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Chapter 1
INTRODUCTION

This report is concerned with the design and implementation of a
small single pass compiler for =z simple block structured language. This
compiler is designed to accept as input a subset of PL/I, PLAN (Programming
LANguage) , with enough features to be able to compile itself, and generate
as output assembler mmemonics for a Data General Nova mini-computer. The
language necessarily includes string handling capabilities, but also
includes array structures, elementary I/0 commands, and single and double
precisicn arithmetic. Design of the compiler allows simple changes in
the syntax of the language to be made with relative ease.

The compiler has been divided into two program segments. The
first, PGM1, is necessary to define the syntax of PLAN and generate the
tables necessary tec drive the second. PGM1 accepts as input a list of
keywords along with a coded version of the rules which define the language.
Syntactic values are associated with each keyword and these are reflected
in the rewrite rules which define the structure oflthe language.

The second segment, PGM2, is driven by the data generated by PGMI1.

It reads in strings of text representing an algorithm written in PLAN
and generates the appropriate Nova assembler code. PGM2 maintains all
keywords and left hand sets along with user defined symbols in a stack

symbol table to allow for the block structure allowed in PLAN.



The approach taken has been to first select a suitable subset of
PL/TI which was thought to be sufficient to write a program of this type.
This subset has some minor additions not contained within PL/I. The
necessary tables were then designed to hold the semantic information
associated with the syntactic structures defired within the language.

It was then possible to write PGM1 to process a coded form of the
language definition and generate the information necessary to initialize
the tables of PGM2. K¥nowing what semantic information had to be kept for
a given construct and how input strings in the language were to be parsed,
it was possible to design and write the semantic support routines, which
are called from various semantic routines any time some table processing
or manipulation has to be done, such as entering or leaving a block.
Finally, the semantic routines themselves were designed and written.

By delaying the actual writing of the semantic routines, any changes to
the language which were needed in writing the rest of the coﬁpiler could
be incorporated with a minimum amount of effort.

PLAN is defined by a context free grammar acceptable to a determin-
istic bottom—up parsing scheme. As a member of the class of LR(l) grammars,
parsing consists of scanning input symbols left to right, shifting symbols
onto a push-down stack until a handle appears on top of the stack. If
no errcrs occur when this handle is reduced, the process continues until
the input has been scanned and the sentential symbol remains. Each

reduction of the handle may cause code to be pgenerated.



The recognition algorithm is table drivem and easily modified to
reflect input language changes. However, code generation is very much
embedded in the semantic routines and not so easily modified. Generated
code consists simply of a string of system calls to run-time routines,
each time passing the appropriate arguments and addresses. Not only is
this a great deal easier than generating in-line code, but within any
reasonably large program less core will be required in the end.

The recognition algorithm, a Floyd Reductions analysis scheme, is
described and jllustrated in Chapter II. Chapter IIT discusses the
structured table used to drive the recognition algorithm. This is the
table generated from the data supplied to PGM1 and structured in such a
way as to allow the algorithm to function smoothly. Chapter IV describes
the compiler data structures which hold the most important information,
such as the symbol table and the reductions table. Finally, the compiler
itself is described in Chapter V, with a simplified overall view of its

logic.



Chapter 2
REDUCTIONS ANALYSIS

A number of syntactic analyzer routines are in commen use today,
each with its advantages and disadvantages. The syntax checker chosen
fqr this compiler is referred to as a reductions analysis routine because
its function is to methodically reduce, or shorten, input streams to
some limiting wvalue. The success or failure of these reductions provides
information about what code to generate, or what errors were made in the
input. The power of this method is derived from several points:

1.) It is easy to change the syntax of the language.

2.) It is generally faster than other syntactic analyzers.

3.) There is no backtracking necessary on input streams.

4.) It provides for modular program logic.

Reductions are determined by successfully matching pattgrns of input
symbols to similar patterns of symbols in a reductions table, which can be
constructed deterministically from the language specifications. This is
a very straight forward idea, but with even a moderately sized language
the number of reductions generated can be quite large. The purpose of
PGM1 is to generate that table.

As an example of the method, let us define a simple language and
derive the reductioné from it. First we define the set of nonterminal
symbols

sn = {8, E, T, F, P, V}

and the set of terminal symbols (those which may appear in the input

stream)



St ={=, +, *, **, 1, 2, 3, A, B, Cl.

The language may now be defined in terms of a series of rules
written in these symbols. Let a set of these rules be defined as
follows:

1.) <8> :: = <V> = <BE>

2.) <E> :: = <T>

3.) <E> :: = +<T>

4.7 <E> :: = <E>4<T>

5.) <T> :: = <F>

6.) <T> :: = <T>*<F>

7.) <F> :: = <P>

8.) <F> :: = <F>%%<P>

9.) <p> :1: =1

10.) <P> :: = 2
11.) <P> :: = 3

12.) <V> :: = A

A
<!
4
It
<]

13.)
14.) <V> :: =C

Within this notation, nonterminals appear with pointed braces '<' and

' is read "is defined as". Also,

'>' surrounding them. The symbol '"::=
recursive rewrite rules are permitted, allowing expressions to be generated
of indefinite Jength.

These "rewrite rules'" are called productions and can be used to determine

if a given string of input symbols is a valid construct in the language as



follows. If, starting with the sentential symbol S, (defined by pro-
duction #1), one can arrive at the proper sequence of terminal symbols
which matches exactly that input string being tested, then the input is
syntactically valid. If it cannot be reached, then it is invalid. For
example, the string

A=2%%3

is valid because of the following derivation.

<8> :: = <V> = <E> {(Rule 1)

<8> 11 = A = <E> {Rule 12)

<§> 11 = A = <T> (Rule 2)

<§> 11 = A = <F> (Rule 5)

<§> 1: = A = <F> %% <P> (Rule 8)

<8> 1: = A = <P> %% <P> (Rule 7)

<8> 1t = A = 2 %% 3 (Rules 10, 11)

Other examples of walid strings are
B = 3%2%%2

C

1+243+3%2%%]

The reductions method starts with the right hand sides of the pro-
ductions and compares them to the input. If the comparison is successful,
the part of the input stream which matches is reduced, or replaced, by
the left hand side of the production. Successive replacements eventually
reduce the string to the sentential symbol S. To determine which part
of the input we must try to reduce, a pointer is defined on the input

stream. Successive input symbols are included on the parse stack as the



pointer moves from left to right. For each symbol appearing immediately
to the left of the pointer one or more matches may be attempted. If the
necessary number of symbols left of the pointer match the part of the
reductions table tested, then either a reduction is effected, or a new
symbol is read by moving the pointer one place to the right., Otherwise,
an error condition exists and the process stops. If more than one com-
parison may be made for a single left-of-pointer symbol, then the most
restrictive patterns must be tested first. The unordered table for the
previous example is given in table 2.1.

