted are:

/PRINT# Zur

13 USERCUsz  NIP (L CLANPIENF 13/ e<s o ILJLASEL(R) 3> 301 22

$¢23X23Cs 2. 0UT (2538

(o8] [AV]
o L
[}
=<
L)

o>
(&)
&
>
[@X)
..
]
.o
A
*a
~
.s
i"i
ja o
]
-<
.o
.
o

/STRING.OUT(:45E.TEST 1) .OUTC

BASIC operator Interpretation
<> not equal
<= less than or equal to
>= greater than or equal to
= equal to
< less than -
> greater than

The META PI definition for arelational is asfollows:

REL = :< >:.8AV(:7:)/:< =:.8AV(:6:)/
> =:.8AV(:A:)/:=: .8SAV(:8:)/
1< SAV(:4:)/:>: SAV(:2)

META PI will generate the code equivalent to a
sieve on the six possible relational operators. When one
of the operators is detected a single character is entered
into the pushdown list. This is effected by the .SAV
semantics routine. This character is in fact the actual
machine code representation of the branching condition.
The REL definition is a sub definition of the IF state-
ment. During the scan of the IF statement the char-
acter previously entered into the stack by REL will be
popped into the output area and the complete branch
instruction will be generated.

EXAMPLE }.

The preceding example have shown how META
PI provides a vehicle to allow user controlled genera-
tion of code which may be executed later at run time.
The following example shows that the user can also
control the generation of code to be executed at com-
pile time, that is, he can generate a compiler-compiler.
The example shows, first, the definition of a familiar
language called BNF. Then in the new BNF language
a simple syntax checker is defined. Then some test
strings are entered.

1"
.-
R
-
.

-8
.
-

o

.

’342) JLABEL (k1)

} EX2:7BX3,0UT(:58E5,:%1) . 0UT (33772 2) 3(BX3.0UT(:47T.ERR$))LLASEL (%)
UT(:24222)/.1D.0UT( 24 E.2%),0UT(2453.LATC:) ) s>

tss#Rese)

52 STRINSG := ALPHABET .SAV(*) $(ALPHABET ,SAV(Rx))
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§2 ALPHABET ¢z LETTER /DIGIT/ :12:/: s/:$e/s#2/27:/ETC
73 LETTER = :A:/:3:/:0:/:0:/:E:/:F:/:G:/:H:/:I:/:J:/:K:/:L:/ETC
2 DIGIT = 202/ 1/223/233/:43/358/38:/2T3/:8:/7:S

92 <BNF> t::z 2 ! |<3NF>]

112 11211
122 VILLELL IR b g bbbttty
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/PRINT#
18 USERCC 2= oNOP(.CLAMP) BNF s3t/s<t ID,LABEL(*)2>s 233 338 s=8 BXI

£32.0UTC3@7FA2)

20 BX1 t= BX2$(312,0UT(258E,3%1),0UT(3878E2)BX2) LLABEL(*1)

38 Biz $2 BX3,0UT(:58E,8%1),0UT(2877Es)$(BX3 .0UT(2477,ERR:))
+LABEL(*1)

40 BX3 3= t<: (sEMPTY:.OUT(304202)/,1D.0UT(241E,1%),0UT(2450,LATCH?))
$>2/STRING,OUT(245E. TEST:) JOUT(z23#R222)

53 STRING = ALPHABET ,SAV(%) $(ALPHABET . SAV(R#))

60 ALPHABET $= LETTER / DIGIT / 37?3/3":/3#3/383/2%3/3&3/3°3/2(2/2)3/
s*x3/ETC

70 LETTER $= tA3/tBt/:Cs/2Ds/2Es/tFe/sHe/21s/2J2/ETC

80 DIGIT := $@t/213/222/23¢8/243/358/163/373/282/292

90 <BNF> $3= 0 | 1<BNF>1

100 181

118 11011

128 11011100000 002000 2000000000000 000200000101
/CODE

130 111011

130 ERROR 1181172 3
138 111011112

136 ERROR 101112 113
130

After the FORTRAN PI compiler was successfully
implemented the challenge to implement a different
language using META PI was irresistible for two
reasons:

1. Since META PI and FORTRAN PI evolved
simultaneously there was some question as to
whether or not the generality of META PI had
been seriously affected by efforts to accommodate
the peculiarities of FORTRAN.

