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THE ACME COMPILER

GARY Y. BREITBARD and GIO WIEDERHQLD
Sanford Computation Center. Sanford University,
Stanford, California, USA

Described in this paper is an implementation of a true incremental compiler designed and executed
at the Stanford Computation Center Real-Time Facility, located at the Stanford University Medical
School. The compiler translates a powerful subset of PL/1 into machine language for use in a time-
sharing system. The problems of efficiency versus flexibility are discussed, and some examples of the
techniques used to cope with problems presented by the language and the environment are detailed.

1. INTRODUCTION

The ACME compiler is atrue incremental
compiler operating in a system providing real-
time and time-sharing services in the Stanford
Medical School and some other laboratories of
Stanford University [1]. It provides the principal
contact between the user and the computer in an
integrated, one-language System in which both
commands to the system and program statements
are handled at the same level [2].

There has been much discussion concerning
the desirability of incremental compiling [3, 4].
We were faced with a situation where the usual
alternatives - interpretive systems or remote
access to batch processing - were not adequate.

The system had to be powerful enough to sup-
port statistical calculations, data processing,
and manuscript editing; and flexible enough to
provide experiment control in a research envi-
ronment.

A researcher needs to get his data from his
instruments to the computer, have control over
parameters and identifying information, have
access to previous results for comparative eva-
luation, and have means of presenting the infor-
mation to allow him to make decisions regarding
the progress of his work. In conventional comput-
ing the elapsed time for one iteration through
this loop is on the order of aweek. Our system
and, in particular, our compiler were designed
to reduce this time to minutes.

2. CHOICE OF LANGUAGE

~ There were several reasons for choosing to
implement a one-language System. Since our

users are obliged to do their own programming,
learning to program must be relatively easy [5].
The volume of systems code in a one-language
system is less so that the compiler can be core
resident, which increases operating efficiency.
It is an achievable goal in aproject with limited
resources.

We wanted to avoid contributing another home-
made product to the language explosion; neither
did we want to augment an existing language be-
yond its scope. Subsetting a defined language
would afford several advantages, primarily in
the areas of compatibility and communication.

PL/1 offered avery powerful selection of lan-
guage facilities from which to choose. It is rea-
sonably rich in datatypes, has no reserved words,
and relatively few arbitrary restrictions [6]. We
selected a subset of PL/1 which seemed appropri-
ate to atime-sharing environment and did not pre-
sent insurmountable problems of implementation.

Judged not essential for the users which we
are serving were such features as recursion, de-
cimal arithmetic, and automatic sterling conver-
sion. For implementation reasons we omitted
block structure, in relation to the scope of varia-
bles. We will now introduce our notion of incre-
mental compilation and explain this important de-
cision.

3. INCREMENTAL COMPILING-STATEMENT
LINKAGE

Statements are accepted by us as they are
typed in by the user, one line at atime, any num-
ber of statements per line. For purposes of the
discussion, we will assume that each line con-
sists of exactly one statement. Each line is pre-
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ceded by anumber, called a "line number",
which orders this statement within the program.
The line is edited, with backspaces removed and
the line number extracted fron the beginning of
the line. The line number tells the system where
to enter this line into the user's current program
file, and how to link this line into the currently
compiled program. It is this linkage that alows
us to compile one line at atime.

The statement is then translated fully into ma-
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chine language code (fig. 1). This code is placed
directly into the user's area of core memory,
from where it can later be executed if he so
wishes. At the end of every statement an indirect
branch instruction is compiled. The target ad-
dress of this branch is the beginning address of
the statement with the next higher line number.
This linking takes place in two steps:
a) Before beginning compilation of a statement,
the branch address of the statement with the

1 10. IF c=d|flag THEN DO; |
11 j=j+1; |
| 12 END; I
J |

The above statements would result in the generation of the
following code (in System/360 Assembly language):