The reductions table 2.1 is interpreted as follows. The symbols
along the left side are labels, or entry points. If the symbol at the top
of the parse stack is a "+'", for example, then that part of the table
labelled with the "+" is considered. (Rules #14, 15). If this table were
correctly ordered, rule #15 would preceed rule #l4 because, intuitively,
rule #15 is a more restrictive rule than rule #14. That is, rule #14 is
always satisfied if rule #15 is, but not vice versa. Therefore, we should
attempt rule #15 first.

If we have on our parse stack a ey preceeded by the nonterminal
metasymbol "E" then we go to "ENTRY", or in effect go tc read another symbol
from the input stream. Otherwise if we have on the parse stéck a "+" with
no restrictions on what may preceed it, then rule #14 tells us ta go to
"ENTRY", or again read another symbol. No other possibilities need to be
tested because rule #14 will always be satisfied. The prerequisite to
testing at this part of the table in the first place was only that a "+"

was the immediate left-of-pointer symbol. Both rules 14 and 15 specify



LEFT-OF-POINTER RULE PARSE
SYMBOL NUMBER STACK

E <yY> = <E>A -—> 3

2 <E>A+~—> ENTRY
1
3 <T>A -=> E
4 + <T>A --> E
5 <E> + <T>-A -—> E
6 <T> *--> ENTRY
F
<F> -
7 F A T
8 <T> % <‘F>A —> T
<F> %% —> ENTRY
o 10 <p>, -=> F
11 <F>*% <P>A —> F
v
12 <V>A = ==> ENTRY
- 13 <V> = A<E> --> ENTRY
+ )
14 + A<T> --> ENTRY
<E> + A<T> ——> ENTRY
*
16 <T> % A<F> --> ENTRY
&%
17 F *% A<P> —-> ENTRY
1
18 Ty eede P
2
19 2 —> P
A
3 20 3 —— P
A
A 21 A >V
B
22 B -->V
: A
g 23 c, => V

TABLE 2.1 °



a success action of reading a new input symbol. This new symbol in turn
determines which part of the table {(i.e., which rules) will be tested
next.,

Let us follow an example through the entire reductions process. Let
the string to be reduced be 'AA = 2%k 3 ' (whereA is the pointer on the
parse stack), and assume the table has been reordered to test patterns in

the proper order.

SUCCESSFUL NEXT
STEP STRING RULE RULE
1 AA=2%%3 ENTRY
2 A,=2%%3 21 12
3 vV, =2%%3 12 ENTRY
4 V=, 2%%3 ENTRY ENTRY
5 V-2,%%3 ENTRY 19
6 V=P *%3 19 10
7 V=F y¥*3 10 ENTRY
8 V=F#%,3 ENTRY ENTRY
9 V=F#%3 ENTRY 20
10 V=F*%P , 20 11
11 V=F, 11 7
12 V=T, 7 3
13 V=E, 3 |
14 s 1 END

Since this string eventually reduced to ( ); the sentential symbol

'S' then it is a string in the language defined by the set of rules.
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We may distinguish between reductions "programs" which do and do not
check the character to the right of the delta pointer. Those that do are
referred to as "reductions with context verification:, such as the previous

example. Others are referred to as "reductions without context verification"
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Chapter 3

REDUCTIONS TABLE GENERATOR

It is the responsibility of the first program, PGM1l, to generate
the data used to initialize certain tables in the compiler (PGM2) itself.
It does this from input supplied by the user. Several things must be
input, all of which contribute directly to defining either the syntax or
the semantics of the language. First, the terminal symbels of the
language which make up the set of keywords is supplied along with an
arbitrarily assigned syntactic value. This is the value by which that
keyword, or token, is numerically coded in the set of productions. This
set of productions is input as a coded array and defines the syntax of
all constructs which the user wishes the compiler to recognize. With
each of these productions, or rewrite rules, is associated a unique,
but not necessarily sequential, positive integer with which to identify
that rule.

A character representation of nonterminal elements of the language
is also input, but its only purpose is to improve the readability of
printed output from this program.

Optionally, the user may also input a set of semantic requests
which specify that when a particular sequence of symbols appears on the
reductions stack during the scan, a particular user defined action is
to occur, rather than the default action normally taken for successes
and failures. Quite simply, this is the table which drives the compiler,

PGM2. Any changes to the definition of the language are reflected in
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thiSA%%ble, which causes the correspondingly different actions to occur
in g&e-compiler as input is processed.

E Tiris réductions table is generated as follows. For each symbol of
,:thé?gr%mma%; either terminal or nonterminal, collect all those productions
.;yhich contain that symbol in their right hand side. Denote that symbol
by él. Tha_;ight hand sides of these rules are then sorted first by the

-féyntagtic;va}ue of the single symbol to the right of S' (if one exists),

ﬁand“;gaénﬁligby decreasing number of symbols appearing left of S'. This

- -
Pl

will cause-more restrictive rules to be entered, and thus tested, before
‘lessﬁrestrictive rules. The double sort is necessary to allow right
context verification. Finally, entries are made in the reductions table
ifor:ébch.right hand side symbol, of those rules collected, left of, or

one position to the right of, 8'. Following is a segment from one such

table showing how it is structured.

SLINE f. .~ POSITION & MATCH SUCCESS FATLURE
115 L1  CALL 0 116
116 Ll LABEL 0 117
117 . L1 STOP 0 118
I . L2 < IF CLAUSE > 119 121

;119 L1 < STATEMENT > 120 121
120 - Rl ELSE 0 121
121 L2 < STATEMENT LIST > 122 124
122 Ll < STATEMENT > -130 124
123 LO < ANY > 2 6

REDUCTIONS TABLE SEGMENT

TABLE 3.1
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The line number is not part of the table but serves only to identify
‘the row of the table. This table, the reductions table, is a two dimen-
sional table where each row represents a single test (and action) to be
made, and the number of rows depends directly on the formal definition
of the language and the rewrite rules used to define it. Reductions of
the input stream take place as directed by the information in this table.
A row may specify that a test, or comparison, is to be made at some
position on the reductions stack for a particular symbol, and specify
for both success and failure that one of two actions is to take place.
Usually, the normal action is to jump to another row of the table and
make another compariéon. Alternatively, control may be transferred out
of the table and into an indicated semantic routine.

