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the braces may be omitted without ambiguity.

Inaunit of the form [ ; f a PL/I loop specification:

The following defines the syntax o

specification: .
0 expression [BY expression]
expression [l‘

[WHILE ( expression )}
BY expression [TO expression]

An equivalent set of pure BNF rules would be:

¢specificationy = {expression) | (expression) {rest) .
Lrest)y = (1o and by part) | {while part) |
1o and by part) {while part)
{to and by part) &= (to part) | {to part) ¢by part} |
¢by part) | by part) {to part)
{to party = TO {expression}
{by party 1= BY {expression}
¢while party 1= WHILE ( {expression}; )

EXERCISE

1. Translate each of the following into pure BNF:
(a) ¢Fortran DO statement) ==

[Qabel}] DO (label) variable) = initialy ,
{limit) [, {inerement))

(b) ¢Pascal var decl) = var {var decls [; <var dech)] ;

{var decl) 1= ¢identifier) {, ¢identifier)} ¢ {type)
{(c) PL/I block:

declaration ... END [label] ;

Dabel 2] ... BEGIN ; command

For Further Information
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2.3
ATTRIBUTE GRAMMARS

2.3.1 Concepts and Characteristics

The specification technique described in this section may be used to
formalize not only the context-free aspects of the syntax of a subject language
but also the context-sensitive aspects. It is thus inherently more powerful than
BNF or any of its variants described in the last section. A language specifi-
cation constructed using this technique is called an attribute grammar. After
introducing the basic tools and concepts, we shall illustrate the use of the
approach by constructing an attribute grammar which constitutes a complete,
formal definition of the syntax of Eva.

Basically, an attribute grammar is a context-free grammar augmented
with certain formal devices (“attributes,” “evaluation rules,” and “con-
ditions”) that enable the non-context-free aspects to be specified by means of
a powerful and clegant mechanism. In this book, we shall always employ the
standard, unextended BNF notation for the context-free component of an
attribute grammar.

With each distinct symbol of the context-free grammar, there is associated
a finite set of attributes, which, notationally, are just names. (We adopt the
convention that words with the first letter capitalized are attribute names.)
With each distinct attribute, moreover, there is associated a domain of
values. A given attribute may be associated with any number of grammatical
symbols. We may regard each node of the syntax tree of a valid program as
being labeled not only by a grammatical symbol but also by a set of attribute-
value pairs, one for each attribute associated with the symbol, and possibly
by a logical condition expressing a constraint that must be satisfied by the
attribute values involved. The value associated with an attribute occurrence
in the tree is determined by various evaluation rules associated with the
grammar’s production rules. Obviously, an example is needed to clarify these
points.

Suppose that we are defining a machine-dependent dialect of PL/1 for
use on a computer with 32-bit words and that, as a consequence, an unsigned
integer constant is to be considered syntactically invalid if its value exceeds
21 — | {= 2,147,483,647). While the set of g/ unsigned numerals is casily
defined by the production rules

{numeral} ::= {digit} | (numeral) ¢digitd
digith) ::=0]1]2|3]4|5]|6|7|8]9

the set of numerals {0. 1 21ATARIEAL A14140ar 2mr + sere .

e
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---1], the braces may be omitted without ambiguity.

In 2 unit of the form [{ 211 loop specification:

The following defines the syntax ofa

specification: .
. O expression [BY expression] [WHILE ( expression )]
expression BY expression [TO expression]

An equivalent set of pure BNF rules would be:

¢specification) = ¢expression) | {expression)y {rest)

(rest)y = (o and by part> | ¢while part) I
{to and by part) {while part)

{to and by party == to part) | (to part) {by part) l
¢by part) | {by par) o part)

{to party = TGO {expression}

¢by part) == BY {expression)

¢while part) == WHILE ( {expression) )

EXERCISE

1. Translate each of the following into pure BNF:
{a) {Fortran DO statement) ==

[¢label}] DO {label) {variable)
imit) {, ¢increment)]

decl) = var {var decl) {; ¢var dech) ;
© g::cjlc‘l’;r::: Zidentiﬁer} (, ¢identifier)} : {typer

(c) PLfI block:

= (initial) ,

declaration
command

Mabel ) ... BEGIN ; ... END [label] ;

For Further Inforination
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(1977, pp 35-38), as well as in many other places, and is givena omcl Aoyt
Roch'ﬁte;' (1966). Most manuals and other reference works on Cobo

employ this notation. Other variations on BNF are usually explained wherever they
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2.3
ATTRIBUTE GRAMMARS

2.3.1 Concepts and Characteristics

‘The specification technique described in this section may be used to
formalize not only the context-free aspects of the syntax of a subject language
but also the context-sensitive aspects. It is thus inherently more powerful than
BNF or any of its variants described in the Jast section. A language specifi-
cation constructed using this technique is called an attribute grammar. After
introducing the basic tools and concepts, we shall illustrate the use of the
approach by constructing an attribute grammar which constitutes a complete,
formal definition of the syntax of Eva.

Basically, an attribute grammar is a context-frec grammar augmented
with certain formal devices (“attributes,” “evaluation rules,” and “con-
ditions™) that enable the non-context-free aspects to be specified by means of
a powerful and elegant mechanism. In this book, we shall always employ the
standard, unextended BNF notation for the context-free component of an
attribute grammar.

With each distinct symbol of the context-free grammar, there is associated
a finite set of artributes, which, notationally, are just names. (We adopt the
convention that words with the first letter capitalized are attribute names.)
With each distinct atiribute, moreover, there is associated a domain of
values. A given attribute may be associated with any number of grammatical
symbols. We may regard each node of the syntax tree of a valid program as
being labeled not only by a grammatical symbol but also by a set of attribute-
value pairs, one for each attribute associated with the symbol, and possibly
by a logical condition expressing a constraint that must be satisfied by the
attribute values involved. The value associated with an attribute occurrence
in the tree is determined by various evaluation rules associated with the
grammar’s production rules. Obviously, an example is needed to clarify these
points.

Suppose that we are defining a machine-dependent dialect of PL/I for
use on a computer with 32-bit words and that, as a consequence, an unsigned
integer constant is to be considered syntactically invalid if its value exceeds
231 — ] (= 2,147,483,647). While the set of all unsigned numerals is easily
defined by the production rules

¢{numeral} ::= {digit) | {numeral) {digit>
{digit) ::== 0| 1]2]|3]|4|5]|6]718]9

the set of numerals {0, 1, . . ., 2147483646, 2147483647] is difficult to define
concisely in BNF or its variants (try it!). Instead, we associate an attribute
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Val, corresponding to the domain of integers, with both of the symbols
{numeral) and {digit) and write the following specifications:

¢numeral) = {digit)
Val(¢{numeral)) +— Val({digit)}

| {numeral}; {digit}
Val(¢numeral}) «— 10 x Val{{numerai),) + Val({digit?)

