Write Your Own Compiler

sers of small computer systems have many projects for

which standard computer languages are not well adapted.

Yet writing a compiler for a new language has usually
been a time-consuming task, even using a large computer. This
paper describes a tool, Meta4, for writing compilers for small
computers. It consists of a specialized interpreter and a special-
ized language for writing compilers. A language is completely
specified, both syntactically and semantically, by a program in
the Meta4 language.

Metad4 is an outgrowth of Meta II, first described in
Schorre (Proceedings of 19th National Conference of the
ACM, 1964), reprinted in this magazine in April 1980. As |
looked for a name, I found articles describing a Meta 3
(Schneider and Johnson, Proceedings of 19th National Confer-
ence of the ACM, 1964), and a Meta 5 (Oppenheim and
Haggerty, Proceedings of the 21st National Conference of
ACM, pp. 465-468). Probably there was a Meta4 also, but I
didn’t find a description, and it’s hard to pass up such a good
word play.

The reason that a 1964 compiler writing tool is interesting
today is that today’s microcomputers are comparable in size
and speed to many of the larger 1964 computers. There has
been progress in compiler writing tools, of course, so that
better tools now exist. But the Meta’s are both simple enough
for a hobbyist to understand and powerful enough to be use-
ful. An important point for me was that Meta4 was simple
enough to use Pidgin to implement (see DDJ #57). If you
want to pursue recent work, a good place to start is a four-
article review contained in the August 1980 issue of the
IEEE’s Computer. It thus becomes part of a full boot strap
operating system.

You won’t need to know about Meta II to understand this
article. But if you decide to implement Meta4, an understand-
ing of Meta II will be useful. Meta4 keeps the ways that Meta
II deals with lexical analysis, syntax analysis, and output. It
provides better error handling, a symbolic memory for defin-
ing variables, arithmetic capabilities, memory stacks so code
can be generated for machines without stacks, and facilities for
generating machine code as extensions beyond Meta II.

The interpreter for Meta4 is written in Pidgin. The reason
in a nutshell is portability. Pidgin, described in last month’s
issue, is a tiny language fairly easy to compile to machine
code. In using Pidgin, I was most interested in cross-time port-
ability for myself onto my next machine. But I also think that
it is a fine means for describing to 8080, Z80, or 6800 proces-
sors the results of my work on a portable operating system.

An overview of how Metad works and what you will need
to do in order to implement it will also serve to name the
several languages and programs involved. A compiler involves
three languages: the source language (what it translates from),
the target language (what it translates to), and the coding lan-
guage (what it itself is written in). To use Meta4, you need to
write a compiler from the Userlang source language to the
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Targetlang target language, in the Meta4 coding language.
This program is shown by a “T” in the upper left of Figure 1,
the diagram coming from a paper by Earley and Sturgis, “A
Formalism for Translator Interactions,” CACM, p. 607, 1970.
A translator is shown with the source language in the left arm,
the target language in the right arm, and the coding language in
the base. An interpreter is shown with a coding language on
the bottom of a rectangle and the interpreted language on the
top. In the figures, programs provided here by listing have an
asterisk in the center of their figure.

User Torgt User Targt

Metad [Metad - M4 M4

M4

M4

maoh

User | User Targt [Targe

M4

M4

maoh

Use of Meta4 and M4 Interpreter
Figure 1

Now your compiler program is the input to a compiler
with source language Metad, a target language called M4, and
which is coded in M4. This compiler program is provided by a
listing accompaying this article, so you have that part. M4 is
executable by an interpreter, for which the listing in Pidgin is
provided. For now, suppose you have the interpreter in ma-
chine language. Then M4 is executable, and you can run the
compiler from Meta4 to M4, When you input your compiler
from Userlang to Targetlang written in Meta4, the output is a
compiler from Userlang to Targetlang written in M4. But M4 is
executable so you can now (as shown in the lower right) input
your program, written in Userlang and get as output your pro-
gram, written in Targetlang.

You can see that the M4 interpreter plays a key role in
this process, because it is used once when you translate your
compiler from Meta4 to M4, and again when you translate
your program from Userlang to Targetlang. What you need to
do to get Metad working is shown in Figure 2 — the listing of
M4 interpreter in Pidgin is provided. You need a translator
from Pidgin to your machine code that is executable on your
machine, and that’s what you got in last month’s article.