The first element of the row specifies both the position on the
stack which is to be considered, and the symbol which is to be compared
against that position. For the purposes of illustratiom, in, table 3.1,
an L1 represents the first symbol to the left of the scan pointer, or
equivalently, the top position on the stack; L2 represents the second,
and so on. An Rl represents the next token yet to bring into the scan,
or the right context character.

The second element of a row contains information pertaining to the
action to take if the comparison is successful, and the third is similarly
defined for a comparison which returns a failure indication. If the value
of the required (second or third) element is zero, this simply indicates
that the next element of the input stream is to be brought into the scan

and the first row of the table is the next to be considered. If the



value of the required element is greater tnan zero, then no changes
take place in the stack and that value defines the next row to be
considered. Finally, if the indicated element is less than zero, then
this value directly indicates a semantic routine which is to receive
control, presumably toreffect a reduction on the stack.

The first part of the table is reierenced to determine where to
jump into the middle of the table and proceed. For example, immediately
after a reduction takes place, a new symbol has replaced one or more
previous symbols on the stack. To continue processing, the block of
comparisons relevant to that top symbol must be found, and rather than
search the entire table, that section is determined by beginning at the
first row and sequentially proceeding row by row until a success jump
is taken to the correct entry point.

Examining table 3.1, we may determine the following. Line 115
says compare the first position on the stack (L1) for the keyword "CALL"
and on a match bring in the next symbol of the input stream and on a
failure go to line 116 and continue. Line 116 compares the first
position for the keyword "LABEL" and proceeds to line 117 on a failure.
In exactly the same way line 117 compares the top position on the stack
for the keyword "STOP". The first 117 rows of the table are those
which are searched sequentially to determine'an entry point farther
into the table for a new top-of-stack symbol, and presumably contain
a successful match for every symbol which is expected to appear on the

stack. Although lines 115 through 117 simply indicate that the next

14



symbol is to be entered uﬁon a successful match, some of the previous
rows will point to succeeding rows of the table.

Continuing in the table, line 118 is the first row indicating a test
made for a construct on the stack corresponding to a reductions rule. If
the second position (L2) on the stack contains the syntactic wvalue for an
"IF CLAUSE" then jump to line 119, otherwise jump to lime 121. A failure
at any position in a particular reduction causes the rest of the comparisons
for that reduction to be ignored and a jump is made to the beginning of the
next reduction. A successful compariscn causes the next element of the
reduction to be tested, untii the whole rule has been successfully matched
with the top elements of the stack, in which case a semantic routine is
invoked. If the topmost element of the stack is not the rightmost element
of the successfully compared reduction, the next symbol on the input stream
is brought onto the stack and control returns to the head of the table to
begin the whole process over again. The only way to reach line 119 is through
a successful match at line 118, Line 119 tests the top position of the stack
for "STATEMENT" (we already know that the second position on the stack con-
tains an "IF CLAUSE") and transfers to line 120 upon success and line 121
upon failure. Line 120 makes the last test for the reduction being con-
sidered. If the next symbol in the input stream is the keyword "ELSE" then
bring it into consideration by placing it on the top of the stack and go
to the beginning of the table. If the next token is something else, then

jump to row 121 and continue.
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These last three rows point out several things. First, if comparisons
fail at any point within a given reduction, control is transferred within
the table to the beginning of the tests for the next reduction rule.

These tests are not optimized in the sense that if comparisoms fail at
some point in the middle of a reduction, after having made one or more
successful comparisons, and if the next reduction tests for the same
symbols at the same positions on the stack, then redundant comparisons
are made.

Second, rather than test in row 121 for the right context character,
it would be possible to combine rows 120 and 121 and bring in the next
symbol after a successful match on the top of the stack. This is a re-
duction without right context verification and would save room in the
table. But, by retaining this information regarding what symbol is
expected next in the input stream, more complete diagnostics are available
if the reduction fails.

Lines 121, 122, and 123 define the tests and actions for an entire

reduction. The reduction is:

< STATEMENT LIST > :: = < STATEMENT LIST > < STATEMENT >

Lines 121 and 122 indicate the two comparisons to be made to the
first and second positions of the stack and the actions to be taken in
all success/failure cases. If line 122 tests successfully, then the
negative second element of that row (-130) indicates the semantic routine
which is to do the semantic processing associated with the reduction.

Row 123 is a special one used by the réductions routine to indicate the
operations to be performed on the stack. The first element is blank

(zero) since no comparison is made. The second element defines the number
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of elements of the stack which are to be reduced (2) and is equal to the
number of elements on the right side of a production rule. The third
element specifies the syntactic value which is to be placed on tﬁe new
top-of-stack and corresponds to the nonterminal symbol which those one

or more symbols reduces to. In the case shown, a six (6) is the syntactic

value of the symbol "STATEMENT LIST".
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Chapter 4

BASIC DATA STRUCTURES

Basic to any program is the way in which information is stored and
referenced. If the data structures are poorly designed then certainly
the program as a whole cannot function efficiently. The information which
is to be stored and the basic patterns of reference determine how data must
be kept to optimize references and facilitate finding needed information.
The structures in this compiler are simple enough to understand yet powerful
enough to allow efficient reference.

The first to be considered is the symbol table. The symbol table,
referred to as SYM, is effectively divided inte three parts, of which all
entries consist of a five element vector. The first part is the free list,
This is a singly linked list of free vectors which are not currently in
use by either of the other two substructures within SYM. This list is linked
by the last (fifth) element of each free vector, the last of which has a
zero link. A global pointer to the current first vector of the list may
be referenced at any time for additions or deletions. During compiler
initialization all vectors of SYM are linked together in the free list.