Condition: Val({numeral}) = 2,147,483,647
{digith == 0
Val({digit) +— 0

|9
Val(¢digit)) «— 9

The notation Val(S), where S is a grammatical symbol, may be read as ‘the
value of the attribute Val for this occurrence of §, and a line of the form

val(S) — E

where E may be any integer-valued expression, is an evaluation rule that
“assigns” a value to Val(S). Each alternative definition in a production rule
has an associated set of evaluation rules and possibly a condition. Observe
the layout conventions used—each evaluation rule or condition refers to
the alternative above it. The only purpose of the subscript in the symbol
{numeral}, is to distinguish the two occurrences of ¢numeral> in the specifi-
cations.

To see how the rules work for a legal example, the basic form of the
syntax tree for the terminal string 909 is that shown in Fig. 2.9. Note that
we have written the attribute Val under each occurrence of a nonterminal
symbol and the word Cond (for ‘condition’) at each fork corresponding to
the second alternative of the first production rule ({numeral) ::= {numeraly,
{digit)). Now, using the evaluation rules associated with the production rules
that were used to build the tree, we must fill in the attribute values and check
that all the conditions are satisfied. We are allowed to do this in any order
permitted by the evaluation rules. (The resulting attribute values should be
the same regardless of the order of computation. If this is not the case, then
the grammar is not well formed.) The evaluation rule

Val(¢(numeral)) «— 10 X Val(¢numeral}y;) + Val({digit})

implies that the Val value at the top node cannot be filled in until we know

formal syntax
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{numeral}
Val:
Cond:
{numeral} {digit}
Val: Val:
Cond: )
{numeral} (digi
digit?
{digit)
Val: .
9
FIGURE 2.9

g . . -
he values at its two offspring. Similarly, the values at the other two {numeral’y

nodes cannot be filled in until the i i
; values at their offsprin
ever, using the evaluation rules pring are known. Fow-

Val({digit}} «— 0
and

Val({digit}) — 9

the values at the th igi i
the ree {digit> nodes can be filled (Fig. 2.10). Now, using the

Val({numeral)) +— Val{{digit))
we have Fig. 2.11. Next, the rule
Val({numeral}) «— 10 x Val{{numeral),) + Val({digit>}

is used, resulting in Fig. 2.12, and the condition 90 <C 2,147,483,647 is seen
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{numeral}
Val:
/Cund:\
{numeral} (digit}
Val: Val: 9
Cond:
{numeral} {digit) .
Val: Val: 0
(digit) 0
Val: 9
9
FIGURE 2.10

to be true. Repeating this process, the final tree is constructed as in Fig. 2.13.
It should be clear that the tree for a numeral whose value exceeds
2,147,483,647 would contain a false condition, thus ruling out that string as
one which is generated by the attribute grammar.

In this example, we have seen that the attribute value at each node in
the tree is obtained from the values at the offspring of the node, so that, in
a sense, we have information moving upward through the tree from the leaves
to the root. Because of this, Val is said to be a synthesized attribute of
{numeral} and of ¢digit’. It is also possibie for an attribute value at a node
labeled by a symbol § to be obtained from the node’s parent; the attribute is
then said to be an inkerited attribute of 5. In general, a given grammatical
symbol may have both synthesized and inherited attributes, and a given
attribute may be synthesized with respect to one symbol and inherited with
respect to another.

As a small example involving the use of an inherited attribute, consider
the “Hollerith literals” of Fortran. These are essentially string constants,

formal symax a7
{numeral}
Val:
Cond:
{numeral} {digit}
Val: Val: 9
Cond:
{numeral} {digt)
Val: 9 Val? 0 ?
(digit} 0
Val: 9
9
FIGURE 2.11

.wl!ere the actval characters in the string are preceded by the letter H, which
is itself preceded by an integer constant giving the length of the strirlg. The
following are some examples: 1HA, 6HSTRING, | SHA LONGER STRING
'_I‘he number of characters following the H must be equal to the value of tl‘lt;
integer constant preceding it. Clearly, the existence of an attribute grammar
go]; ;!]IS set of strings will demonstrate the superiority of this formalism over

We n.mke use of two attributes, Val and Size, both corresponding to
the domain of positive integer values. Val is a synthesized attribute of
{numeral) and {digit}, as in the previous example:

{numeral) ;1= {digit)
Val(¢{numeral}) — Val({digit)>}
| {numeral}; {digit>
Val{¢{numeral)) «— 10 x Val({numeral);) <+ Val({digit})

T O a5



{numeral)
Val:
/Cond\
(numeral) {digit)
Val: Val: 9
Cond
/\ 9
(numeml) (dlgﬂ)
Val: Val:
{digit}
Val: 9 0
9
FIGURE 212
{numeral}
Val: 909
Cond: true
(numeral} {dipit ;.
Val: Val:
Cond: lrue
/\ !
(numeml) (dlgn)
Val: Val:
(digit?
Val: 9 0
9

FIGURE 2.13
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{digit) ==
Val({digit)) «— 0

| 9
Val({digit)) — 9

Size is an inherited attribute of the symbol {(string), which is defined as
follows:

{string) = {char)
Condition: Size({string)) = 1

| {stringds {chard
Size(¢string),) «— Size({stringd) — 1
{char) ;= (digit) | A |B | ...

{The symbol {char) has no synthesized or inherited attributes.) Now the
following rules state that the size (>> 0) inherited by the {string’» following
the H in a Hollerith literal is the value synthesized from the initial {numeral’s:

{literal) = {numeral} H {string}
Size({string)) «— Val({numeral))
Condition: Val({numeral}) > 0

Figure 2.14 shows the complete tree for the literal 2HAB. The numbers
preceding the attribute occurrences and conditions indicate the order in
which the values were filled in. Observe how information moves up the
{numeral’> subtree and then down the {string’ subtree. The iilegal string
2HA is disallowed because a false condition arises, as shown in Fig. 2.15.
Similarly, IHAB is disallowed (Fig. 2.16).

Intuitively, a synthesized attribute at a node corresponds to information
arising from the jnternal constituents of that construct, while an inherited
attribute corresponds to information arising from the external context of
the construct. Under each alternative of a production rule, there must be an
evaluation rule for each synthesized attribute of the symbol on the Jeft
(the symbol being defined) and for each inherited attribute of each symbol
on the right {(each symbol in the alternative). This provides us with a useful
aid for checking the completeness of complex attribute grammars.