2. Evidence had to be accumulated that would tend
to demonstrate the leverage that can be gained by
using the compiler-compiler approach.

It was decided to use Dartmouth BASIC as a test
case for gathering data to support conclusions for the
above hypotheses. The results of the implementation
of BASIC with META PI were startling, even to the
author.

With no pre-preparation of any kind the project to
implement BASIC began on April 15, 1968. On May 6,
1968 BASIC was available to users of BTSS II on an
interactive basis; total elapsed time to implement the
language was 3 weeks.

( The entire implementation was done interactively.
The implementation hours for man, console and pro-
cessor time are as follows:

* Total Man Hours—96
* Total Console Hours—33

This is the time the Teletype was connected to
the computer.

* Total Processor Hours — Less than .1 hour
This is the time the CPU was performing func-
tions for the implementation of BASIC.

The results have in the author’s mind further
strengthened the conviction that availability of inter-
active on-line compiler-compilers such as META
PT can increase language implementation efficiency by
an order of magnitude and provide computers which
the much needed capability of creating and modifying
languages to suit individual user’s own special needs.
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APPENDIX

The following pages list the actual input to an off-
line version of the compiler-compiler. The off-line
version has several minor differences from the on-line
compiler-compiler, and one major difference. The major
difference is that the off-line output is a symbolic
Spectra 70 assembly input tape from which the FOR-
TRAN PI compiler is assembled, rather than the
direct machine code generated on-line.

Some other differences are:

1. “=" gg statement delimiter rather than ‘“:=".

2. Absence of ©“”” as delimiter before some semantic

operations (E2, E3, E986, E987, E1, E900, E901,
..., E908).
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3.

EL is a pseudo semantic operation. It actually
performs a test for a ; and “return”s or generates
the “SHOULD END HERE” message.

message to be displayed if the preceding test fails.

. EFF OFF and EFF ON are special commands to

the off-line compiler tell it to turn off and on some

- special internal optimizing code.

6.

The X semantic operation here is identical to the

on-line Z.

. There are several subroutines referenced but not

defined. This is usually because they have been
partially hand coded. At any rate, the explana-
tion of all the features of the off-line compiler-
compiler is beyond the scope of this document.

Any of these FORTRAN PI routines can be accessed
by the user (via his own compiler).
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A-1