@10. LE o,c c=d Load floating register O with ¢
CE 0.d Compare reg. 0 with d
LE 0,=E"'1"' Load reg. 0 with 1 (TRUE)
BALR 15,0 Establish base register
BE L1 Test on the above conpare
LE g,=E'o!t Load reg. O with O (FALSE)
L1 LTER 0,0 OR flag Set up test on result (c=d)
BALR 15,0 Est ablish base register
BNZ L2 Test result
LE 0,flag If result is FALSE, result=flag
L2 LTER 0,0 THEN Set up test on result (c=dlflag)
L 15,A1.... Load branch register
BZR 15 If result Is FALSE, skip THEN unit
BALR 15,0 DO Establ i sh base register
B L3 Go around DO termination
A3 L 8,A2.... Branch around END
BR 8 st at ement
L3 L 8,010.... Branch to statement with
BALR 14,8 next higher 1line number
@11. LE 0,] J=j+I Load reg. O with j
AE 0,=g"'1' Increment | by 1
STE 0, Store result iInj
L 8,011 Branch to statement with
BALR 14,8 next higher |ine number
012. ™ TIMLOC END Test for time expired
BO TIMES_UP If so, termnate time slice
L 8,A3. ... Branch back to DO in case
BR 8 of 1oop
Al,A2 L 8,012 ___ Branch to statement with
BALR 14,8 next higher 1ine number

data region:

@10.... DC A(@11.)} Current address of next statement
@11 DC A(@12.)

e12 DC A(@13.)

Al—_DC A(A1) Addresses filled In at run time
A2.... DC A(A2)

A3.... DC A(A3)

Fig. 1. Example: Source language and compiled code.
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next lower line number is changed to point to

the current program address.

b) When compilation of the statement is com-
pleted, abranch to the statement with the next
higher line number is compiled.

This insures that even though the statements
are compiled sequentially into core as they oc-
cur, they are executed in order of their line
numbers. Statements with the same line number
result in the earlier statement being bypassed.
By means of this linkage branching at the end of
every line, lines can freely be changed, deleted,
inserted, or appended, imitating the flexibility
of an interpretive system (fig. 2).

19, DO i=1 to n;
20. a(i)=b(j);
21 . END;

?RUN!
* 114: SUBSCRIPT OUT OF BOUNDS .

AT LINE 20.000 IN PROCEDURE exanple
?put data(i,j)!
i = 1,] = G;
1?719.5 J=j*l;
|?run 19!

———— —————— . ——

Fig. 2. Runtimeerror and correction.

4. DIFFICULTIES IN INCREMENTAL COM-
PILING

A number of difficulties arise if full flexibility

is desired. Among these difficulties are:

a) the definition of attributes and scope of varia-
bles,

b) referencesto undefined labels,

c¢) statements which range over more than one
line.

5. SCOPE OF VARIABLES

Suppose that variables have scope, that is, a
given identifier has a certain meaning only with-
in acertain part (block) of the program. Then it
is not adequate to maintain merely one symbol
table - the current one. The ahility to change or
insert aline anywhere in the program requires
the maintenance of symbol tables defining the
meanings of al identifiers at each place in the
program. Known symbol table techniques for lan-
guages With scope of variables do not solve this
problem. We decided to leave the problem for
the next writer of an incremental compiler and
did not include block structure in our language.
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6. ATTRIBUTES OF VARIABLES i

Another difficulty in maintaining flexibility of
language, and perhaps the chief obstacle to incre-
mental compiling, is that the attributes of avari-
able appearing in a statement must be known at
the time the statement is compiled. We would like
to discuss the extent of this problem and some of
its solutions.

The first and most obvious solution to the prob-
lem of unknown variable type is to assign attri-
butes by default. In PL/ACME, avariable which
appears for the first time in a place where it is
neither explicitly nor contextually declared, is
given type REAL BINARY FLOAT. Currently, dl
of our arithmetic is done in this mode, which is
represented internally as single precision hexa
decimal floating point in IBM's System/360. If
the user later uses the variable differently, e.g.,
he declares it to be type CHARACTER, heisin-
formed in an error message that this is an incon-
sistent use of the variable. If heinsists on the
change, he may, after making other "illegal™ mo-
difications to his program, call for a recompila-
tion of his entire program. Thisis one of the few
cases where recompilation is required.

The first time a variable is encountered, the
distinction between single variable, subscripted
variable, and function call is made from the con-
text. When avariable is followed by an expres-
sion or list of expressions in parentheses, itis
assumed to be either a subscripted variable ref-
erence or afunction call. The compiler handles
these two possibilities identically. In either case .
amachine language CALL is compiled. Inthe \
case of afunction call, the CALL isto the sub-
routine, as expected. If the referenceisto a ‘
subscripted variable, the CALL will be to the
array descriptor, which is executable code. To
complete the compatibility, it is necessary for
function calls to return the address of alocation
where the result is stored, since subscripted va
riable references must always return an address.