There is no really “standard” metalanguage for attribute grammars
that has been generally adopted by all grammar writers. Although the
underlying mechanism would be the same, the previous examples could well
have been specified using different conventions and notations, especially with
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{literal}
3 Cond: true
) H {string}
Va2 4Size: 2
{digit} (string} {char}
I Val: 2 5 Size: |
6 Cond: true
2 (char} B
A
FIGURE 2.14
{literal}
3 Cond: true
{numeral} H (string)
4 4 Size: 2
2val: 2 5 Cond: false
(digit) l
|V:|15 2 {char)
2 A
FIGURE 2.15

respect to the evaluation rules and conditions. More complicated grar;lmz}:;
require additional notation, since it is generally necessary to deal wi
structured, nonnumeric domains of attribute values. For our purposes, we
will make use of value domains that are enumerations, sets, tuples, ot sequences,
according to the following conventions:

1. The “constants” of an enumeration domain are arbitrarily chosen
names enclosed in single quotes, e.g., ‘full’, ‘empty’.
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(literal}
3 Cond: true
{numeral} H (string}
2Val: 1 4 Size: |
{digit) {string} {char}
1 Val: 1 5 Size: 0
6 Cond: false
1 (char} B
A
FIGURE 2.16

2. For sets, the evaluation rules will employ the usual notation, including

the following symbols: { ] (set brackets), U (union), e (member-
ship).

. Tuples belonging to a given domain consist of a fixed number of

values, possibly of different types, in a certain order. The notation
(..., ...)may be used to specify a tuple value in terms of its compo-
nents. For example, (17, ‘2’) denotes an ordered pair where the first
component is the integer 17 and the second component is the char-
acter ‘a’. The primitive functions field,, field;, ... may be used to
extract the components of a tuple.

. A sequence is an ordered collection of any number of values of the

same type. The notation ¢...,...> denotes a sequence, and ¢
denotes the empty sequence. The following primitive functions apply
to sequences:

* append(s, v). The sequence obtained by adding the value v to
the end of the sequence s.

* concal(s,, S,, - - ., 5,). The sequence obtained by joining the
Sequences s,, s,, . . ., §, in order.

* length(s). The number of elements in the sequence s.
* firsi(s). The first element of the sequence s.
* lesi(s). The last element of the sequence s.

ey

e —
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» tail(s). The sequence obtained by deleting the first element of
the sequence s.

* allbutlasi(s). The sequence obtained by deleting the last
element of the sequence s.

The usual notations for arithmetic and logic will also be used freely. Some-
times it is desirable or necessary to make use of separately defined auxiliary
functions in the evalvation rules; a self-explanatory notation similar to that
commonly used in mathematical descriptions will be used to define such
functions.

For the sake of uniformity, we further decree that the specification of
a subject language by means of an attribute grammar will consist of four

parts: '

1. Attributes and values (a list of the attributes used and their corre-
sponding value domains).

2. Autributes associated with nonmterminal symbols (a table showing
the sets of inherited and synthesized attributes associated with each
nonterminal symbol of the grammar).

3. Production and atiribute evaluation rules (the grammar itself, laid
out according to the conventions introduced earlier).

4. Definition of auxiliary evaluation functions,

EXERCISES

1. Determine the set of terminal strings generated by the following attribute gram-
mar, where Size is a synthesized attribute of {x string> and an inherited attribute
of ¢y string) and {z string):

{string) ::== {x string) {y string> (z string)
Size({y string)) +— Size({x string))
Size({z string)) +— Size({x string))

<x string) = x
Size({x string)) «— 1
| {x string>; x
Size({x string)) «— Size({(x string),) + 1

{y string) 1= y
Condition: Size{((y string)) = 1
| {y strings y
Size({y string);) «— Size{(y string>) — 1
{z string = z
Condition: Size({z string>) = 1
| {z string}; z
Size({z string);) +— Size({z string)) — 1
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2, Without changing the set of terminal strings generated, modify the grammar of
Exercise 1 so that Size is used as a synthesized attribute only.

3. Construct an attribute grammar that generates the set of all integer constants
corresponding to values of less than 2*! with any of the following forms:
{sequence of binary digits) (2)
{sequence of octal digits) (8)
{sequence of hexadecimal digits> (16)

{For example, the constants 11010(2), 32(8), and 1A(16) all stand for the value
26.]

2.3.2 A Complete Syntactic Specification for Eva

To be complete, an attribute grammar for the syntax of Eva must include
formal conditions corresponding to the various context-sensitive aspects,
such as type matching, which were characterized informally in Sec. 2.1.3.

The main idea leading to the formalization of these context conditions
is to make use of an attribute Nest, which is an inherited attribute of most of
the nonterminal symbols in the grammar. A Nest value records the name and
type information specified by just those declaration sequences and/or param-
eter lists that bear upon the construct with which it is associated. Specifi-
cally, it is a sequence of values corresponding to the attribute Decs, where
a Decs value records the name and type information specified by a single
{declaration sequence’ or ¢{parameler list’s.

To define these value domains precisely, we introduce the attribute
Type with values ‘char’, ‘string’, and ‘proc’, and the attribute Tag with
values that are sequences of letter values between ‘a’ and ‘z". Tag is a synthe-
sized attribute of the symbol {name" and serves to record the actual characters
in the name:

¢name) = {letter sequence’
Tag((name}) +— Tag({letter sequence))
{letter sequence) ::= (letter)
Tag({letter sequence)) «— Tag({letter))
| <letter sequence), (letter)
Tag({letter sequence)) «— concat(Tag(Cletter sequence},), Tag((letter>))
{letter) =
Tag(letterd) — {'a™>

Tag(Cletter)) — 'z
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Now a Decs value is defined to be a set of triples of the form (Type, Tag,

Params), where a Params value is a sequence of Type values. The Params

field of a Decs triple will be a nonempty sequence of Type values only if the

Type and Tag fields of the triple correspond to a procedure with parameters.
As a source of examples, consider the following Eva program:

begin
char x
proc p = (
input x
neq x, ¥z": (output x call p))
call p

end

The Nest value for the (block) that comprises the entire program will be
the empty sequence, because there are no oufer declarations affecting it.
The Nest value for each principal construct inside the (block} will be the
following list containing one Decs value:

Cchar, %7, O) (proc’, <'p, OW

If the body of p were a {block) with a local string variable s, the Nest value for
the constructs in p’s body would be

(fCehar, x, O, (proc’, {p, ON) (Cstring’, {5, O

Because a procedure body may make reference to names declared at a
textually later point in the program, the correct specification of the evaluation
rules for Nest requires a little ingenuity.