Since the key program in Meta4 is an interpreter, it is best
termed a compiler generator interpreter. That is, it is an
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Producing an M4 Interpreter
Figure 2
M4 W4
-
Pidgin [Pidgin maoh maoh
maoh

interpreter intended to both generate and run compilers.

To use Metad you have to understand the Meta4 language.
So the next section gives you a start towards understanding it
by going over the compiler from Metad to M4 written in
Metad. This is the first listing following the article (see page 22).
It defines Meta4 exactly in terms of M4. The following section
has some thoughts on how to use Metad, for it can be used
many ways. To implement Metad, or to understand complete-
ly the definition of Metad4, you will need to understand M4,
which is described in detail next. The article concludes with
some help for the implementor.

Meta4 Language

The listing of the compiler from Meta4 to M4 in Metad
shows exactly what syntax constructions will be recognized,
and how they will be compiled to M4. What I say here should
be taken as a guide to that listing. It may sometimes be useful
to compare parts of this listing with its translation (which is
the listing of the Meta4 to M4 compiler in M4). The top line
says to start processing with the subroutine called
“COMPILE”, which is at the bottom of the listing. COMPILE
says to look first for the exact characters .SYN’, and then for
an identifier (.ID, a letter followed by any number of letters
or digits), then to generate a mark command ((OUT (*XM;)),
a subroutine call to the identifier found (OUT (‘G’*)), and a
stop command (.OUT (‘E’)) so the translation of this top line
is

XM;
GCOMPILE
E;

as can be seen in the Metad to M4 in M4 listing. The com-
mands being output are M4 commands, explained in detail
later. The syntax description then consists of zero or more
“DECLARE’s” ($DECLARE) followed by zero or more

“STATEMENT’s” ($STATEMENT). Let’s check out the
STATEMENTS, first, because they came from Meta I1, and are
the core of the parser.
Finding the subroutine STATEMENT just
COMPILE, you see that a STATEMENT is
(1) An identifier, after which a label (LAB *) with the sym-
bolic name of the identifier will be generated;
(2) The exact character =
(3) A PHRASE, and

above

(4) The exact character *;’ after which a return (‘R’) will be
generated.

A PHRASE, in turn, has one of three alternative structures,
which are written separated by the character ¢/°. It can be the
exact characters . PREP’ followed by zero or more NOTSYN’s,
followed by an ALTS; or it can be just an ALTS; or it can be
one NOTSYN followed by zero or more NOTSYN’s. The first
alternative that is satisfied will be accepted and others will not
be checked. This is accomplished by generating a jump on true
before each alternative as shown in ALTS. An ALTS is a SEQ
followed by zero or more alternatives, each of which starts
with the exact character */°, at which point we generate a jump
on true to the label *1, followed by another SEQ. After all the
alternatives we define the label *1 to which we generated
jumps.

A SEQ, now, consists of a SYN followed immediately by
zero or more SYN's or NOTSYN’s. If the first SYN is not
matched, we will just jump to the end of the SEQ (.OUT (‘F/’
*1)) but if any following SYN returns without matching, we
have an error ((OUT (‘X’)). For following NOTSYN’s we do
not generate an error test.

A SYN is a basic syntactical item, for which it can be
stated that one does or one does not occur next in the input.
It is (1) a new identifier, whch is compiled as a subroutine call,
or (2} a single quoted string, which is compiled as a string to
match exactly, or (3) the keyword “.ID’ which is compiled as a
lexical search for an identifier or (4) the keyword ‘NUM’
which is compiled as a lexical search for a number or (5) the
keyword ‘.STR’ followed by either a singly or doubly quoted
string which is compiled as a lexical search for a string quoted
by the first character of the string given, or (6) the keyword
“.EMP’ which compiles as a command to set the flag, or (7) a
‘$’ followed by a SYN, which is compiled as a request for zero
or more of the specified SYN, or (8) the exact character ‘(’
fcllowed by a PHRASE followed by the exact character ‘)’
Any of these may be followed by an optional error message.

These subroutines define the parsing that Meta4 allows,
and a few comments on their use may be worthwhile here,
This is called recursive descent parsing, and it requires being
able to tell which construct is to be chosen (at ALTS) by look-
ing just at the next input symbol.

It works like this. A SYN always returns true or false,
along with its specification. If the first SYN in a SEQ is false,
we jump over the rest of the SEQ, still with false. If it is true,
we go into the SEQ. If a SEQ returns false, the ALTS specifies
trying the next alternative. If all alternatives return false, then
an ALTS returns false. But if one returned true, then it returns
true.