The second substructure of SYM is the symbol table containing the
keywords and thelr definitions, and the user defined symbols and their
definitions. Figure 4.1 contains an abbreviated symbol table as it might
appear at the indicated point while processing the simple program A. Being
a single pass compiler and at the same time accepting a grammar which

defines blocks, the obvious symbol table structure is a stack in which each
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level corresponds to a rew block level within the program being scanned.
As a matter of convenience, the outermost level contains all keywords,
constants, and the label of the program. A single search through the
symbol table starting with the innermost block is sufficient to determine
if a character string or literal constant has been encountered within the
current environment, and if so, what its definition is.

| Each level is preceeded by a block header and a dope vector. The
block header contains 1.) a link to the previous block header, 2.} a pointer
to the dope vector, 3.) a link to the next inmer block, 4.) the accumulated
data storage area assigned within the block, and 5.) the largest data area
total offset assigned within any contained (at a lower level) block. The
last two must be clarified,

Storage assignment is always done relative to a single base location
for the entire program. Since this is a single pass compiler, some means
must be used to allow blocks at the same level to share the same storage
areas. This is accomplished with the fourth and fifth elements of the block
header, When a block is entered, static storage assignments begin at location
zero; that is, with a zero displacement off the data pool base address. As
storage is assigned, the fourth element, the accumulated data area, is in-
cremented to reflect the increasing displacements. The fifth element is
always initially zero. As data references are made throughout the block in
which the item is defined, or any inner block in which the wvariable is not
redefined with the same name, they are linked together in the intermediate

code array.
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All references to any storage declared within a block are linked to
the block header of declaration. When a block exit is performed, if the
fifth element of the block header is nonzero (the largesf total data area
assigned for any contained block), then all linked data reference offsets
for the (about to be exited) block are incremented by that amount. If the
accumulated data area for this same block is larger than the largest previous
total data area assigned for anf block at the same level and also in the
same containing block, then the largest data area of the ontaining block
is set to the assigned area of the block being exited. This scheme allows
equivalence defining for storage assigned in parallel blocks.

A simple example will illustrate this. If the entire program consists
of a single block A which declares ten words of storage, then any reference

to one of these words will be of the form

«DATA+XXX

where XXX is less than ten. This assembles to a single word-address XXX
words beyond the data pool base '.DATA'.

As these references are made and code is generated for them, they are
linked together in the intermediate output. When the block A is exited,
because no inner block was encountered, these displacements suffice.

But suppose the program consists of a main block A with an inner
block B. Suppose further that within block A ten words of storage are
declared and referenced before block B is even encountered in the input
stream. For the time being, these are assigned a displacement in the same

fashion as the previous example, that is, with displacements less than ten.
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Now if we wish to define storage local to block B, say one word, which does
not overlap that of A, then either that one word of B must be assigned a
displacement of ten off .DATA, or it could be assigned a displacement of
zero and all previous references in block A could be shifted up one word.
The former is easier but fails, or at least becomes somewhat complicated,
if, upon exiting block B more storage is assigned within block A. For this
reason the latter method is chosen.

When block B is exited, the storage assignment of one word is noted
in the fifth element of the block header for block A. When block A is
exited, all references to data declared in it have their displacement
values shifted up one to allow for the data word in block B.

The dope vector contains the pointer to the linked references to data
declared within the immediate block. It also contains a pointer to the
vector descriptions of symbols declared within the immediate block. Each
user defined symbol is entered into the symbol table with enough information
te do minimal error checking. Each is assigned at least one vector of five
words, and a second if the variable is subscripted. The first word is
always a 16 bit indicator which identifies storage class, precision, and

so on. The bit assignments are as follows:

BIT # MEANING

permanence (symbol table or semantic stack)
integer

character

literal

label

constant

precision (single or double)
dimensionality

keyword

assigned temporary storage
subscripted variable

11-15 not used

[
DLW~ EELWN O
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The second word of the vector is usually a pointer into a character
array for those symbols and string constants which have a string repre-
sentation.

The third and fourth words vary with the item described, and contain
information such as addresses, unique values for labels, are pointers to
more information. The fifth is a link to the next symbol defined within-
the same block.

The third substructure within SYM contains sets of left hand sides for
those nonterminal symbols which appear to the right of a terminal symbol in
some production. This allows a finer degree of error checking during
syntactic analysis at the expense of the storage necessary to hold this
information. For example, if at some point during scanning it is known that
the next symbol on the input stream begins some nonterminal comstruct, then
three choices present themselves. It would be possible to do a look ahead
more than a single symbol and construct that nonterminal from the next N
terminal symbols, but this requires a great deal of added effort. It also
is possible to enter into the reductions table an extra reductions rule for
every terminal symbol which may legally be the beginning of the expected
incoming comstruct. This is easy to do and is currently a user option but
requires a tremendous amount of additional table capacity.

The third alternative is simply to do a table look-up. Given that a
particular nonterminal equivalent is expected next in the incoming stream,
one may find the left hand set of that symbol and compare all its elements

to the single next token in the stream. This is what is done. Figure 4.2
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illustrates the structure of lists used to store the left hand sides for
all nonterminals.

Syntactic values of nonterminals are used to locate the correct sub-
list containing the left hand set,

The next important structure to be considered is the stack. What
has until now been referred to as simply the stack is actually two parallel
stacks, the syntax stack and the semantic stack. As illustrated in Fig. 4.3,
the syntax stack contains only the syntactic values of those items described
semantically by the corresponding elements of the semantic stack. The
semantic stack contains a zero in a position which needs no semantic infor-
mation, and a pointer to an information vector of five words if there is some
semantic information associated with that position on the stack.

All additions and deletions take place in parallel on the tops of the
stacks. As shown in Fig. 4.3, the top four elements of the stacks contain

the syntactic construct
GO TO IDENTIFIER ;

whose numeric representation on the syntactic stack consists of the values
507, 508, 500, and 542. The identifier, which is user defined, is the only
item which need contain any associated semantic information and this is
found by a pointer into the symbol table. Twenty (20) is the index of

the symbol table vector which describes the identifier referenced in the

example construct (transfer statement).
Changes to the stack take place in two ways. Either the scanmer intro-

duces a new symbol from the input stream, in which case syntactic and



SY/EOL TABLE
l

SYNTAX SEFANTIC

. . BIQCK FSADTR
507 ('Ge') 0
508 ('1C") 0
500 (identifier) 20 3
582 (1Y) 0 TCF CF STACKS DCEE VECTCR

20
‘
A VECTuUR

1. identifier
20 label

STACK STRUCTURT EBEFORE REDUCTION

|
[
)
i
3
-

3

26



27

possibly semantic information is added to the top of the stack, or a
complete construct is recognized on the top of the stack and a reduction
of one or more elements off the top of the stacks takes place, causing a
new symbol to be placed on the new top of the stack.