First, note that a {name list> may be part of either a {parameter list)
or a (declaration’. The symbol {name list thus has Params as well as Decs
as a synthesized attribute, but the Params value will be used subsequently
only in the context of a {parameter list). The two attribute values are com-
puted in parallel:

{name list) ;1= {name)
Decs(¢{name list)) «— [(Type({name list}), Tag({name)), {3V}
Params((name list)) +«— (Type((name list)))
| {name list};, {name}
Decs{¢name list)) «— Decs({name list>2) U
((Type({name list),), Tag(name)), 3
Params(¢name listy} «— corcat(Params({name list)z),

{Type({name list})})
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Type({name list);) «— Type((name list))}
Condition: ~(3d € Decs({name Jist):))(Tag({name)) = fieldx(d))

The last line prevents duplicate names in the same ¢name list). (The symbol
¢~ means ‘not’ and ‘3’ means ‘therc exists’.) Note that the Type values
(‘char’ or ‘string’) used in constructing the Decs and Params values are
inherited from the {name list). They are originally synthesized according to
the rules

{declarer) ::= char
Type(¢declarer)) «— ‘char’
| string
Type(¢declarer)) «— ‘string’

and are “handed over” according to the following rules, which also complete
the synthesis of the Params and Decs values associated with a {parameter
list) and the Decs value associated with a {declaration}:

{parameter list) &= ¢declarery {name list}
Params(parameter list)) «— Params({name list})
Decs(¢parameter list)) «— Decs(¢name list))
Type({name list)) «— Type({declarer))
| {parameter list)s, ¢declarery {name list)
Params({parameter list)) +— concas(Params({ parameter list};),
[ Params(¢{name list)))
' Decs({parameter listy) «— Decs({ parameler listy,) U Decs({name list))
Type({name list)) «— Type(<declarer})
{declaration) 1= {declarer) ¢{name list)
Decs(¢declaration)) «— Decs((name list))
: Type(¢name list)) «—- Type({declarer))
| proc {name) = {statcment)
Decs({declaration}) «— [(‘proc’, Tag({name)), )
Nest({statement)) «— Nest({declaration})
| proc (name) ( {parameter list) ) = {statement)
Decs(¢declaration)) — [(‘'proc’, Tag({name)),
Params({parameter list»))]

Nest((statemen(}} «— appeud(Nest({decIaration)),
Decs(¢parameter list)))
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It can be seen that the Nest inherited by the body of 2 procedure with param-
eters is augmented with the Decs value corresponding to those parameters.
The following rules complete the synthesis of the Decs value for a (declaration
sequence), pass the relevant Nest value down to the individual declarations,
and check that no name is declared more than once in the sequence:

{declaration sequence) = ¢ declaration}
Decs(<declaration sequence)) «— Decs({declaration’)
Nest({declaration}) — Nest({declaralion sequence))
| ¢{declaration sequence)y {declaration)
Decs({declaration sequence)) «— Decs({declaration sequence);) U =’
Decs({declaration})

Nest({declaration sequence,) — Nest({declaration sequence})

Nest(¢declaration)} +— Nest(¢declaration sequence))

Condition: (\/d € Decs{{declaration sequenced)){~(3d' €
Decs{¢declaration)})( field(d) = field,(dN

(The symbol ‘¥’ means ‘for all'’) Augmentation of the Nest external to a
¢block) with the Decs value synthesized in the {block is achieved as follows:

{block) = begin {declaration sequence) {statement sequence end
Decs(¢block)) «— Decs({{declaration sequence))
Nest{{declaration sequence)) «— append (Nest{{block},

Decs({declaration sequence))
Nest({statement sequencey) «— append (Nest({block}),
Decs({declaration sequence;))
{program} = ¢block}
Nest(¢block)) «—

As an example of how all these rules interact, suppose that we have a
program of the following form:

begin
proc p (chard) = ...
char b

..

end

In the partial tree shown in Fig. 2.17, the numbers preceding the attributes
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{program)

{block)
1 Nest: ()
22 Dees: d,

begin {declaration sequence) (statement }
23 Nest: m 24 Nesls:m::f“ce ond
1 Decs: dy
20 Cond: true
(declaration sequence? {declaration}
25 Nest: n, 26 Nest: n,
11 Decs: d, 19 Decs: dy
S'declaralionl {declarer} (name list}
27 Nest: n, 12 Type: ‘char’ 13 Type: ‘char’
10 Decs: d, 17 Decs: d;
char 18 Params: {‘char’
. {name). ( {parameter list} ) = (statement}
2 Tag: {*p'} 8 Decs:  d, 28 Nest: n, {name)
9 Params: {'char'} 16 Tag: {'b"
{declarer} {name list}
3 Type: ‘char 4 Type: ‘char’ “'iiiu:lr':;'q ‘(I‘EI;I‘(;E)
6 Decs:  d .
7 Params: (‘char’}
{letter)
14 Tag: (b}
char {name}
5 Tag: (a"}
I b
4y = {(*char’, {'2"), () d, =d; ud,
dy ={{'proc’, (*p'}, {*char’)}} n, = {dy}
d; = {(*char’, ¢b", )} np = {d,. dp)

FIGURE 2.17
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indicate the relative order in which the values were filled in. Observe how
the Nest values can be inserted (in a downward direction) only after all the
Decs values have been inserted (in an upward direction).

The part of the grammar dealing with statements and expressions is
now relatively straightforward. Many of the evaluation rules simply serve to
pass down the Nest value computed in the manner described above. Type
checking of names is carried out with the aid of an auxiliary function /afest-
type which, in efect, searches the Nest value from back to front for an occur-
rence of a specified name. Thus two more context conditions are disposed of
in the following rules:

(char expression} ::= {name)
Condition: latesttype(Tag(¢{name}), Nest(¢char expression))) = ‘char’
| “ {letterd ”
| space

| head ¢string expression}
Nest(¢string expression)) «— Nest({char expression)}
{string expression) 1= {name}
Condition: latesttype(Tag({name)), Nest(¢string expression))} = ‘string’
[
| “ etter) {letter sequencey "
| tail {string expression);
Nest({string expression);) +— Nest({string expression))

(No use is made of the Tag values synthesized for these occurrences of
{letter’> and {letter sequence’.)