The order in which alternatives are listed is sometimes im-
portant. This is not good, but comes from choosing simple lex-
ical analysis options. Notice that .EMP is always satisfied, so
it must be last. Any alternatives beyond it will never be con-
sidered. If one keyword is contained in the left of another
keyword (suppose you wanted to use REAL and REALTWO),
then the longer one must be tested first. You will notice that
all keywords in Meta4 start with °.’; this means they cannot be
confused with identifiers so we don’t have to put all keywords
first. It is a good idea to put the most common alternatives
first, and this gives the flexibility to do so.

A NOTSYN is an action not involving the input. In Meta
IT it consisted only of commands to generate commands
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(.OUT’) and of commands to generate labels (‘. LAB’). A com-
mand to generate commands consists of the keyword *.OUT’,
followed by a ‘(’ followed by zero or more AOUT’s followed
by a °)’. An AOUT is exactly the characters ‘*1’ or ‘*2’ in
which case the first or second label numbers for the current
subroutine will be concatenated to the output buffer (and
generated if need be — see the discussion later), or the charac-
ter *’ in which case the input buffer will be concatenated to
the output buffer, or a singly quoted string which will be con-
catenated to the output buffer or a RVALUE which will be
concatenated to the output as a decimal number, or the charac-
ter .> for which the current input line number will be con-
catenated to the output. After the ‘)’ is found, the output
buffer will be dumped to the output file. A label is generated
by the keyword ‘. LAB’ followed by exactly one AOUT.

The most important NOTSYN that I have added is ‘. ACT .
This generates instructions to the compiler generated to do
something. The instructions need to be in the M4 language.
The instructions in an ACT are for the M4 interpreter. The
instructions in an OUT are for the target machine. In this ex-
ample the target is M4, but usually it is easier to tell them
apart. Since Meta II didn’t have anything to do except output,
it didn’t need this, but Metad4 needs to check symbol tables,
assign storage, decide between alternatives, etc. An ACT is
the keyword . ACT’, the symbol ‘(’, and zero or more of {[a
singly or doubly quoted string (the instruction code) followed
by ‘*1’ or ‘*2’ or nothing] or [a comment which is a string
quoted by ‘"] }. ACT essentially allows you to write compiler
instructions in M4 machine code.

I've added two other kinds of output. ‘.CAT’ is simply an
OUT that does not dump the output buffer. It is useful for
outputting part of a command, doing some more work, then
finishing it. . ERMS’ is designed to allow putting errér mes-
sages into a compiler so the users can know why they had an
error. The basic error message that the M4 interpreter provides
identifies the line and symbol number where it detected an
error. In the context of Metad, this is the line and symbol
number of the first symbol in a statement that could not pos-
sibly be legal given the preceding symbols. This is quite useful,
but any other help you can give yourself will be repaid.

The most frequent ACT is to transfer a number from one
location to another. Metad makes these programmable in
symbolic terms rather than having to use the machine instruc-
tions. The syntax for the transfers reflects the structure
of M4 transfer commands with a requirement to first
specify the value to transfer (RVALUE) as either a NAME
identifier (previously defined by a declaration), or a
CONSTSIMP or an EXPRESSION. If a NAME identifier is
specified, it may also have appended to it “:* and a FIELD
identifier, The value in the field of the symbolic memory in-
dexed by the place named will be taken as the value. The
transfer continues with the exact characters ‘=:’ and the
NAME of a place optionally followed by ‘:’ and a field identi-
fier, which will be used to store the fetched value.

EXPRESSION, CONSTEXP, and CEXP all use a layering
kind of structure that is most easily understood by studying
CONSTEXP. The foursubroutines CONSTEXP, CONSTTERM,
CONSTFAC, and CONSTSIMP should be examined together.
Start at the top line of CONSTSIMP, which says that a number
is a constant factor, and to put it on the stack. Now pass up to
CONSTTERM. It says to look for a CONSTFAC (which can

be satisfied by a CONSTSIMP), and then to look for an aster-
isk followed by another CONSTFAC. At this point two num-
bers are on the stack. The action is to pop (!) one of them and
multiply (*) that times what is on the stack. This will be done
as many times as there are asterisks in the input. Now look at
CONSTEXP. That says to look for a CONSTTERM (which has
any number of multiplications of CONSTFACTORS) and then
to look for a plus or a minus. If either is found, another
CONSTTERM will be sought and then added to or subtracted
from the first. The result of this layering is that ‘*’ binds more
tightly than ‘+’ or ‘-’, so
a*b+c means (a*b)+c
not a*(b+c).