INTV=( II0,0UT 241+ 3%}/ IPR,OUT(:588+% %) )SUBEXP;
RLV=(,FID,DUT(:41:+: %) /,SPR,OUT(258¢+: 1%))SUBEXP;
RLDV= (.TYPE(‘&F&O') DUT(34ls+: %)/ TYPE(IEFB821).,0UT(:58:+5 tx))DSUL 3
CMPXV=( TYPE(:EFAQ: ), DUT(:41:+: 1%)/ TYPE(SEFA2: ).DUT( 58%+3 1%))CSUBXP;
TEXPL=TEXP23( 2+ ITERM, OUT(t1A:=E2) /-2 ITERM, 0UT(!1B.-E2))4
SEXP1=SEXP2$(:+:STERM,DUT{13A;=2E2)/:~tSTERM, QUT($3B:-2E2))3
DEXPI:DEXP2$(:+:DTERM.UuT(:2A.-2£2)/'-:DTERM pUT(:2B:-2E2)) .
CEXPL=CEXP2%((:+3,SAV(:A:S) /i~ ,SAV(:B31S))CTERM,DUT(:2:R~ 4) oy OUT(:21R=4))3
BEXP1=BTERMS(:+:BTERM,OUT(116:-E2))]
SUB2ST=,0UT(:47F09ED400803R:00: )(:( SUBRSC.QUT(:947F)10Q:R) 1)/ EMPTY
+OUT(:C000:)).NOP(LEL)S
EQST=,LATCH(DUSI)/EQ2ST;
NEQST=DECST/LABST/ENDST/SUBST/FCARD;
EQ25T=oLATCH(LIFST)/ RLATCH(IUST)/ASST;
LABST=GUST/ LATCHCIFST)/SRETURN; 1,0UT(347F09E98: £9081/ENDDST,
DOST= DU'-SAV(*l).INT SAV(%: $),1De1ID,5AV(%),SAV(EO87S) UUT(24ls+; 1%):=j1EXP]
JOUT(: 503020003 )45 3. IGN(C-)IEXPL,ERR(:MNOT 1NTEGER:)(:;:IEXP1,ERR(
INDT INTEGER:)/LEMPTY, OUT(:641:4200001:)),0UT(:411:RE986).0UT(:45E09E22" ¢
~--E901) LABEL(*]1) . NOP(,EL);
LIFST=2IF {3 (L LATCH(LSUBIX) DUV (:191-E2) IGN(~)/
DEXPL{RELOP.NOP(C)IDEXPL(ERR(INDT AN EXP:).0UT($29:~2E2) IGN(=2))2)!
«ERR(: MISSING ):).,0UT(, 58E $%1).0UTC:4T7:R:090342)L2ST. ERR(:NOT A STATEMENT:
)e LABEL(*l),
GUST=:GUTU: (JINT OUT(:58E %) ,DUT(:47F0904CIFO02)/3¢:,0UT(:58E i%1).,0UT(:05: +3
E:),0UT(:4120000141F0904C:)GOINTERR(INDT AN INIEGER )$( 22 3GOINTERR
(:NDT AN INTEGER:)):):,ERR(:MISSING ):),0UT(:45E09018: ).LABEL(*l).UPT(-:-)
1IEXPL, UUT( 07F2 :--E902))NOP(LEL)J
ENDST=!END; : UUI(:4TFO90381E900)ENDSBERR{JUNTERMINATED DO LOOP3);
ENDUST = CUNTINUL,..OUT( 05C9: &9007/CALLbT/L!FST/CsT/IUST/...
(s0UT(:,STRING . DUT(%EQQ0)/tLABEL(: o STRING. LABEL(%)):) 53
ST=.NOP(C) . LATCH(CCST) /« DOEND  INT LABEL (%) ¢ 1 ( EQUALS(EQZST)/
ENDUST) ERR({:INVALID DU END:)
DOGEN/: (. tQUALS(EQST)/NEQST)/:0:BUOLST/, INT LABEL (%)t 3 ERR(:BAD LABEL:)
(+EQUALS(EQST)/LABST)/FCARD/. EMPTY' l.EkR('BAD LABEL:)).IGN().IGN().IGN().
FCARD=(:F :/:EXIERNAL?)
+ID.ERR(IBAD LABEL:)CALLSB$(1,3,ID,ERR(IBAD LABEL?)CALLSB) ¢ NOP(4EL);
L2S1=,EQUALS(EQ2ST)/LABST;
IEXP2=:~: ] TERM,UUT(:13:0FOF)/:+:ITERM/ITERM;
SEXP2=t=:5TERM.LUT(:33:00)/:+:STERM/STERM;
DEXP2=:+:UDTERM/:-:DTERM,BUT(:33:00)/DTERM;
BTERM=BPRIMS(:*:BPRIM,OUT(:14:-E2))J
ITERM= IPRIHS(.+.IPRIh.DUT('181 OFE2).IGN(=),OUT($1CO:0F:182:0F:138)/
-/3.SAV(OF)1PRIM OUT(:180:R: BLOOOO?OIU0.0F) IGN(=-).0UT(318:QF312)):
STERM=SPRIMS( % ISPRIM,DUT(:3C1-2E2)/:/1SPRIM.UUT($3D:-2E2)))
DTERM= DPRIMS (% DPRIM,OUT(22C:-2E2)/:/iDPRIM, GUI(.?D.-ZEZ)),
CEXP2==+'LT&RM/'-'CTERM QUT(:33:00:33:XX)/CTERM,
CTERM=CPRIMS( (%3 SAV(XX)ICPRIM/ /¢ SAVIXX)CPRIM,OUT(:45E09BDCOIXX103))
JOUT(:45E09BBOQIRIO i-2),IGN(=2))}
SUBEXP=SUBSCL.OUT(:1E:OF:12)/EMPTY;
DSUBXP=SUBSCL . UuT('lElllE OF:1:)/EMPTY.
CSUBXP=SUBSCL.OUT(:1ELLLELLLE:OF1:)/EMPTY;
ASST=,IDCINTVL: =2 ,ERR(:EXPECTED = HERE#)(LATCH(IEXPL).0DUT(:50302000 :-)/
(o RLATCH(SEXPL)/ RLATCH(DEXPL)/CEXPL.IGN(~2)),UUT(:45E09E6050002000 :-2))/
RLVL =3 JERR(SEXPECTED = HERE:!)(RHIEXP/
oLATCH(SEXPL)/ RLATCH(DEXPL1)/CEXPL.IGN(=2})
JERR(:NOT AN EXPRESSION:).OUT(:70002000 $-2)/RLDVL:=:,ERR(IEXPECTED = HERE?)
(RHIEXP/., LATCH(DEXPL)/CEXPL,IGN(=2)) '
+ERR(: NOT AN EXPRESSION?I), QUT (360002000 §-2)/CMPXVL:=:,ERR(IEXPECTED = HERE?)
(RHIEXP,OUT(:2F:+20)/CEXPL ) ERR($NOT AN EXPRESSIDON:)
LOUT(:602020086C202000 :-2-2)),0UT(:05E9 :~E201),NOP(.EL);
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A-2