Apart from the treatment of procedure calls, the following rules should
be readily understood:

{statement sequence) :i= {statement)
Nest((statement)) «— Nest({statement sequence))
| ¢statement sequence)s {statement)
Nest(¢statement sequence)z) «— Nest({statement scquence})
Nest({statement)) «— Nest({statement sequence))
{statement) i input {name)
Condition: larestype(Tag({name}), Nest(¢statement})) = ‘char’
| output {char expression;
Nest({char expression}) — Nest{{statement})
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| <block)
Nest({block)) +— Nest({statement))
| { {statement sequence) )
Nest({statement sequence)) «— Nest{(statement))
| {testd {pair) : {statement),
Nest{pairy) +— Nest({statement))
Nest{{statement};) «— Nest({statement})
| cons {char expression} , {namc)
Nest{{char expression)} «— Nest{{statement))
Condition; latesttype(Tag(¢(name)), Nest({statemem})) = ‘siring’
| ca¥l {name)
Condition: latesttype(Tag({name}), Nest({slatement})) =
‘proc’ A parameters(Tag({name)}, Nest({statement})) = O
| eall {name) ( {expression list) )
Nest{¢expression list)) «— Nest({statement)
Params({expression list)) «— parameters(Tag({name}),
Nest({statement}))
Condition: fatestrype(Tag({name}), Nest({statement})) = ‘proc’
(lest) 1= ¢q
| neq
¢paird ::= {char expression), , {char expression),
Nest({char expression);) «— Nest{{pair})
Nest{{char expression);) «— Nest({pair})
| ¢string expression); , {siring expression};
Nest({string expression);) «— Nest({pair})
Nest({string expression);) «— Nest({pair})
The auxiliary function parameters returns the Params value associated with
a specified procedure name in the Nest. The argument list ({expression list};)
of a call of a procedure with parameters inherits this value. In order that the

type of each argument may be checked for compatibility with the type of the

corresponding parameter, the symbol {expression» has Type as a synthesized
attribute:

{expression’ ::= {char expression)
Type(<expression)) «— ‘char’
Nest(¢char expression)) «— Nest({expression})
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| {string expression)
Type({expression)) «—— ‘string’
Nest({string expressiony) +— Nest(<expression})
{expression listy ::= {expression)
Nest({expression)) «— Nest{{expression list})
Condition: fength(Params({expression list))) = 1 A Type(<expression))
= first(Params{{expression list}))
| {expression) , {expression list}:
Nest(¢expression)) «— Nest({expression list))}
Nest({expression list),) «— Nest({expression list})
Params({expression list),;) «— fail(Params({expression lis(}})
Condition: length(Params({expression lst))) == 1 A Type({expression})
= first(Params({expression list)))

These rules also require the number of arguments to be equal to the number

of parameters.
The formal syntactic definition of Eva by means of an attribute grammar

is now complete, and the specifications are summarized in Table 2.5.

TABLE 2.5 Attribute Grammar for the Syntax of Eva

Astributes and Values

Atiribute Values
Type ‘char’, ‘string’, ‘proc’
Params sequences of Type values
Tag sequences of leters (‘2', ..., *2)
Decs sets of triples of the form
(Type, Tag, Params)
Nest sequences of Decs values

Attributes Associated with Nonterminal Symbaols

Inherited Synthesized
Nonterminal attributes attributes

{program o .

{block) Nest Decs
{declaration sequence) Nest Decs
{declaration} Nest Decs
{parameter list) — Decs, Params
{declarer) —_ Type

{name list} Type Decs, Params

—

TABLE 2.5 (Continued)

{statement sequence) Nest _
{statement) Nest —_
{pair) Nest —_
{expression list) Nest, Params —_
{expression) Nest Type
{char expression) Nest —_
{string expression) Nest —
{name} e Tag
{letler sequence) — Tag
(letter) — Tag

Production and Attribute Evaluation Rules

{program} = {block)>
Nest{{block)) «— &
{block) ::= begin {declaration sequence) (statement sequence) end
Decs({block)) «— Decs({declaration sequence))
Nest((declaration sequence)} «— append(Nest(¢blockd),
Decs(¢{declaration sequence)))
Nesi({statement sequence)) +— append(Nest(¢(block)),

{declaration sequence) 1= {declaration) Dees((declaration sequence)))

Decs({declaration sequence}) «— Dees({declarationd)
Nest({declaration}) «— Nest{{declaration sequence)

| {declaration sequence); {declaration)
Decs({declaralion sequence)} «— Decs(¢declaralion sequenceds) U

Decs({declaration))

Nest({declaration sequence);) «— Nesi{¢declaration sequence)}
Nest({declaration)} +— Nest{(declaration sequence))
Condition: (¥d € Decs({declaration sequenced;))(~(3d’ €

{declaration) = (declarerd {npame list) Decs((dectaration)))(fielda(d) = fielda(d'))

Decs({declaration)) «— Decs{{name list})
Type({name list)} «— Type({declarer))
| proc {name) = {statement)
Decs({declaration}) «— [{*proc’, Tag({name)), O}
Nest({statement)) «— Nest({declaration})
| prae {name> ( {parameter list) ) = (statement>
Decs({declaration)) «— {(‘proc’, Tag({name)), Params({parameter list)})}
Nest((statement)) «— append(Nest((declaration)), Decs((parameter list}))
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(parameter list) = {declarer) {name list)
Params({parameter list}) — Params((name }ist>)
Decs(¢parameter list)) +— Decs{¢name list)}
Type({name list?) «— Type({declarer))
| {parameter listds , {declarer) ¢mame list>
pParams({parameler list)) +— concat(Params{{parameter list)a),
Params(¢{name list)))
Decs(¢parameter list)) «— Decs(¢parameter list)2) W Decs(¢name list}) _ .
Type({name listy) +— Type((declarer))
{declarer) 1= char
Type({declarer)) +— ‘char’
| string
Type{{declarer) +— string’
{name listy &= {name)
Decs(¢name list)) «— {(Type{{name list)), Tag((name3), ON
Params(¢{name list)) «— {Typel{{name Nis)Y>
| {name list>z , (namey
Decs(¢name Jist)) «— Decs{¢name listp2) U ((Type({name list>1),
Tag((name}), O)
Params({¢name list)) «— concar{l’nrams((namIist);), {Type({name List))»)
Type({name listyy) «— Type((name fist))
Condition: ~{3d € Decs({name Iisl);))(']‘ng((name)) = field2(d))
{stalement sequencey = {statement)
Nest(¢statement)) «— Nest({statement sequence))
| {statement sequencey: {statement)
Nest{{statement sequencedz) Mest{{statement sequence))
Nest(¢statement)) «—— Nest({statement sequencey)
{statement) = input (name)
Condition: latesttype(Tag({name)), Nest(¢statement )} = ‘char’
| output {char expression)
Nest{{char expression))} «— Nest({statement))
| ¢block)
Nest{¢block)) «— Mest({statement)

| { ¢statement sequence) }
Nectf/ctalement 5eQUENCEY} «— Nest((statement))

TABLE 2.5 (Continued)

| {testy {pair) : {statement)s
Nest{{pair)) +— Nest(¢statement))

Nest{{stalement);) «— MNest{{statement))
| cons <char expression} , {name})

Nest({char expression}} «~— Nest({statement})

Condition: fatesttype{Tag({name}), Nest(<stalemenl})} = ‘string’
| call {name} )

Condition: lafesttype(Tag({name}), Nest({statement})) = ‘proc’

A parameters(Tag({name)), Nest _
| eall <name> ( {expression list) ) est({statement))} = 3

Nest({expression list}) «+— Nest{{statement})

Params({expression list)) «— parameters(Tag{{name)), Nest(statement)))