And what if you want the second form? Well, look again at
CONSTFAC. Besides CONSTSIMPS, which can be previously
defined constant identifier (stack its value), a single quoted
string (stack its first character), a minus sign and any other
CONSTFAC (take the negative of the stack top), CONSTFAC
can be an open parenthesis and any CONSTEXP then a close
parenthesis. The last alternative lets you put in nested paren-
theses to get your meaning.

One point about EXPRESSION is worth discussing.
Notice that it must be introduced by a ‘+’ sign. This is a little
ugly, but necessary to get the generality of expression wanted.
The problem is that ‘(’ has already been used in SYN to indi-
cate a new PHRASE. Without the introductory ‘+’, if you
tried to start an expression with (a+b), then you would start
compiling as a SYN rather than as an EXPRESSION. (Or, per-
haps it would clobber your SYN's, depending on the order.)
This was not obvious to me until it happened, and it represents
a distinct limitation on the kinds of languages Meta4 can com-
pile.

Another main NOTSYN is an IF statement which allows
actions built of NOTSYN’s to be done based on a test. In
order not to foul up the recursive descent parsing, only
NOTSYN’s are allowed in the selected portions. Also, to keep
the flag in shape for the parsing, it is set true by an IF after
using it to make the branch. The IF statement also refers to a
CEXP, a conditional expression. CEXP, CTERM, and CFAC
form another layered definition, this time of the condition ex-
pression. CFAC shows that the low level entities are two
RVALUE’s connected by one of six relational operators.
These can be qualified by ‘NOT’, joined by ‘. ANDIF and
‘. ORIF’, and grouped by parentheses.

NOTSYN’s useful together with an IF statement are
< ERROR’, which deliberately flags an error, and . RETURN’,
which returns from a subroutine before the end. A widely use-
ful NOTSYN is to define a string quoted by ‘!’ as causing no
action, so it becomes a comment. The most common transfer
is to the stack, for which I introduced a special symbol ‘]’
Finally, the symbol ‘& followed by a new identifier will be
compiled as a subroutine call. This is the same action as the
first SYN, but does not generate a test. It should be used if
and only if the subroutine consists entirely of NOTSYN, but
there is no test for this.

Finally, let’s go back to the DECLARE’s. These allow the
user to define an identifier as a FIELD, a NAME, or a
CONSTANT. FIELD’s are only 0-3 for Meta4, but can be in-
creased if needed in other compilers. NAME's are limited to
ten registers, and the stacks. CONSTANT’s can be any con-
stant expression. The identifiers for these can be any length up
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to the buffer sizes used in the M4 interpreter (80 bytes).
Using Meta4

Schorre apparently conceived of using Meta II to generate
code for an interpreter, not for direct machine execution. At
first I thought this was a lousy idea, because interpreters are
slower than machine code. So the M4 H, L, and OX instruc-
tions let it put out machine code. But after experience with
the M4 interpreter, and with other interpreters derived from it,
I see advantages to interpreters.

The big advantage is ease of debugging. Even though it is
not interactive, the M4 code can be read easily with an edit
program. If not understood, output commands of the inter-
preter can be inserted, and the bug chased down. This de-
bugging ease comes in part from using only readable and partly
meaningful symbols for M4. Somewhat more efficiency in
storage and speed could be gained by sacrificing it, but don’t
be tempted. A microcomputer has little enough help for
debugging, on which most of your time is spent.

A second advantage is that it is usually easier to write a
compiler for an interpreter, because the interpreter does more
work per instruction. It is also quite reasonable to build an
interpreter with more advanced features, such as stack arith-
metic and integers to make compiler writing easier.

Finally, (do I protest too much?) an interpreter is a par-
ticularly easy form of program to debug once the basic pro-
gram loading and command fetching are done. This is because
the interpreter exercises a command if and only if you tell it
to. This narrows the scope for bugs, and leads to finding them
faster.

If you go the interpreter route, a second advantage to get-
ting the M4 interpreter running is that it becomes a base you

can modify to make other interpreters pointed toward your
own needs.