The desire to defer definition of the type of a
variable to the last possible moment is very
strong in a system providing interactive comput-
ing capabilities. Carrying outt. desire fully
would lead to the compilation of calls to inter-
preting subroutines for every operation. This
practice would compromise one of the goals of
the compiler, which isto produce code that is
fast enough to handle processing of experimental
data in rea time. Interpretive systems exist for
those who desire complete flexibility in data de-
clarations.
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7. LABELS

References to labels, such as the statement
ngo TO apha', are compiled using an indirect
branch. That is, in IBM System/360, aregister
is loaded with the contents of alpha, and then a

branch on this register is executed. When "alpha"

appears as a statement label, it is given avaue
of the absolute address of the statement. If "a-
pha' never appears as alabel, it retains its initi-
a value - the absolute address of an error rou-
tine which gives a diagnostic message of "Unde-
fined Label".

8. STATEMENTS WHICH RANGE OVER
MORE THAN ONE LINE

A major problem for the compiler are state-
ments which range over more than one line. Such
statements are PROCEDURE, DO, END, andIF
statements when the THEN or ELSE units appear
on different lines from the IF clause. It is not
required that the program be syntactically cor-
rect at al times. In fact, in aline-by-line sys-
tem, that would be virtually impossible, since
the first time a PRCCEDURE statement is
entered, the corresponding END statement would
be missing. We go further in PL/ACME and do
not require that statements be meaningful at the
time they are entered. For example, an END
statement can be inserted anywhere, with no cor-
responding DO or PROCEDURE statement yet
entered; a THEN unit may be entered without the
preceding |IF clause.

The way the compiler handles these state-
ments is to compile the statement completely in-
to machine language, leaving one address con-
stant unresolved. It is this address constant that
will connect the END to its DO statement, that
will alow ajump across the THEN unit, etc. The
resolution of these address constants takes place
when the user requests that his program be run
(fig. 1). Itis asimple matter, at this point, to
check through pointers to the lines for proper
syntax, and fill in the connecting addresses.

The binary code is not saved beyond the ter-
minal session, but anew and clean copy is com-
piled from the file when the program is used
later. Our experience has shown that direct com-
pilation of non-relocatable code can be nearly as
fast as the loading of relocatable code containing
many cross-referencing pointers [8].
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9. ALLOCATION OF CORE MEMORY

The compiler works in atime-sharing envi-
ronment, and so, one of the first problems that
confronts it is how to allocate core memory. The
system is designed to be totally core-resident.

The users as well are completely resident - there

18 NO core swapping. A user retains the memory

space assigned to him until he logs off or frees \
certain parts of it with a FREE statement. His
program is compiled for him into absolute loca
tions in memory from where it can later be exe-
cuted.

We have available a large addressable core
memory, giving us 528 pages of one thousand
words each. Of these, about 380 pages are avail-
able to the users. When auser signs on, heis ',
assigned two pages of memory. After that, he
may acquire additional pages virtually without
limit, which, for those of you familiar with -'
IBM's TSS. is quite different from acquiring
virtual pages without limit. ;

In other words, our answer to the core frag-
mentation problem is to allow core to be frag- l
mented. Users do not occupy, in general, conti- i
guous portions of core larger or smaller than ‘
one page. The exceptional case is that of arrays i
larger than some fixed minimum. Storage for an
array is automatically allocated the first time
the array is referenced during execution. This
allocation is of one contiguous section of core,
obtained from the free core through the facilities
of the operating system.

There are several different kinds of pages
which auser may acquire. Two pages are obliga
tory - a "symbol table" page and a shared "pro-
gram and immediate data" page. He may also
later need one or more "execution data' pages.
All of these storage blocks may grow without
limit with the exception of immediate data pages.
These are pages of datawhich require the atten-
tion of abase register, and they are limited to
five in number.

10. THE SYMBOL TABLE

Each user has one or more pages of symbol
table. Thisis alinked table containing the name,
address, and attributes of every variable in the
currently active program.