Condition: lafest,
s e e atesttype(Tog({name}), Nest({statement})) = ‘proc’

| neq
{pair» ;1= {char expression}| , {char expression}z
Nest{{char expression)|) +— Nest{{pair))
Nest({char expression);) +— Nest{{pair))
| {string expression); , {string expression);
Nest({string expression};) «— Nest{{pair))
Nest{(string expression)s) «— Nest({pair})
{expression list) ::= {expression)
Nest({expression)) +— Nest{{expression list})

Condition: qugt{a(l’nrams((expmsion list))} = 1 A Type({expression))

| {expression) , {expression list)z Al S NE G O )

Nest({expression)) «— Nest({expression list))

Nest{¢expression list};) «— Nest({expression list})

Params({expression list);) «+— tafl(Params({expression list}))

Condition; lengrh{Params({expression list})) = 1 A Type({expression})

{expression) = {char expression) = first (Params(Cespression <)

Nest{¢{char expression)) +— Nest({expression})
Type({expression)} «—— ‘char’
| {string expression})

Nest({string expression)) «— Nest{{expression})




TABLE 2.5 (Continued)

Type({expression)) «— ‘string’

{char expression) = {name) . e
Condition: Iare.mype(Tng((nnme)). Nest({char expression))} = ‘char
1* Cletter ™

| space
| head {string expression; .
Nest{{string expressiony) «— Nest{{char expression)

¢string expression} 1i= {name} . .
Condition: la!e:!rype('l'ag({nnme)), Nest(string expression})) =

l “"w "

|+ Cletter) {letter sequence) "

| tail {string expression)z .
Nest{{string expressionyz) «— Nest({string expression)}

{name} u= {letter sequence)
Tag({name)) — Tag(letter sequence))

£letter sequence) = {letter)
Tag({letter sequencey) +— Tag({letter;)

| £letter sequencedz {letter)

Tag({letter sequencey) «— concat(Tag({letter sequence)z), Tag((letter)

{letter) = a4
Tag({letier)) «— aty

l..-

|z
Tag({letter)) +— 'z

Definition of Auxiliary Evajuation Functions

latestiype (tog, nest) =
sundefined’, if nest = {4
t,if (3d € last(nesi))(d = (1, tag, p)) for some t, p3
latestiype (1ag, allbutlast (nest)}, otherwise.

parameters (138, nest) =
¢{*undefined’), if nest = O
p, if(3d € lasr(nes))(d = (t, tag, p)) for some t, Pi
parameters (\ag, altbutlast (nest)), otherwise.

= ‘string’

i
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EXERCISES

1. Referring to the grammar of Table 2.5, construct the complete, decorated syntax
tree for the program
begin
proc p (char a, b) =
output b
call p (“x”, *¥™)
end

2. Replacement of the constant “y" by “pz" in the program of Exercise 1 introduces
a violation of a context condition. Verify that the resulting erroneous program
is not derivable from the grammar.

3, For some actual programming language with which you are familiar, identify
the context condition(s) (or at least some of them) associated with the agreement
of data types for the left and right sides of an assignment statement. Explain in
general terms how the condition(s) might be formalized in an attribute grammar
for the language.

For Further Information

The basic lechnique of augmenting context-free grammars with inherited and
synthesized attributes is due to Knuth (1968), who also investigates its mathematical
aspecls. The attribute-grammar formalism and its application to the problem of
compiler generation are further discussed by Lewis et al. {1974) and by Bochmann
(1976). There is no sharp boundary between syntax and semantics as far as the
linguistic properties definable by attribute grammars are concerned, and parts of
these papers deal with the concept of “translational semantics” discussed in Sec. 3.2
of this book. Watt (1979) presents a complete definition of the syntax of Pascal
using an extended version of the attribute-grammar formalism.

Ledgard's (1974, 1977) formalism of production systems is capable of defining
the context-sensitivz aspects of programming language syntax in a manner some-
what analogous to that of attribute grammars. Another powerful grammatical
formalism which is closely related both to attribute grammars and to the two-level
grammars described in the next section is that of affix grammars (Koster, 1971);
Crowe (1972) and Watt (1977) discuss its application to compiler generation.

2.4
TWO-LEVEL GRAMMARS

We now turn to another formalism which is inherently much more powerful
than BNF and which is capable of dealing with the context-sensitive as well
as the context-free aspects of a subject language. We begin by describing a
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scarcely noticeable in the section that follows, but much of the rest of the
book may be viewed as dealing with techniques for associating meaning with
abstract program representations. Only the general idea of abstract syntax has
been introduced here; each semantic formalism has its own conceptual refine-
ments and notations.

EXERCISES

1, Give an informal but careful description of the abstract syntax of Eva.

2. Tdentify a small but usable subset of Fortran, Pascal, PL{I, or some other actual
language, and give an informal but careful description of its abstract syntax.

3.2

TRANSLATIONAL SEMANTICS USING ATTRIBUTE
GRAMMARS—A COMPLETE DEFINITION OF PAM

The definitional power of attribule grammars, which were introduced in Sec.
2.3, extends beyond the realm of syntax into the realm of semantics. In
particular, the attribute grammar technique is well suited to the formal
specification of a mapping from a subject language to some other language
which, following the terminology associated with compilers, we may call an
object language. The contention that such a mapping constitutes a compicte
semantic specification of the subject language rests upon the assumption that
the object language either is itsell defined independently or is “semanticaily
primitive.” In this section, we shall illustrate this “translational™ approach
to language definition by taking Pam as the subject language and a simple
symbolic (assembly-like) machine language as the object languzge.

The machine-like object language corresponds to a very simple computer
with one accumulator and a memory whose words are capable of holding
integer values. There are 17 instruction types, with the following mMnemonic
operation codes:

LOAD Load accumulator
STO Store

ADD Add

SUB Subtract

MULT Multiply

DIV Divide

GET Input a value
PUT Output a value

J Jump
Jump on negative
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Jp Jump on positive
1Z Jump on zero
JNZ Jump on negative or zero
JPZ Jump on positive or zero
JNP Jump on negative or positive
LAB Label (no operation)
HALT Halt execution

Each STO, GET, and PUT instruction includes one operand specifying a
memory address. This may be either an address corresponding to a Pam
variable, in which case the variable itself appears in the instruction, or an
extra working-storage address (“temporary™) represented by one of the
symbols T1, T2, etc. Each LOAD, ADD, SUB, MULT, and DIV instruction
includes one operand given either by a memory address or by an integer
constant; the result of the operation is left in the accumulator. HALT and
LAB have no operands, but the latter symbol is always preceded by a label
of the form L1, L2, etc.; only LAB instructions may besolabeled. Each jump
instruction includes one operand that is a label. Except in the case of a J
instruction, whether the transfer of control actually occurs depends on the
valiue currently in the accumulator.