Metad4 makes a powerful system for defining a language.
One of the useful features is that a Meta4 program defines not
only the syntax of a language (the rules for what are legal
statements), but also its semantics (what these statements
mean). Admittedly the syntax is laid out a lot more clearly
than the kinky, as it grew, means for dealing with semantics.
Also, it is quite possible, when designing a compiler for a given
language to add new Meta rules by augmenting Meta4. For ex-
ample, a sequence of SYN's separated by given punctuation
could be defined. Two-level means of defining languages have
been receiving theoretical attention recently (Cleveland and
Uzgalis, Grammars for Programming Languages, is a less ab-
stract introduction). They are, needless to say, conceptually
much cleaner, but operationally less clear.

Using Meta4 in a two-level manner, it becomes a fairly
common operation to bootstrap a larger compiler. Figure 3
shows the operation. It can be done in two steps, but it’s wise
to make a third to be sure that the compiler is self-compiling.
Start reading the figure at the lower left. You write a Meta 5
to M4 compiler in the Meta4 language. You compile this as
usual to a Meta 5 to M4 compiler written in M4, Using this
compiler you can translate another program you write (but
usually similar to the first, and sometimes the same) which is
the Meta 5 to M4 compiler written in Meta 5. You now gene-
rate a different Meta 5 to M4 compiler written in M4. You can
use this with the same input as the second step and you should
get the same output. Since that doesn’t usually happen the
first time, it’s wise to check it.

Figure 4 shows a similar bootstrapping process if you
want to improve the M4 language to an M5 language. The same

Bootstrap to another Meta Language
Figure 3
MetaS M4 MetaS M4
MetaS | MetaS M4 M4
M4
Meta5 M4 MetaS M4
MetaS |MetaS M4 | M4
M4
MetaS M4 MetaS M4
Metad | Metad - M4 M4
M4

Bootstrap to Another Interpreter
Figure 4
Meta4d M5 Metad M5
Meta4 |Metad M5 MS
M5
Metad us Metad M5
Meta4 |Meta4d MS MS
M4
Hetad w"—_mM:I Meta4d MS
Meta4 [ Metad M4 M4
M4
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Metad to M5 compiler in Meta4 is input at all three stages, first
producing a Metad4 to M5 compiler in M4, then a Metad to MS
compiler in MS. In the third step the coding language of the
compiler running differs, but the source language and target
language are the same, and the input is the same. Therefore
the output should be the same. Check it.

Writing and initial debugging for a compiler written in
Metad take about as long as other programs of comparable size
in characters. But debugging the language — making sure that
what you want to mean by a construct is what gets done —
takes longer, because the compiler can only be tested by com-
piling and testing programs. Bugs in the compiled program
may be due either to a bug in the program or in the compiler. 1
find that systematically exercising each feature in turn, by arti-
ficially short programs, flushes most of the bugs in a compiler,
but a few will be left for your first programs to point out.

The M4 Language

The three basic functions of lexical analysis, parsing, and
output are handled very nearly the same in Meta4 as they are
in Meta II. Table 1 gives the commands used for lexical analy-
sis. The first five are very similar to Meta II, and each returns
either “true’ or “false” by setting or resetting a logical flag.

The lexical analysis commands are both powerful and
restrictive: they each do a lot for one command, but only five

kinds of strings are recognized. Schorre thought out the kinds
very well, however, and a wide class of languages can be recog-
nized. I added only the recognition of a hexadecimal number.
One dead end I followed was to make commands for simpler
primitives, like an alphabetic symbol. Using them slowed the
interpreter down a lot for little gain in flexibility. The use of
whitespace is particularly likely to mismatch a pre-specified
language definition, but is easy to change by changing the
interpreter. Newlines always terminate strings, while blanks or
tabs will also terminate identifiers or numbers. Otherwise these
three whitespace characters are ignored, and can and should be
used to improve readability of a Meta4 program.

The purpose of the fifth command is to allow a slight
amount of backing up. After giving an LI command, especial-
ly, if an identifier has been found, the symbol table can be
consulted. If the identifier found is not of a specified type
(such as that representing a constant), it can be rejected at that
point and tested again at a later point. It makes writing a syn-
tax easier. The Metad4 to M4 compiler listed below has some
examples (see IDNEW),

The commands used to do the recursive descent parsing
explained before are just the flow of control statements given
in Table 2,

The third core function, largely taken from Meta II, is
output. The M4 interpreter has an output buffer to which
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various strings are concatenated, and which is dumped to the
output file on command. Table 3 describes the output options.
Among them is the option to generate and use one or two
labels per subroutine. The two are required, for instance, to
build a loop construct, with one label at the top to repeat
from, and one label at the bottom to exit to. It has turned out
that only two labels has not been an impediment because it is

Table 1
Lexical Commands

LI An Identifier is a string starting
with an alpha symbol and continu-
ing with alpha or digits. The com-
mand returns false and does not
change the input buffer if no identi-
fier is in the input stream. Other-
wise it returns true and moves the
identifier to the input buffer. If the
identifier is not in symbolic mem
ory, it is entered. Register zero
points to the memory cell.