It is the job of the lexical scanner to place new information on the
top of the stack in the case of keywords or user variables encountered in
the input stream. It is sufficient teo retain only the syntactic value for
keywords (and enter a zero semantic pointer), whereas user defined symbols
must be associated with a vector of the symbol table for further semantic
processing.

Referring to figure 4.4, suppose some reduction rule #140 is applied,
which effects a reduction of the top four elements of the stack to a single
element and that element is tc be a nonterminal symbol "STATEMENT". The
semantic routine responsible for this particular reduction first gathers
the information it will need from all those elements which are to take part
in the reduction. The appropriate code is generated; the top four elements
of both stacks are deallocated; and a new element is placed on the top of
both stacks. The top semantic pointer references a new semantic unit called
"'STATEMENT" which now contains all the information which may be needed in
the future to perform a furthér reduction over that stack position.

It is interesting to note that no change takes place within the symbol
table itself. This is logical because the environment has in no way changed.
The symbol table undergoes structural changes only when a declaration state-

ment is scanned, or a block is entered or exited.
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As indidated in Fig. 4.4, the semantic information associated with
the newly created "STATEMENT" is isolated in the sense that the only link
to it is through the semantic stack itself. When the part of the stack
which references this item is later involved in a reduction, the five
word vector containing its semantic information is returned to the free
pool. The routine which effects a reduction therefore must be able to
distinguish between those units of seméntic information vectors which
are linked within the symbol table, and those which are "free'". This is
possible by the first bit of the first word of the vector, previously
referred to as the "permanence’ bit. If this bit is on at reduction time,
the information is an.integral part of the symbol table and is left un-
touched. If this bit is off at reduction time, the information is
"floating" and may be released and returned to the free list.

The last major data structure to be considered is an array which holds
the intermediate code as it is generated. This array, CODE, consists of
any number of rows of three elements each. As code is generated, entries
are placed into CODE in consecutive rows,

The first element of a row is a bit indicator specifying the type of
information contained within that particular row. It may specify a class
of operators (mnemonics), a label to be generated, a data reference, etc.

The second element optionally contains a numeric value necessary, for
example, when a label is to be output. All user defined and internally
generated labels are mapped intc a common format and given a unique value.
A typical label expression might be:

Lxxx:
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where "L" is indicated by the bit configuration of the first word of the

"yxx" is the value of the second word of the same row.

row and the number
The third element of the row is used to link together several rows when
necessary. For example, all references to any data declared within a
particular block are linked in the third element of the row describing each
reference. If the need arises to shift, or increase, their respective
offsets from the ccemmon data base address, then a pass through the chain
of references can be made, where the second words contain offset wvalues.
Similarly, all forward references to a label in a block are linked together
in their third row element in the event that label is not encountered inside
the immediate block. This allows these same references to be effectively
moved to the containing block at block exit time, and the numeric repre-
sentation of that label to be changed to refer to a label in an outer block.
As stated before, the chain of data references is pointed to by a word of
the dope vector of the defining block. The chain of label references is
pointed to by a word in the semantic vector of the symbol table descriptor.
When the block exit routine scans the symbols in the block being exited
and finds a label which has never been resolved, it has simply to move
that information into a containing block {assuming no naming conflicts).
No code optimization is done at any time. After scanning the entire
program and generating the corresponding code array, nothing further

remains but to generate in a suitable format the assembly code from the

intermediate code array.



31

Chapter 5
COMPILER STRUCTURE

The second program of this project, previously referred to as
PGM?, constitutes the body of the compiler itself. This program is
essentially written in the simple language it is designed to accept
as input, and produces readable Nova assembler language as output.
This chapter describes the general characteristics of the compiler
as a whole, and the functions of the numerous modules as they relate
to each other. A complete listing of the program appears in appendix VI,

Initial input to the compiler consists of the data necessary to
initialize both the symbol table and the reductions table. This is
produced in the correct format from a previous run of PGMI. Following
initialization, an algorithm in the source language is included in
punched card form. This program is scanned in a single pass of the
compiler, and if no terminal errors are encountered, the equivalent
Nova program is printed on the output.

The compiler can logically be divided into several sections. The
lexical scanner accepts strings of text, divides it into tokemns, and
determines basically what type of symbol is being processed. For
example, the scanner is structured to recognize the class of literals,
the class of special symbols ($,*,etc.), the class of numeric strings,
or the class of keywords and user defined symbols. If necessary, a

symbol is entered into the symbol table by the scanner. User symbols
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are distinguished from keywords by a symbol table search. Constants

are entered as global symbols if there is not a previous occurence of
the same constant already in the table. Nothing but the most elementary
type checking takes place at this time.

After the scanner has processed the token and determined the
general class (literal, special symbol, etc.), two umits of information
are returned to the syﬁtactic analyzer. (The scanner is a subroutine,
which is called as needed. As with all subroutines which make up the
compiler, information is passed only through variables whose scope in-
cludes both the calling and the calied routine. No argument lists are
allowed in the language compiled, and therefore in the compiler itself.)
The first variable passed is the syntactic value of the token just
scanned. Variables, literals, and constants are assigned wvalues as a
class. Keywords and special operators are assigned unique syntactic
values as defined by the initialization input data. The second variable
passed back is a pointer into the symbol table to the semantic infor-
mation associéted with that same token just scanned. These two values
then define the single token scanned, whatever class, each time the
scanner is called.

The syntax analyzer is the control routine which calls the scanner
whenever it determines that another token is to be brought in from the
input stream. Initially, both stacks (the syntax and semantic stacks)
are empty. The scanner is called once to introduce a single element
to the top of each stack. The analyzer then begins at the first row

of the reduction table and performs comparisons of elements on the stack
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to symbols, or classes of symbols, as specified by the current row of
the reductions table. Whenever a success 'branch" is taken (as dictated
by this table) whose action specifies that a new token be pushed onto
the stack, the scanner is called, and matching begins again from the
start of the table. Otherwise matches continue to be checked until
either a success or failure "branch" specifies a particular semantic
routine which is to receive control. This may happen as a result of
all elements of a reduction rule yielding successful matches, in which
case a reduction of the stack will occur, or if a syntactical error is
encountered and a fix-up routine of some sort must be called. In any
event, the syntactical analyzer is responsible for additions to the
stack and transferring control to particular semantic routines.