As an example of a program expressed in this object language, the Pam

program

read x, ¥ ;

while x <> 99 do
ans := (x + 1) = ([ 2}
write ans ;
read x, ¥

end

could be translated as follows:

GET «x STO T2
GET LOAD TI

L1 LAB SUB T2
LOAD x STO  ans
SUB 99 PUT  ans
ADD 1 3 L1
STO TI L2 LAB
LOAD y Lo
DIV 2

e

We also introduce the attri

) i attribute Opcod
‘SUB‘ » 'MULT", ‘DIV", ‘GET", 'Ppljg" i
INP'. Then the vaiues corresponding’
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The basic .
with most of t;:-nxizg}t{ for constructing our attribute grammar is to associate
& Codo value roury nterminail symbols- a synthesized attribute Code, whe
The Code valuf r::nts 2 sequence of instructions such as that Eiven’abovle;e
i a given construct will . i
translat represent the object-
lon OF that construct, and the meaning of an entire é;i:;a“g“; p
ram is

therefore defined to be i
pher the Code value associated with the root of its syntax

To make this precise i
» we Introduce the attri
to sequ Pl attribute Num :
sequeclllc:: C;‘-; lof digit characters and the attribute Tag cor:;ﬂ;-;l;?ndmg
of {constant) eugr and/or digit characters. Num is g synthesiz::l attl ng -
and Tag a synthesized attribute of {variable): ribute

<eonstant) = (digit)
Num({constant®) Num({digit®)
| {constant), (digit>
Num({constant))
variable} ;1= (letter)

Tag({variable}) «— Tag({letter))
| {variable), {letter)

cancar(Num({constant};), Num(<{digit*))

Tag({variable)) «— .
Py concat (Tag({variable,), Tag(¢letter’))

Tag({variable>) i
i om0 {variable}) concat (Tag({variable?,), Num({digit’))

Num({digit)) «— 'on

{9

Num{(digit)), — (97
{letter) = g

Tag({letter)) «— ¢'an

| z
Tag({letter)) «— ¢z
with values ‘LOAD?, ‘STO', ‘ADD’

T, CIN, AP, 2, ‘INZ’, ‘IPZ', and
to Code are defined as seauencre nf
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values of the following forms:
‘HALT'
(Opcode, Num)
{Opcode, Tag)
(Tag, ‘LAB")

The attribute grammar, which is shown in its entirety in Table 3.1,
page 92, makes use of three further attributes, Temp, Labin, and Labout, all
corresponding to nonnegative integer values. The attribute Temp serves to
keep track of the number of temporaries (T1, T2, eic.) which are in use at
any given point in a program and which therefore must not be reused by an
embedded construct. A Temp value is inherited by each construct that may
require the use of additional temporaries in its translation. For example,
suppose that we have an {expression) of the form T

{expression), — {term)

If the {term) is just a variable or a constant, the code for the {expression}

can simply take the form
code for {expression),
SUB {term)

but if the {term’ contains any operators, its code will contain instructions
that alter the accumulator contents, so that the overall pattern of code should
be something like

code for {expression);

STO Tl
code for {term)
STO T2
LOAD Tl
SuB T2

Now if the code for the (term similarly requires the use of a pair of tempo-
raries, these will obviously have to be different ones, say T3 and T4. To make
this possible, we arrange for the {term} to inherit a Temp value that is greater
by 2 than the Temp value for the original {expression).
At this point, we may examine the detailed specifications for expressions:
{expression) 1= {lerm}
Code{{expression)) «— Code({ierm))
Temp(<term)) «— Temp({expression))
| {expression}y; {weak operator) {term)
Code({expression)} +— concar{Code{{expression};),
selectcode(Code({term}), Temp({expression)},
Opcode(¢weak operator))))

from syntax to semantics

Temp{<expression’,) «— Temp(<expression’y)
Temp({term)) «— Ternp((expnssion)} + 2

Opcode is a synthesized attribute of {weak operator®:

{weak operatot 1= 4
Opcode({weak operator}) « ‘ADD"
| —
Opcode(<weak operator)) +— ‘SUB’

IF the (ter.m} contains no operators, then
f‘{lerr.n}) will consist of a single LOAD instn;
unction sefectcode returns a sin i
gle ADD or SUB i ion i
ro . nstruction in place of
AD, but with the same operand. Otherwise, it returns the lonpger patt::'l:

of instructions involvin
g the use of temporaries. T i
completely analogous to those given abovg: T

as will be seen shortly, Code
ction. In that case, the auxiliary

dterm) = (element)
Code({term)) — Code((element))
Temp({element)) «— Temp({term))
| {term}; {strong operalor) {element)
Code({term)) «— concat (Code({term),), selectcode(Code({element)),

Temp({term)), Opcode({st
Temp({termD;) «— Temp({term)) (o cpemton)

Temp{<element}) Temp{{term)) + 2
{strong operator) :; = &

Opcode({strong operator) «— ‘MULT®
i

Opcode({strong operator)) «— ‘DIV*
The specifications for element) are straightforward:

{element) ::= {constant>

Code({element)) «— {('LOAD", N
| oo » Num({constant}))»

Code({element)) — {('LOAD’, Tag({variable))))
| ( <expression) )

Code({element)) +— Code({expression))
Temp{{expression)) «— Temp({element))
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ion of these rules, Fig. 3.3 shows the

filled in for a + b *c. Here we have
is 0. Evidently,

better transla-

As a specific example of the operat!

order in which the attribute values are
assumed that the Temp value inherited by the top {expression)

we are not going out of our way to specify “gptimized” code—a
tionofad-b=*c would be
LOAD b

MULT ¢
ADD a

1t shouid be noted in passing that the same temporaries may be used for
different purposes in disjoint constructs. For example, it may be verified that

the expresssion (x +- ¥ * D+ b=xcis mapped into the code

LOAD X STO T1
STO T1 LOAD b
LOAD Y MULT ¢
MULT z STO T2
STO T2 LOAD T1
LOAD TI ADD T2
ADD T2
whereas a + (x + ¥ #* z) is mapped into
LOAD a STO T4
STO Ti LOAD T3
LOAD X ADD T4
STO T3 STO T2
LOAD vy LoAD T!
MULT z ADD T2

Turning now to the higher constructs of Pam,
is inherited by cach construct whose code may co
serves to keep track of the number of labels gen
construct also has a synthesized attribute Labout, whose value

Labin value plus the number of labels contai
This scheme prevents the appearance of duplicate labels in the code.