RHIEXP=o LATCHCIEXPL) DUT(3180345E09E00 t=-+42);
TEST=tIF (1 LATCH(IEXPL) DUT(:1222 =)/ (. RLATCH(SEXPL)/DEXPL)
+ERR(:BAD EXPRESSIUN:) GUT(:3200 $-2))IFEND.ERRCIMISSING )§):
BODLST=,DUEND, INT,LABEL ()t :BASST(DDGENY/ (4 INTLLABEL{*): /3 $)(,EQUALS
(BASST)/EIFST);
DUGEN=$(,UUT(:411:RED86),0UT(:412 SRI)OUT(IS8E tR)OUT(:45F09E9CIE903) ,MOREDD);
CCST=(: 1/ EMPTY) (L LATCHIUCC) /1D, LABtL(*)::=:.NUP(C)CCX2$(:/:.QUT(:078A:)
CCX2):5:,0UT(I0TFAL));
CST=(:FLOWON: «SAV(:028:)/:FLUWOFF$4SAV(:02C8)/3STUP:,SAV(1038:)/:PAUSE:,DUT(
$92108000:).SAV(:0¢43)/1CEST)
+OUT(:45E091REQ00) JMUP(LEL)/NICEST;
SUBST={:SUBRQUTINE:/:SUBR,:), 1D, ERR(:INVALID MAMES), DUT( 47F090383E900)SUBRSB(
SUB2ST).OUT(:0bE92);

10S1=(ALGIOST/

(CCIREADC ! SAV(:018:) /s WRITE(T SAV(:000:))IEXPL ERRCINDT AN INTEGER:) %,

JINT(FLB),ERR{:BAD FURMAT LABEL!),SAV(:581 1%)i): ERR(IMISSING 1:)/
(:PRINT:.SAV(:000:)/READ:,SAV(:018:))

(. INT(FLB), SAV(:581 1)/ EMPTY,SAV(:4110B02C:))«DUT(:LF2:+))QUT(R),OUT(:58F0B

PR)YLOUTC:05EF =) 0PT(3,2)(1DSEQS (., TOSEQ)/, EMPTY)
JOUT(145E000CH)/ »

(CREWIND: ,SAVE:008: )/ :BACKSPACE: «SAV(:00C: ))IEXPL.ERRCINIDT AN INTEGER:)

JOUT(:58FOBO0O0GSEOF IR 1-))) ,OUT(S05E2:E900)NOP(LEL) S

GOINT= INT OUN(:1F32:)UUT(I58E 3% OUT(:072F: )3

LSUBIX=IEXPL(KELOP)YIEXP);

RELUP=:, s CILE: SAV(I3:) /1EG: (SAVIITIY/INETSAVE:93)/310T: SAV(:IDI) /GRS SAV(i5)/

DTS SAV(IB:) ) ERR(SBAD DPERATOR: )&, ¢ ERR(ISHUULD BE A 4:)/i<i,SAV(iRY)
$21LSAV(ITI) /1> SAV(EIDE) S ,

BASSTn.ID(INTVL/RLVL):=:.ERK(:SHDULD BE =3 )BEXPL.ERR(:NOT BIDLEANS), UUT(:5030

200005E9 1-~E901 ) NOPLLELYS '

SUBSCL=: ($GINDEXSERR(INUT AN ARRAY:)IEXP1,ERR(INDT INTEGER EXPRESSION:)

(MIEXPS). ‘DUT(:180:0F145E0E004 1~)3) i, ERRCIMISSING )1);