LN A Number is a sequence of digits.
The command returns false if no
digit is in the input stream. Other-
wise it returns true and places the
value of the number in register
zero.

LH A Hex number is a sequence of
hexadecimal digits. The command
returns false if no hexit is in the
input stream. Otherwise it returns
true and places the value of the
number in register zero.

LQchar A Quoted string is composed of a
quoting character, any string of
characters except newline or the
quoting character, and a closing
quoting character or newline. The
command returns false if the input
stream does not contain a string
quoted by the character given.
Otherwise it returns true and places
the string, without its quotes, in the
input buffer.

LMchar . ..char A Literal string is any string of
characters except a newline. The
command returns true if and only if
the input stream matches the literal
string. The input buffer is not
changed.

L If the flag is set, the symbol found
in the input stream is accepted.
Otherwise, it is rejected and be-
comes the next string of characters
in the input stream again. This
modest 1 symbol backup makes dif-
ferent types of identifiers feasible.

Table 2
Control Commands
S Set the flag true.
SF Set the flag false.

SC Set the flag changed (true if it was
false, and vice versa).

Identify the next operational com-
mand as the place associated with
this number or identifier.

Jump: Transfer control to the place
associated with the number.

False jump: If the flag is false,
transfer control to the place associ-
ated with the number, otherwise
continue to the next command.

.number
Jidentifier

J/number

F/number

T/number True jump: If the flag is true, trans-
fer control to the place associated
with the number, otherwise, con-

tinue to the next command.

Gidentifier Go to a subroutine. Stack the next
command location, and two zero
label numbers, then transfer control
to the place associated with the

identifier.

R Return from subroutine. Unstack
two label numbers and a command
location. Transfer control to the
command location unstacked.

E End. Stop processing.

two labels per subroutine call. Two labels are a marvelous
encouragement to keep your subroutines small and intelligible,
and to segregate concepts by level.

M4 has several ways to store numbers. The simplest are
ten registers, each identified by a digit. The ‘Y’ stack allows
stacking a number, reading its top entry, or unstacking a num-
ber. The ‘Z’ stack allows stacking or unstacking a number,
Memory ‘cells’, described soon, can also store numbers,
Table 4 shows the direct Fetches that are possible in M4,

Why a stack? Meta II can only compile code for a stack
machine. By giving M4 a stack, operations can be stacked by
the compiler, then output in the required order for a register
machine, The second stack allows putting loop labels and if
labels on different stacks, so that ‘break’ and ‘continue’ kinds
of statements can be compiled. If the operations get hairy,
with types for each variable, go to the stack of memory cells
(Table 5).

The symbolic memory stores identifiers together with a
memory cell. The cell consists of N=1 to 5 integers (known as
0to N-1)and N byte (known as N to 2N-1) storage locations.

The symbolic memory is layered with all entries made in
the top layer. The ‘LI’ command automatically searches the
symbolic memory from the top layer down. If identifiers with
the same name are in different levels, the top one will be
found. This structure will allow defining variables with a local
scope. Table S gives the commands for manipulating memory.
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The last two commands use the space at the top of the sym-
bolic memory vectors to contain a stack of memory cells.

The contents of a memory cell are fetched by an indirect
Fetch. Indirect Fetches also allow getting the contents of the in-
put buffer, and the registers. They are summarized in Table 6.

The direct and indirect fetches can be used for output
with ‘C’ and ‘L’, and ‘H’ as shown in Table 3. There are several
other disposal options shown in Table 7. The general form of a
number manipulation is

[Fetch] [dispose]
while a fetch can be either
[directFetch]
or
[directFetch] [indirectFetch]

A final group of commands are useful for doing something
about errors. Table 8 shows them. The ‘XM’ command essen-
tially defines a place in the syntax to return to after finding an
error. The ‘X0’ command is of some use for remarking which
error was made, but of much greater use, I find, for debugging.