The semantic routines correspond one-to-one with the rewrite rules
which define the grammar. Z¥ach is called when it is determined that
the top elements of the stack match the construct in the language fer
which that routine is written. These semantic routines are responsible
for generating the necessary code, reducing the stacks, and keeping
whatever information may be needed at a later time. With over one
hundred semantic routines all perforﬁing many similar functions a set
of support procedures was written which may be called individually when-
ever needed. This allows a great deal less code, and changes in the
semantics can be made quite easily. The major routines are described
below, |
KEEP. The procedure titled KEEP placeé a symbol into the symbol table;

The symbol is contained within a character string called NAME which is



built within the scanner. It may be kept at any level of the symbol
table as determined by a pointer to the block header of that level.
BLKEX. This procedure is called by several semantic routines to effect
a block exit. It deallocates the innermost, or lowest, level of the
symbol table. Error checking is limited to undefined labels whose
scope may not be enlarged to include the containing block due to
naming conflicts.

BLKEN. BLKEN is envoked whenever a block is entered. It performs

the simple linking chores necessary tc create a new inner block. A
global variable is maintained which always points to the current
innermost block,

VFIND. This routine performs a search outward from a given level for
the first occurence of the symbol contained in the globally defined
string "NAME". If the symbol is found, a pointer (the same as the
semantic pointer returned from the scanner) is returned to tﬁat symbol
table entry. If the symbol is not found, this pointer is set to zero.
SETUP., Because the compiler is organized around the stack cencept,

a number of routines perform simple operations on the two stacks.
References to semantic information, for example, are made indirectly
through positions on these stacks. When a semantic routine needs to
reference information pertaining to some element of its construct, it
does so by specifying the position on the semantic stack which contains
a pointer to the symbol table information. SETUP loads information into

five global variables from the vector in the symbol table located by a
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specified stack position. SET# specifies that position. If the infor-
mation associated with the top position of the stack is needed, SET# is
set to 1, SETUP is called, and five globally known variables are loaded
with that information. This enables simple changes in the syntax to be
made relatively easily since the setting of SET# need only be changed
in the appropriate semantic routines.

REDUCE. After a semantic routine has collected all the information it
needs from the symbol table, REDUCE performs a simple reduction on both
stacks as dictated by the reductions table. The new top element of the
syntax stack will contain the syntactic value of the result. The top
element of the semantic stack contains a pointer to a free five word
vector to be used to store the semantic information associated with the
result of the reduction.

GENER., Intermediate output is kept in a two dimensional array called
"CODES". Each row of three words, as described earlier, represents
some part of the output which is to be generated. As the semantic
routines determine that some output is needed, three global variables
corresponding to the three elements of the next row of CODES are set
and GENER is called. These three elements are inserted into the CODES
array, and if necessary, this row is linked by the third element to
another row. All data references are linked together in this manner,
the head of the chain being pointed to by the block header for which
those data areas apply. Similarly, all references to the same label

are linked together until that label is found in the scan.



YLDSP, YLDCH, YLDDP, YIELD.

with generating code for data conversions.
precision integer from a double precision integer.

Ascii character string from a double precision integer.

These four routines are all concerned

YLDSP yields a single

YLDCH yields an

YLDDP yields

a double precision integer from either a single precision integer or

from an Ascii character string.

Any of these three routines may be

3

called directly from a semamtic routine, or from YIELD, which is expected

to yvield a desired precision when the original precision may be any of

the above.

A short semantic routine will illustrate some of the logic behind

the above described routines.

ment the rule:

< PROCEDURE STATEMENT > :: =< LABEL >

SEMANTIC ROUTINE # 110

The following is the code used to imple-

5110:

OPTYP=101;
CALL GENER;
CALL UNAME;
OPTYP=22;
OPVAL=UNIQE
CALL GENER;
SET#=2;
CALL SETUP;
OPTYP=20;
OPVAL=SETC;
CALL GENER;:
CALL REDUCE;
CALL BLKEN;
SETD=UNIQE;
SETB=16;
CALL SETIT;
GO TO MATCH;

e

A few points should be made first.

PROCEDURE

STATEMENT #



o7

1. OPIYP, OPVAL, AND OPLNK are the three globally defined wvari-
ables which correspond to the three elements of one row of
the intermediate code array, CODES. When the procedure
titled GENER is called, it expects these three variables to
contain information to be entered and the manner in which to
do so.

2, UNAME is a procedure which generates consecutive integers.
The variable UNIQE is retumed with the current value,

3. SETA, SETB, SETC, SETD, SETE are five globally defined wvari-
ables which correspond respectively to the five words of each
vector in the symbol table. These are initialized by SETUP
according to the stack position indicated by SET#.

Semantic routine 5110 will receive control when the syntax analyzer
recognizes the indicated construct on the top of the stack. Statement
#1 sets OPTYP to the value assigned a JUMP pseudo-op, and statement #2
transfers to GENER, which places that value next in the intermediate
code array. The code generated for a procedure is an unconditional
jump around the procedure body te an internally generated label, followed
by the unique label assigned to the label of the procedure. This par-
ticular rewrite rule is not concerned with the code of the procedure;
it has not yet been scanned, Entry into a procedure can only happen
by a procedure call.

Statement #3 calls upon UNAME to generate 3 unique constant to be

used as part of the internal label of the statement following the procedure
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body itself. Given the JUMP pseudo-op, its argument must be that label.
Statement #4 defines the type of code to be generated (a label), statement
#5 sets the numeric value of that label, and statement #6 calls upon
GENER to enter that information into the intermediate code array, CODES.
The generated code to this point is essentially the following:

JuMP

LXXEX:

where LXXX: will appear after the procedure body.

Now the procedure label must be generated. This label has been
assigned a unique numeric value because it has been previously encountered
by the scanner, and entered into at least one reductioﬁ leading up to
the < LABEL > in the current stack. Statement #7 indicates that this
label information is located through the second position of the semantics
stack, and statement #8 loads all that information into the five variables,
SETA, SETB, SETC, SETD, and SETE.

The value assigned to that label is located in the third word, which
was loaded into variable SETC, Statement #10 therefore sets up that
value for a call to GENER, which takes place at statement #11. That is
all the code that is needed.