BPRIM=, CHCON UUT (558t 4+, C4GEN) /(¢ FALSE,:/10:),0UT(:1F:+0F )/

+BCONST, DUT(:58:4.BCGEN)/t~1BPRIHM, UUT(.57 0F:0BOLC:)Y/
(:.TRUE.:/:L:).UUT(:48:+:0801C!)/:(:BtXPl:)!.ERR(:MISSING Yo/
ID(INTV/KLY), OUT(15830F:0:0F:000:EL);
CALLST=SCALL: CSCHATNC(STEXPL: ) o ERROEMISSING )4 )Y OUT(I0ADL =)/
o IDCALLSBLSAV(®) (2 (:PLISTE):,ERR(FEXPECTED )1)
/PLIST) UUTC:58F R))UUTCIOSEFIEQQ4) HNAOP(LELYS

JCEST=(iTRACE: (20N SAV(:044:)/i0FFI.SAV(10482))/3DUMPISAV(:03C:)
/iPDUMP:,SAV(10402))PLISTS

IPRIM=IPRI; '

SPRIM=SPRIS (%% (LLATCH(IPRI),OUT(!180:0FE2).IGN(-),OQUT(:45E09FBEQIQ0:1:)/

LOUT(:45L09FD4Q00: )3 )SPRILOUT(:3C:-2:45E09FCC0O:00:13)));
DPRIM=DUPRIG (%% (,LATCH(IPRI)OUT(2180:0FE2).]GNI~),DUT(:45E09FBEQ:0QOI0:)/
LOUT(:45E09FD40:00303)DPRI
' ¢ERRUIILLEGAL EXPONENT:),0UT($2C1-2:45E09FCC0100303)))3

CPRIM=C PRI*(.4*:.UUT('45FU9CBOO XX20:) e SAVIXX)CPRIOUTC:45E09BBO0IRIO0 $~2),IGN
(=2).0UT(:45L09CH60:XX30 :));

TUSEQ=:(: IUT(1HBE :*1,.uuT(:05:+:Ela:+:1:)$.LA*CH(PARCUM).lD.I;D.UUT(:11F 1)
¢SAVIET87S) BUT(I4111REYBO)LUUTCI45EQ9EFCLELI0FE =)
wOUT(:QTAZOFSOTFL) JLABEL(%Y) ,SAV () =2 (ERR{IEXPECTED = HERE:), ,NOP(,CLAMP)
JEXPL,ERR(:BAD EXPRESSIONI)LOUT(:5030F: tR)IGN(=) st (ERR(IMISSING ,3)
TEXPL,ERR(:BAD EXPRESSION:) (i, t1EXPL.ERR(:RAD EXPRESSIUONG)/.EMPTY
.UUT( 413430000131 0UT(:4113RESB6),0UT(IL180:0F: =) OUT(I18F:0F: =)

LOUT(E90F0L000051:0F: =) 3) ¢ ERR(IMISSING )3) :
/SAVEI0ISYTOPARAM, GUT(S45E09E861);
PARCOM=10SEQ:s 33 .
INTVL=, TYPE(:FF45:) ,LEVLL,ERR(SLEFT SIDE IS FUNCTIUND) OUT(341:+30D030:)/INTV;
RLVL=¢TYPE(:FFC2:) LEVLL.ERR(SLEFT SIDE IS FUNCTIDNZ),DUT(:41:+:000303%)/RLV;
RLDOVL= TYPE(FFE5: ) LEVLERRCILEFT SIDE IS FUMCTIUNI) JOUT(:41:+4300030:) -RLDV]

From the collection of the Computer History Museum (www.computerhistory.org)