[directFetch]

Table 3
Normal Output Options

o Out: Dump the output buffer to
the output file with a newline, and
reset it to the null string.

oX Same as Qut except no newline
written,

P specified Concatenate the specified string to

string the output buffer.

C Concatenate the input buffer to the

output buffer,

(See Tables 4 and 6 for Fetches.)
Convert the number fetched to a
decimal string and concatenate to
the output buffer.

Concatenate the low byte of the
fetched to the output buffer.

Concatenate the low byte of the
fetched to the output buffer as two
hexadecimal digits.

U If the first label number stacked is
zero, substitute the symbol gener-
ator and then increment the sym-
bol generator. Convert the first
label number stacked to a digital
string and concatenate to the out-
put buffer. Also store the number
in the zero register.

A\ If the second label number stacked
is zero, substitute the symbol gener-
ator and then increment the symbol
generator. Convert the second label
number stacked to a digital string
and concatenate to the output buf-
fer. Also store the number in the
zero register.

Fetch C

Fetch L

Fetch H

It is easy to use an editor to insert output commands and an
‘X0’ command to trace the operation of a troublesome pro-
gram so as to see what is going wrong. These are pretty crude
aids by modern standards, but they let you skip over a bug
you don’t understand and work on others, because it will find
a bug per statement.

Implementing Meta4
The listing for the M4 interpreter in Pidgin gives detailed

Table 4
Direct Fetches

Y Fetch the number stacked on the Y
stack, without popping.

! Fetch the number stacked on the Y
stack, and pop.

Z Fetch the number stacked on the Z
stack, and pop.

H Fetch the high byte of the Y stack,
without popping.

Digit Fetch the contents of the register
indexed.

N/number Fetch the number specified.

B Fetch the breadth of the input
string.

U Fetch the first number label with-
out altering.

v Fetch the second number label

without altering.

Table 5
Memory Commands

Initialize memory, and set cell size
to the digit (1-5); default size is 2.

ME Enter the input buffer into the top
layer of memory. Return the index
pointing to the memory cell to
register zero, and zero the memory
cell.

MS Stack memory — seal off the previ-
ous top layer and open a new layer.

MI digit

MP Pop memory — delete all entries in
current top layer and reopen the
next lower layer.

MC Create a memory cell in the cell
stack. Return the index to register
zero, and zero the cell.

MD Destroy the top memory cell on the
cell stack. That is, pop this stack.
MQ Query the entire memory using the

input buffer. Return an index to
the memory cell found (or zero) to
register to zero.

12
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M digit

Table 6
Indirect Fetches

If digit is not in the range of mem-
ory cell indexes (0 to 2 N-1), use
zero. Fetch the contents of the
digit’th storage location of the cell
indexed by the direct Fetch.

If the direct Fetch is less than the
input string length, fetch the
direct’th character from the input
buffer. Default to the zeroth char-
acter.

Table 7

Non-Output Dispose Options

N

digit

I[loc] {direct]

Stack the Fetched on the Y stack.
Stack the Fetched on the Z stack.
Pop the Y stack, add the result to
the fetched, and stack the result on
Y.

Pop the Y stack, subtract the

fetched from the popped, and stack
the resulton Y.

Pop the Y stack, multiply the result
times the fetched, and stack the re-
sultonY.

Pop the Y stack, set the flag if the
fetched was greater than the
popped, else reset the flag.

Pop the Y stack, set the flag if the
fetched was less than the popped,
else reset the flag.

Pop the Y stack, set the flag if the
fetched was equal to the popped,
else reset the flag.

Store the fetched in the digit’th
register.

Store the fetched indirect to mem-
ory, in the loc’th location of the
memory cell indexed by the re-
sult of this direct fetch.

Append low byte of fetched to
input register.

Set length of string in input register
(especially shorter) from the
fetched.

Set the symbol generator from the
fetched.

Store the fetched as the first label
number.

Store the fetched as the second
label number.

Dump the fetched — do nothing,.

Table 8

Error Handling Commands

XM character

XN

X0

Save the current code position,
stack depth and the mask charac-
ter.

If flag is true, do nothing. If false
print the line and symbol number;
discard characters from the input
until find the mask character or
end of file. Reset the code pointer
and stack depth to saved values.

Copy the line number to the out-
put buffer.

Dump the output buffer to the
terminal.
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algorithms for implementing an M4 interpreter. You also need
the Meta4 to M4 compiler in M4 to get started, once the M4
interpreter is debugged. A good test of your M4 interpreter is
to recompile it from the Meta4 listing.