Statement #12 performs a reduction on the stacks. The syntactic
value for < PROCEDURE STATEMENT > becomes the top element of the syntax
stack and the top element of the semantic stack points to an empty five
word vector to be used to store whatever information must be associated

with the nonterminal < PROCEDURE STATEMENT >,



39

Due to the nature of this particular rule, statement #13 calls the
routine BLKEN to create a new inner level in the symbol table. At this
point no further information can be entered into the symbol table other
than the block header and dope vector information.

It tums out that the only information to keep with any < STATEMENT >
is the statement type. This is only done so as not to generate multiple
RETURNS at the end of a procedure. A < PROCEDURE STATEMENT > however
is special because the generated label of the statement following the
procedure must be kept and output at block exit. That label value is
therefore saved in statement # 15. Statement # 16 stores SETA, SETB,
SETC, SETD, SETE directly into the information vector corresponding to
the top element of the semantics stack, and in statement # 17 control

is returned to the syntax analyzer for further processing.
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Chapter 6

SUMMARY

The compiler presented in this paper was debugged and tested with
the examples found in Appendix IV. The code generated consists of
system calls. This is not as inefficient as it may appear because only
the return address status information need be saved for each call. The
scope of the project is not such as to warrant extensive code generation
facilities, and this type of code does allow reascnably good run-time
diagnostics. For example, subscript bounds may be checked by including
the limiting values as arguments to the address computation routine.
Furthermore, generation of in-line code would in most cases expand into
considerably more code than that required for a system call. This
becomes quite significant on machines with limited core available, but
does require extensive run-time packages.

It was discovered while debugging that although a particular set
of productions may truly define the language, some amount of tailoring
must take place to match the rules with the semantic processing which
takes place during recognition. For example, to allow right context
verification, the scanner must maintain a look ahead of one token which
has not been entered onto the stacks. Since the scanner also does the
table lookup for symbols encountered in the stream, if that symbol is
to be entered into the symbol table, this will take place before any
matches are attempted for that symbol. If two conditions hold, then

an error condition arises. If the right context symbol is one that is



entered into the symbol table at scan time, and the next reduction on
the stacks causes a block to be entered (a new inner level), then that
symbol just entered appears at the wrong level within the symbol table.
The solution is trivial, but was overlocked in the original language
definition.

The small amount of information actually necessary to generate
code is kept in the symbol table. Although little effort would be re-
quired to add to this basis, interesting side effects appear by doing
minimal error checking. For example, the label on a procedure block
is indistinguishable (within the symbol table) from one appearing on
an ordinary statement. A transfer statement may therefore reference
a procedure block, or a subroutine call may not actually refer to a
subroutine, If the runtime routines implement calls and returns by
saving status information on a s tack, then the user has actually a
more powerful program structure than that possible had the compiler
made certain addition compile time checks.

Thus knowing the logic of the compiler, zllows one to take ad-
vantage of peculiarities inherent in its design. PLAN has no means
for defining storage assignment equivalences, but since parallel blocks
allocate storage contiguously, and from the same point, this common
area may be considered overlaid by the programmer.

Certain constructs of PL/1-F level which were not suited for the
Nova were used in the writing of the compiler but not included in the
definition on PLAN. Similar statements were designed to perform in a’

like manner. To resolve this within a self-compiling compiler a means

41
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was devised where statements could be selectively included or excluded
from the scan. To exclude a string from the code being scanned, it

may appear as follows.

/* % */ statement [* % %/

That portion of the text appearing between, and including, the two per-
cent ( Z ) signs is not in any way recognized by the scanner. Note that
since PL/1-F is not so restricted, it will include the text contained
between the two comment strings (a comment is delimited by a '/*' and
'%/' pair).

The cortespondiﬁg textual inclusion may be effected by the following

coding which is specially recognized by the scanner.

/¥ @ statement @ */

'Statement' in this case will not be compiled by the PL/1-F Fompiler
since it is found embedded within a valid comment. The PLAN scanner
however recognizes a '@' as a special switch requesting that the comment
currently being scanned be temporarily exited and the following code

compiled. The example below shows how this sequence may be used.

J* 2 %/
DECLARE I BINARY FIXED (15);
[* % */
/* @ DECLARE I SINGLE; @ */
The PL/1-F compiler will recognize the first declaration, but not the

second because it is in a comment. The PLAN compiler will not recognize
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the first but will scan the second. This is a useful tool for boot-
strapping.

Several examples of acceptable PLAN code appear in appendix IV,

It should be noted that all keywords are reserved and no attempt at
fixup is made should an illegal occurence of one be found. Also, any
user defined variable which must be declared must not be encountered

in the text before such a declaration has been processed. Declarations
may appear anyplace in the source code.

This compiler has not currently been implemented on a Nova mini-
computer. It does generate a great deal of legible Nova assembler code,
and a number of the run-time routines exist. The major problems of
half-bootstrapping have not been solved, nor has any means been designed
to segment the code generated for such a relatively large program on a
small mini-computer., This might not be too difficult if dome on the
intermediate code, or even if major segmentation decisions are made
during compilation. The major data structures, excepting the symbol
table, would 1likely be kept as disk resident files, with some small

changes to the compiler needed.
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APPENDIX IV

Sample Generated Code

89



CRANK:

PROCEDURE ;
DECLARE KK(20) DOUBLE;
KK( KK( KK(10) ) ) = KK(5);

END;

Sample 1 Input.

90



. TITL CRANK

.NREL
.ENT START
LTXIM 1
.RDX 10.
.DATA: .BLIK 41
: CONSTANT SECTION
C1008: 5
Cl004: 10
C1003: 20
.LTRL: .BLK O
START: JMPSR
L1001
JUMP
L1002
L1001:
SUB1
. DAT A+ 0
2
L1005
C1004
20
CDPSP
L1005: 0
.DATA 40
SUB1
. DATA+ 0
2
11006
.DATA+ 40
20
CDPSP
L1006: 0
.DATA+ 40
SUB1
« DAT A+ 0
2
11007
. DAT At 40
20
SUBL
.DATA+ 0
2
L1009
€1008
20
MOVE
L1009: 0
L1007: 0
RETHRN
L1002:
RETRN

Sample 1 Generated Code.