META PI 217

CHMPXVL= TYPE(SFFASL) JLEVLERR(ILEFY SIDE IS FUNCTION:),OUT(:41:+:0D030:)/CMPXV]
BIFST=21FCIREXPLLERR(SNUT BUGLEANG),OUT(:1222 t-)IFEND, ERR( JH”ULD BE A )3,
TFEND=2) sy INTLERROINAT AN INTEGERS), OUT(:41F0904C3) . 0UT(: $%) ODUT(:074F2)
12t ERRECMISSING ;.).INT.ERR(:NUT AN INT&GER:),DUT(:SSE :*).gu1(:07CF:53)
23 ERRCIMISSING 5 3) JINTLERROINOT AN INTEGER:) OUT(I58E %) ,0UT(:0TFFtE3
EQO02) NP (. EL); -
CCX2=%CCO{CCX3)JDUT(tHBE, 121 ), OUTLI07TES)IS(CCO/CCX3.DUT (3477, ERRE))
tLAU!‘L(" lL()O)J
NICEST=((ICXECUFE:.DDCiSR  8,8!)/iSAVE!
(oDO(:LA 85306:)iSOURCRE:/BO(ILA 828: YIODJECT: /,DUCILA 8,447) 0PT(.EMPTV) )/
{SQUEEZE: o DO(ILA B5162)/iCALCHLOPT(:ULATIR: ) DO(ILA 8,284)
OPICLEMPTY) ) cUPT(GNNFF ) OPTILENPTY)
/iBATCH: DOCSLA B8,241) )85 ERK($SHOULD END HERE’).DJ(-L 1sSAVSTK?)
¢DOCIEX 0s%+8(8):) DUCTB *+564),00(:USING STACK,11%)
D0 SWs1:) DO(INT SWy25435) . DOCINT SWs253: ).DOCI0L SWy23)
¢DUCIND CLINE»2513).D0(sUT CLINE,41),DUCIDI CLINE,L2B1)
fDUCEGT SWo1318),DUCINT SW,12438)
JDEBCINL SW,127:),DO(:0L SWs128:),D0(:NI SWs125:),03(:01 SW,1303)
«DOCIDROP 13).DO(:SPY Z'),
ALGIOST=(tREADISILSAV(IQ)/ PRIhT((..SAV( 43)).0UT(i580 %1)
«OUT50000LC085000C06C3 ) QUT(:H8FOBO2 RIPHIRDCS (55 <IPWIRDC)
JOUT(:LFEESOLOLO6: :858E0000COTFFIEGQQ) W LABEL (1) 4) ¢ ERR(IMISSING J:) NOP(LEL)S
URG ALGIUST+14 FUR TABLE CEMERATION DNLY
CPRI=,LATCH{CELEMFICEXP L)t OUT(t45EQYIR0IXX2103)/
XCONC:s tXCONGERR(INOT A NUMBER:)/ENPTY,OUT(12F +20))/
oLATCHOXCONS T/ (s CEXPL )t ERR(IMISSING )s)/ -
C JID(CMPAV.OUT(:66:+42:0:0F:100068:+2:0:0F:008 =)/, TYPF(:F5A5:)FCN
«SAVIRS ) LUT(:68242350R1030081+210:R2036:)/0PRIDOUT(2F1420) )3
DPRI=, LATCH(ELEMF)DEXPLI) I dERR(*MISSING )3) ,OUT(345E09FRV0:0:)/ . LATCH(ARSF)
DEXPL13): ERR(IMISSING ) :),0UT(:30: 00)/xcnu/ (: DLXP).)Y.&RR(.MISSING Yi)/
SDIDPRID) CERR(IBAD TYPE:):
DPRID=RLOV.OUI(68:+2:0:0F:C0GIEL)«IGN(=)7 . TYPE(IF585:)FCN
JOUTE:68:42:0:R:0301)/ '
RLVSAV(:T78342:0:0F1000:EL) UUT(2F:00) OUTIR: =)/ . TYPE(SFSCS:)(FCN)
. JOUT(2F:1420:7820:0R2030:)/1TURD;
§PRI-.LATLH([LEFF)§lkP1.)-.t!K( MISSING )3),0UT(3i45E09F:R00:1:)/
.CHCLN GUT{:78:142.C46GEN)Y/ BCUONST (BUT(178:+2BCGEN)/
SHUM OUT (375242 NGEN) /3 (1SEXPLE )t ERR(IMISSING ):)/
LATCHOABSFISEXPL:):,0UT(:30:00)/,TD(SPRID);
IPRI=INTOUT( 581+  IGEN)/ CHCON,UUT (153 :+,C4GEN)/
+BCUNST, Uu1('~8 + BCGEN)/:(FIEXPL:) . ERRCIMISSING )3)
/oLATCH(ABSF)TEXPLS ) ERRCIMISSING )$),0UT(110:0FOF)
JoIDCINTVL UUT(:58:0F:0I0F000%EL) 7/, TYPE(:F545:)FCN, ouT(: 14+10:R203048) )3
MIEXPS=3, iTEXPL.ERR(INOT INTEGER EXPRESSTUNG)
(MIEXPS),DUT(:180:0F:05EE §=)/,EMPTY,DUT(: 4LEO9F4ELIFL1LIR);
SPRID=RLY,DUT(:/8:+2:0:0F:000EL)yIGN(=)/TYPL(:FOC5: )FCN,DUT(178:+210:R:030:)/
TT10RD;
ETORD=CINTV,QUT(:5B00:0F 1000 E1-)/
fTYPE(IFSA52)(FCN) L OUT($58002R1030:) ). OUT(I45E #ITIRI+2);
FLN'.QAV(*)‘(-PIIST YILERRCIMISSING )3),0UT(58F $R)LOUT(I05EF tEQQ4) 4SAV(31:)
/EVPTY LEVLL ERROIBAD FUNCTION CALLS)Y,SAV(IiD:);
PLIST=.0UT(:58:+:100000%)SAVIOQF) OUT($4):+:0:R303C8)
(PARANZ  SAV(:0:)H( s tPARAMLLERR(SNUT A PARAMETER:)SAV(I:64:) (35 iPARAM2
ERROINDT A PARAMETGHS ) oSAVIIIQ:)/LEHPTY )Y, 0UT(:9680:0F:00:R)/ENPTY
LOUT(:9200: OI'OOd.)).IbN(-).IGN(*); ’
ABSE=tABS: P {sF ) s(ss
ELEMF=(: QuPI:;JAV('uco')/ SIN: SAV(IE40:)/:COST SAV(IECO: )/ (:LOG:/ ALUGE )Y,
(:D40:)/: EXP3‘5AV(.CCO')/-ATAN-.SAV(~COO.)/ TANH!  SAV(IF403)) JUPTUIF )
XCOMST=3(iDEXPLI, 1o NOPCCIDEXPLLERR(INOT AN EXPRESSIONIY )i ERR(IMISSING )¢
XCON= (DHUNM, DU (3681 +2,DGEN) /o CHECUN,DUT(:68:+2. CBGEN) /. BBCUNST