The form of the table is abinary tree [7]. The
position of an entry in the tree depends upon its
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algebraic value as a character string coded in
binary. A new entry is compared against the top
of the tree. If it is greater in value, it is sent to
the right; if smaller, to the left. This compari-
son is made against the next element down the
tree, and so on, until amatch isfound, or the
end of abranch is encountered. In the latter case,
the variable is added to the tip of the tree and
pointed to by the entry one level up the tree. This
algorithm has the advantages of giving avery

fast search time when variable names appear in
fairly random order, and producing a compact
table. The primary disadvantage of this method

is the two extra words per entry - the left and
right pointers down the tree.

The entire symbol table remains in core, even
when the program is being executed. This extra-
vagance alows the user to modify his program
a any time. Even when it isrunning, he can in-
terrupt it to insert, delete, or change lines (fig.
2). We aso take advantage of the presence of the
symbol table to obtain execution time informa-
tion not normally accessible to compiled code.
For example, we can prompt out the names of
variables when they are used in a GET DATA
statement, which is used to demand input from a
typewriter terminal. We can determine the type
and size of avariable when it is being used in a
record input/output statement. Furthermore, we
can store the name of the variable along with the
data, so that the information can later be re-
trieved by name rather than by position on the
file.

11 COMPILATION OF EXPRESSIONS

Whenever an expression is encountered, the
arithmetic processor is caled to perform the
compilation. An assignment statement is a spe-
cial case of an expression which is handled by
this processor.

The algorithm used is a one-pass, left-to-right
scan designed by Keese and Huskey at the Univer-
sity of California a Berkeley [8]. It is based on
two tables of operator ranks, called left rank and
right rank. The rank to be used depends upon
whether the operator is being compared from the
left side or the right side. The code generated by
this algorithm is reasonably efficient, although
no further attempt at optimization is made. Exe-
cution speed of the generated code is about four
times that of early versions of IBM's PL/1 com-
piler.

12. IMMEDIATE EXECUTION OF
STATEMENTS

Most statements can be compiled and imme-
diately executed by terminating the line with an
exclamation mark instead of the usual semicolon.
These statements, called commands, are not
linked into the program. This provides a power-
ful debugging and experiment control facility.

A number of statements had to be added to the
language for control purposes:

NAME serves to identify the user.
Twoinitials and six charac-
ters from his last name are
extracted to provide the pri-
mary file qualification name.
identifies a group of files for
auser. The response is used
as a secondary qualification.
informs the system-operator
of the new activity.

is used to cal in aprogram
file, qualified by the user
name and project. If no such
file exists yet for the user,
anew program file is opened
and initialized for him and he
is prompted to write a proce-
dure.

RUN is the statement needed to

initiate or restart execution.

gives the user control of line
number prompting and con-
textual text editing facilities

[9].

LOGOFF ends aterminal session and
returns al memory assigned
the user to the pool. Account-
ing information is produced
in terms of page-minutes,
that is the time integral of
memory used by him during
the session.

PROJECT

TERMINAL

PROGRAM

MODIFY

Some other PL/1 statements have been ex-
panded in scope to provide facilities such as list-
ing and deleting of files.

13. EXTENSION OF INPUT/OUTPUT
STATEMENTS

References to data arriving from or going to
instruments are made using extensions of PL/1
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record input/output statements. A PL/1 file name
is considered to correspond to auser's analogue
or digital line. Inthe ENVIRONMENT attribute of
the file declaration, he provides information to
the system such as method of sampling, data
rate, and type of input line. The OPEN statement,
when applied to an instrument file, has the effect
of initializing a data acquisition program in a
closdly coupled auxiliary computer to which the
data conversion and transmission equipment
communicating with the user is connected. READ
and WRITE statements control the actual trans-
mission.

14, ON-CONDITIONS

To provide the program control over various
error conditions and exceptions which may arise
during execution of aprogram, PL/1 ON-condi-
tions are provided. By means of these the user
can define ablock of code to be executed in case
of a prescribed event. In addition to the PL/1 de-
fined conditions, such as OVERFLOW, division
by zero, END of FILE, there are locally defined
conditions related to storage files and instrument
file input/output.