CRANK : PROCEDURE ;

DECLARE I SINGLE;

I=10;
[* 7 %/ I =20; [* % */
/* @ I = 30; @ */
END;

Sample 2 Input.

92



.TITL CRANK

.NREL
.ENT START
LTXTM 1
.RDX 10.
.DATA: .BIK i
: CONSTANT SECTION
C1004: 30
€1003: 10
.ITRL: .BIK O
START: JMPSR
11001
JUMP
11002
L1001:
MOVE
€1003
.DATA+ O
MOVE '
€1004
.DATA+ 0
RETRN
L1002:
RETEN
.END

Sample 2 Generated Code.



CRANK: PROCEDURE;
DECLARE II SINGLE;

DECLARE JJ DOUBLE;

11 = 20;
JJ = 30;
II = JJ;
END;

Sample 3 Input.

4



.DATA: BLK
; CONSTANT SECTION
C1004: 30
C1G03: 20
.LTRL: BIK
START: JMPSK
JUMP
L1001: MOVE
CSPDP
MOVED
CSPDP
MOVE
RETRN
L1002:
RETEN
+END

.TITL CRANK
+NREL

LENT START
JIXTM 1
+RDX 10

0

L1001

L1002

C1003
.DATA+ O

C1004

~.DATA+ 3

.DATA+ 3
LDATA+ 1

LDATAT 1
.DATA+ 3

+DATA+ 3
DATA+ O

Sample 3 Generated Code.
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Run Time Routines
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5

97

Foilowing are brief descriptions of system calls appearing in the

generétnd'cadc samples of Appendix IV,

JMPSF . . -

5 (LXRAX
JUMP - )
- INEXX
SUB1 '+,
© - DATAtxXEX
bt Xt
TS5 § 476 4
« DATA+xxx
et
CDPSP
- « DATA+xxx
T L TATAFXXX
“MOVE -
DATA+xxx
« DAT Atxaxx
RETRN
s
"MOVED-
«DATAtxxx
«DATA+xxx
CSPDP -
«DAT Atxxx

el 4 TIAT Abxxx

we woa

we We Wws Wy We we

wa we wa

we we Wwe wae

e we wa

wes we Ve

Call a subroutine. Save return information.
Transfer address

Simple transfer. No information saved.
Transfer address

Compute address of singly subscripted wvariable.
Array starting address

Constant element length

Location to store computed address

Address of subscript value (single precision)
Constant, first subscript limit

Convert single precision to double precision
Single precision variable address
Single precision variable address

Move a word
Source address
Destination address

Return to calling routine. Pop stack.

Move double words.
Source address
Destination address

Convert single precision to double precision
Single precision address
Double precision address
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The reductions table generator is extrémely easy to use. This
appendix contains bbth a listing of the program and a brief description
of the data input requirements.

This program, as described in Chapter iII, generates a structured
table useful for a certain type of syntactic scan scheme called reductions
analysis. This is a bottom-up deterministic algorithm which assumes a
Type 2 context free grammar with unique right hand sides. Input to the
program consists of a list of terminal symbols, a list of the nonterminal
symbols, and a coded set of production rules defining the language to be
recognized. Output from the program is a list of the terminals, a list
of the nonterminals, an echo of the numerically coded productions, a
more readasble character representation of the same productions, a listing
of the left hand sets of all nonterminals, and both a literal listing
and a tabular listing of the reductions rules derived from the set of
productions. The card punching format requirements of the input data

are described below.

A: HEADER.
The first three cards supplied as input to the program are centered
and output as header information at the top of each section of output.

These cards may contain any information the user wishes.

B: TEBRMINALS.
All terminal symbols which appear in the strings to be recognized
must be input with an associated terminal number. Terminal numbers must

be assigned sequentially starting at 500, one per card, the list being
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terminated with a blank terminal symbol. For example, to assign the

value 503 to the terminal string 'PROCEDURE', the following card would

be punched:
503 '"PROCEDURE'

C: NONTERMINALS.

Nonterminal symbols are input exactly like terminals, but must be
numbered consecutively starting with the value 1. These strings are used
only to improve the readability of the printed output. For example,

the string nonterminal 'PROCEDURE BLOCK' would appear as follows:

1 '"PROCEDURE BLOCK'

D: PRODUCTIONS.

The set of productions used to define the language is coded
numerically, and each single rewrite rule is assigned a unique and
somewhat arbitrary number between 1 and 999. Again, the production
number is useful for determining which reduction a matches have been
satisfied and dispatching accordingly. Each production is coded on
a separate card and read with the (PL/I) format '(25)f(3)', which
includes the production number. A sample production card might appear

as follows:

c c
c c
b d 9

100001503
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where the fields have the following meaning:

colum

1-3

4-6

7-9

10-12

13-15

value

100

001

503

meanin
User assigned preduction number.
Nonterminal left hand side of
the production, here representing

'"PROCEDURE BLOCK'

First (and only) symbol on the
right hand side of the production.

Second symbol on right hand side.

Addition symbols as needed.

The set of productions is terminated by an all-zero production.

A sample set of input data is given below for the simple grammer

presented in Chapter II,

//GO.SYSIN DD *

HEADER INFORMATION CARD 1.
HEADER INFORMATION CARD 2.
HEADER INFORMATION CARD 3.

500 '='
501 '+'
502 Tgt
503 "&*x'
504 '1'
505 '2°
506 '3'
507 'A'
508 'B’
509 'c’
510 ' !
Tst
IE!
ITI
IF|
|Pl
'v'
LI |
101001006500002
102002003

SN OV W N
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103002501003
104002002501003
105003004
106003003502004
107004005
108004004503005
109005504
110005505
111005506
112006507
113006508
114006509

0 0 0

/%
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The PLAN compiler was implemented on the IBM 360/50 at Kansas State
University. Although originally intended to be self-compiling, the
current version is not strictly so. It does hovever compile a reasonable
subset of PL/I, with procedure blocks, conditional statements, formatted
1/0, and single and double precision integer arrays.

The syntax checker used is a deterministic table driven reductions
analysis scheme which conceptually reduces a source code input stream
according to a set of rules defining the language. No backtracking is
necessary. A pushdown stack is maintained for the partially pfocessed
stream.

Nova assembler language mnemonics are generated by a number of
semantic routines which receive control according to the top elements
on the stack. A single source error terminates code generation but
scanning continues. Generated code consists of system calls with ap-

propriate arguments.