SAV
(:3
)i
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JUUT(:68:+2,B3CEN) /1 ,P1: OUT(:68:+2: 09BFO:);
PARAML=, SAV (14 :S)IPARAMS
PARAM2= o SAV(:5:S)PARAM.UUT(:4150F0:0F3$0085);
CELEMF=(:5GRT:.5AV(:CI0:)/SIN: SAV(:CDO:)/1CUSE SAV(ICDAE)/(:LOUGI/ALDG?)
oSAV(:ICBOS)/(:HAG:/3ABS: ) SAVIICL4:) /ARG JSAV(:C2C:)/
PEXP I SAVIICO661)/iATANS SAV(ID3AL) /i TANH:  SAV(D02:)),0PT(sFi) ()
ONOFF=:0UNE/:0FF 3 DO(ILA 8,4(008)2);
CCD=(:40UT(:/: IGN(: BUT(:92FFO00A3))$CCOLE): UUT('05£9 )/
$OLABEL(:$LCUL:) 1, OUT(145E,LAREL) /23,0008 SRUUT(%)228)3)3/3,0PT(3CCXL)/
$eSAVEISCCUL:) 1, OUT(:45E,SAVE )/t NUP(:$CCOL2) 35
CCOL=CCUSUB,OUT(45E,:%)/3C: OUT(192015000:)/,SR.UUT(105E4 ) DUT(s#:#xkizs)sss
EFF OFF
CCOSUB=s#L s/ tR/ 3T/ 242:0/5+3/3S3/1=25/1~42/3=3/ X3 /20F /208 /3%3/2#/8,5,1D3
EFF ON
CCX3=,1D.0UT(: 41Ee:*).UUT(30503:)/QSR.DUT(!45E;TE§T:).DUT(:#:#*:
$OICCXL) /3 ENPTY: OUT(:04208)/:%2LABEL(%1)CCX3,0UT(:58E.}
DUT(0420:) /0 LATCHE: o IDOUT($41E, %), 0DUT(450,LATC:) )2/
$oTYPE(: SRGOUT(145E, TYPS ) UUT )t )e/
et 10.001( t45E.1%);
CCXL=CCX2% (/3 UUT(:56E, %)) DUT(I0TB8EI)ICCX2) ,LABEL (%1);
FCNST=:FUNCTIUN: wID,ERR(IINVALID NAME:),DUT(: 47F09038 E900)FCNSB(SUBZST)
OUT(:45E09EBE:.X2); ,
SUBV=, TYPE(:15052) JUT(:58:+: i%);

e

1t/

t)
#1).BUT(:Q78E:)

From the collection of the Computer History Museum (www.computerhistory.org)