The M4 interpreter compiles into 9056 program bytes of
6502 code using the compiler described last month. It also
uses memory for label index table, interpretive code, subrou-
tine stack, and symbolic memory. I have set aside 2K, 10K,
1K, and 9K bytes respecitvely for these. To compile the Meta4
syntax only takes 1/2K, 3K, 1/10K, and 1/2K of this working
space. It takes my Apple Il about 60 seconds for this compila-
tion.

The following brief description of the algorithms and
methods of the M4 interpreter may also help in implementing,
And don’t overlook the comments within the program.

The first phase of the M4 interpreter is to initialize con-
stants, etc., then to load and compact its program. The sym-
bolic memory is used in this phase to compile the symbolic
subroutine calls to show the location in the interpretive code
referenced. Numbers preceded by a °/’ are compiled into two-
byte binary representations from a decimal representation.
Number labels are entered in the numeric label table (they
could also be compiled at this time and save the table space at
a cost of more program to compile). In the interpretive code
space each instruction is represented by a byte showing how
many other bytes follow, then by the bytes of command, as
compacted. This phase is accomplished about as fast as Apple
can read the disk. At the end of this phase, the M4 interpreter
notifies the user of how many instruction bytes were used,
how many labels, and how many subroutines. For each sub-
routine call made to a subroutine never defined, a message is
output. The name is not easily reconstructed at this point, but
the last of the characters printed are the last characters of the
name of subroutine called. Since the error is not necessarily
fatal, the program continues. But it’s usually a bad sign.

The main body of the M4 interpreter is a loop that fetches
the next instruction, then chooses a sequence of actions as de-
scribed before from the command characters. They are or-
dered so the most frequently used in the Meta4 to M4 compil-
er are first. When it is through it prints the maximum amount
of symbolic memory that was used.

The registers and stack are integer vectors. Each stack
operation is checked for overflowing or underflowing the
space allocated. If you change a dimension statement, be sure
to change the corresponding initialization statement.

The symbolic memory is constructed for digital searching
(Knuth, Art of Computer Programming, Vol. III sorting and
search, section 6.3). Knuth shows that this requires on average
only log, N search steps if the input data is random, so it is
usually an efficient system. It is also easy to program. Two
vectors are used to make a binary tree holding a level of the
symbol table. One vector holds characters, the other integers
which index an alternate place in the tree. In searching, the
first character of memory is compared to the first character of
the symbol. When a match is found, if it is a match on the end
of string character (zero), the memory cell for the symbol
begins at the next index. If a pair of characters matches, but is
not the end of string character, the next character in memory
will be compared to the next character in the symbol. When-
ever the character in memory does not match, but there is
another alternative (the alternative index is not zero), the cur-

rent character of the symbol will be compared to the alterna-
tive character in memory. If there is no alternative, then the
search has failed — the symbol has not been entered into that
level of memory.

Table 9 shows the representation from entering HAD,
HAVE, HE, HER, in that order, and reserving memory cells of
size 2.

Availability in Machine Readable Form

With the listings of the M4 interpreter and Meta4 provided
here, you can get Meta4 working. If you want to save yourself
the typing, and can transfer files from an Apple near you, you
may be interested in the following offer. A version of the M4
interpreter in an experimental operating system is available
from the author. It includes the listings here, and machine lan-
guage versions of the M4 interpreter, the Tincmp compiler,
and an editor. It will run on an Apple, configured for 1 to 4
floppy disk drives. It requires a 16K memory card or an
Apple II (not plus). Two disks and documentation are avail-
able for $20. A third disk with Pidgin listings for the operating
system programs is available for $10. If you are reading this

after 1981, better write to ask about availability. | J
Table 9
Representation in Symbolic Memory
Index Choice  Alt. Notes

1 H 0 Noaltto H

2 A 12 Alt to ‘A’ is ‘E’ starting at
12

3 D 7 Alt to ‘D’ is ‘V’ starting at
7

4 0 0 end of word HAD

5 M2 MO  Memory cell for HAD

6 M3 M1

7 v 0

8 E 0

9 0 0

10 M2 MO Memory cell for HAVE

11 M3 M1

12 E 0 No alt to ‘HE’

13 0 16 But there is an alt to
"HE[end] ’

14 M2 MO Memory cell for HE

15 M3 Ml

16 R 0

17 0 0

18 M2 MO  Memory cell for HER

19 M3 Ml

20 Free memory starts

14
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