The most general form of an ON statement is:

ON conditionBEGIN;
(on-condition block)
END:;

When the ON statement is encountered during
execution, the block is bypassed, and two effects
take place: the condition is said to be enabled,
and this block becomes the current block for that
on-condition. This is implemented by adding an
entry to the on-condition chain for that user. The
entry consists of the address of the above block,
together with an integer which is the assigned
number for this particular on-condition.

When an exception occurs during program
execution, the on-condition chain for that user is
checked to see if the occurring condition is en-
abled. If so, the carrent block for that on-condi-
tion is invoked as a procedure cal. On normal
completion of the block by passing through the
END statement, his code is resumed at the point
of interruption.

15. TIME SLICING

The compiler is designed specifically for a
time-sharing mode of operation. One of its dis-
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tinctive tasks is, for instance, the insertion of
instructions that test whether atime dice is ex-
hausted. These are generated at END, GO TO,
and CALL statements, and drive the yielding
mechanism of the ACME time-sharing System
(fig. 1). Thus, control is never seized from a
user. The object code is provided with "YIELD"
points, which willingly give up control.

16. IMPLEMENTATION

The ACME compiler was written by one pro-
grammer working full time, and afew program-
mers working part time, 1n less than two years.
This was made possible by redlistic system de-
sign and by programming in ahigher-level lan-
guage [10]. The system was written almost en-
tirely in FORTRAN IV (H-Level) of IBM's Oper-
ating System/360. There are numerous advan-
tages to coding in a higher-level language. Be-
sides the obvious advantages of ease of coding
and checkout, writingin FORTRAN allowed us a
system flexibility which machine language sys-
tems seldom achieve. Furthermore, the FORT-
RAN H-Level compiler provided a higher level
of execution time optimization than can be found
1n machine language coding over such alarge vol-
ume of code [11, 12]. Using a higher-level lan-
guage also reduced the volume of documentation
[13] necessary for the project.
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tions; notably project MAC at M.I.T., the Allen
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DISCUSSION

Question by I. Pyle

You have done away with block structure to
avoid locd variables. What happens about for-
mal parameters for procedures?

Answer

Procedures have what look like formal param-
eters, but the parameters are in fact globa va-
riables. Otherwise we would just have the same
tools for dealing with block structure.

Question by R. S. Scowen
a) Isthe version of PL/1 described in this

paper a dialect or subset; and can programs be
compiled with any other PL/1 compiler ?b) Why
do you assume a declaration for an entity which
is used but not declared? If you ask for a decla-
ration, it would be necessary to re-compile the
whole program much more rarely.

Answer

a) Yes, it is adialect, mainly because of our
non-implementation Of block structure. b) We
do have default variables in PL/1 so we do not
have to declare everything.

Question by C. Curtis

a) What about line overflow?b) Do you alow
nested subscripts ? ¢) What kind of editing and
concatenation do you have? Can you retrieve
chunks of code?

Answer
a) We do not alow line overflow, so a user
can only have 240 character or less (if he is pre-

pared to push the ball back by hand). b) Yes,
nesting may take place to any level. c) We have
extensive editing. We have a command 'MODIFY'
which calls in an editor for the entire program
file. The program is a datafile, i.e. we cannot
have several programs with common procedures.

Question by H. Hoffman

Do you think tr 1t an implementation of Full-
PL/I for a more conventional machine configura-
tion, let us say a System/360 with 256K bytes
core storage, is feasible according to your
scheme ?

Answer

We would have had to restrict ourselves if we
were implementing for a smaller machine. How-
ever, we can go for the Full-PL/1 language, but
we do not know how good the compiler will be. |
think we can have block structure if we develop
the techniques. But we have to draw the line be-
tween efficiency and fullness of language.

Remark by R. Pengelly

We have had similar experience in developing
an incremental compiler. We estimate that it is
only 23 times slower than the normal compiler.
This would imply that you could go for the full
language without too big a penalty in time. |
would further suggest that your language is little
more than a powerful assembly language.

Answer
| would scarcely think that our implementa-
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tion language was inadequate. We have dealt with
'Do' loops completely for example. The user has
complete control from the terminal.

Question by w. Waite _
Do you keep a complete text file available so
that the programmer is able to clean up his text?

Answer

Yes, butthis is kept on the disc. He can, for
example, get alist of it.