At the beginning of a {programy, N0 temporaries of

used, and the code for the {program ; is simpl
which it is composed followed by a HALT instruction:

{programp = {series)
Code{¢program) «— appe
Temp(({series)) «— 0
Labin(<seriesy) ~— 0

nd(Codc((series}), ‘HALT")

the attribute Labin, which
ntain one or mMore labels,
erated so far. Each such
will be the

ned in the code for the construct.

labels have been
y the code for the {series) of

|

(expression}

Temp: 0

LOAD a: STO T1; LOAD b; MULT c; STO T2,

20 Code:

LOAD T1; ADD T2

{term?

2 Temp:

(weak operatar)
19 Opcode: *ADD

{expression}

t Temp: 0
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The situation where a {series) consists of a single {statement} is trivial:

(seriesy = {statement)
Code({series)) +— Code((statement))
Labout{{seriesy} +— Labout({statement})
Temp({statement)) +— Temp({series})
Labin({statlement)) +— Labin({series})
In the next part, note that a semicolon does not give rise to any code, and that
the label count is “handed over” from one statement to the next by the last
evaluation rule: i
{series) 1= {seriesy; ; {statement)
Code({series)) — concat(Code({series)3), Code({statement))
Labout({series}) «— Labout{{statement))
Temp(<seriesys) — Temp{{serics))
Labin({series);} «— Labin({series})
Temp{{statement)) — Temp({series))
Labin({stalement)) «— Labout{{series)1)

All types of {statement synthesize codeand a final label count (Labout);
for input, output, and assignment statements, the latter is simply the inherited
Labin value. Input and output statements do not inherit a Temp value because
their code never involves the use of temporaries:

¢statement} = (input slalement)

Code({statement)} «— Code(<input statement))
Labout(<statement)) «— Labin{¢statement})

| ¢output statement)
Code({statement) +— Code(<output statement})
Labout({statement)) — Labin({statement})

| (assignment statement)
Code({statement))} +— Code({assignment statement})
Labout({statement)) «— Labin{¢statement))
Temp{<{assipnment statement)) +— Temp{<statement)

| ¢conditional statement)
Code({statement}) «— Code({conditional statement})
Labout({statement)) «— Labout{¢conditional statement))
Temp(<conditional statement) «— Temp{¢statement )
Labin({conditional stalement)) «— Labin({statement})
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| {definite loop)
Code((statement)) «— Code({definite loop})
Labout(¢{statement}) «— Labout({definite loop))
Temp({definite loop)) +— Temp({stalement})
Labin(¢definite loop)) «— Labin({statement))

| <indefinite loop}
Code{¢statement)) «— Code({indefinite loop))
Labout({statement)) «— Labout(<indefinite loop))
Temp({¢indefinite loop)) «— Temp({statement)}
Labin(¢indefinite loop)) «— Labin({statement})

llnpul' and output statements synthesize an Opcode vaiue of ‘GET’
and ‘PUT", respectively, and pass it to the constituent {variable list, where
a sequence of GET or PUT instructions is generated:

(input statement) 3= read {variable list)
Code(<input statement)y «— Code({variable list>)
Opcode({variable list)) «— *‘GET’

Zoutput statement) = wrile {variable list)
Code({output statement)) +— Code({variable list))
Opcode({variable list)) «— ‘PUT

{variable listy 1= (variable)
Code({variable list)) «— {(Opcode({variable list)), Tag({variable)))>

| {variable Jist), , {variable)
Code((variable list)) «— append{Code({variable list>;),
(Opeode(¢variable list)), Tag({variable)))}

Opcode({variable listy;) +— Opcode({variable list))

In the code for an assignment statement, the variable at the beginning
of the statement appears as the last operand:

{nssignment statement) ;1= {variable} = {expression}
Code(<assignment statement)) «— append{Code({expression)},
('STO’, Tag({variable))n)
Temp({expression) +— Temp({assignment statement})

For a ¢conditional statement} of the form

if {expression, <relation} (expression;; then {serics} B
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a suitable pattern of code is

code for {expression),
STO Tn
code for {expressiony;
SUB Tn
conditional jump to Lm
code for {series)

Lm LAB

where m is the numeral whose value is one more than the current label coun:,
n is the numeral whose value is one more than .the current temporar;i c;:un},
and the identity of the conditional jump instruction depends on l-;he c;{n: at ;)or:e:
To handle the latter feature, {relation’ has Opcode as a synthesized attribute:

{relation) =

Opcode((relation)) «— ‘JNP’
| =<

Opcode({relation)) «— “JIN'
| <

Opcode({relation)) «— ‘JNZ'’
| >

Opcode({relation)) «— ‘JPZ'
| >=

Opcode({zelation)) «— ‘JP
| <>

Opcode({relation}) «— “JZ’

Because it occurs in three different code patierns, the subpattern

code for {expression},
STO Tn

code for {expression);
SUB Tn

conditional jump to Lm

is synthesized by {comparison), which inherits the value of m via Labin:

{comparison) = {expression), {relation) {expression},
Code({comparison)) «— concar(
Code({expression},),
{('STO", temporary(Temp({comparison)) 4+ 1))},
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Code(<expression),),

{(SUB’, temporary(Temp({comparison}) -+ ny,

{{Opcode({relation}), label{Labin({comparison}))))
Temp({expression),} «— Temp({comparisond) -+ 1
Temp{{expression’,) «— Temp({comparisond) + 1

Given a specified integer, the auxiliary functions temporary and label return
Tag values of the form Tk and Lk, respectively, where k is the decimal repre-
sentation of the integer. Now we may give the rules

{conditional statement® = if {comparison} then {series> fi

Code({conditional statement) «— concat(Code{{comparison)),
Code((series)), {(fabel(Labin({conditional statement)) + 1), ‘LAB"))

Labout({conditional statement) «— Labout({series))
Temp({comparisond) « Temp{{conditional statement)
Labin({comparison)) «— Labin{{conditional statement)) + 1
Temp({series}) «— Temp(<conditional statement))
Labin({series}) «— Labin(¢conditional statement)) + 1

For a conditional statement of the form

if {expression), {relation’ {expression’, then £series’;
else {series’; fi

a suitable code pattern is
code for {expression’;
STO Tn
code for {expression),
SUB Tn
conditional jump to Lin
code for (series),

J Lm-1
Lm LAB

code for {series),
Lm+1 LAB

Thus, taking into account the other necessary actions for attribute evaluation,
we have

{conditional statement) = if {comparison) then (series),
else (series); fi

Code({conditional statement}) «— concar(
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Code((comparison)).

Code((series} 1)
A<, Iabel(Labin((condilional statement)) + 2%,

((label(Labin({conditional statement)) + 1), ‘LAB'),

Code(¢series)z), . ‘
((label(Labin((condilional statement)) + 2), ‘LAB »)

Labout{{conditional statement)) +— Labout({series}z)

Ternp((comparison}) — Temp((conditional statement})

Labin(¢comparison)) «— Labin({conditional statement)) +- 1 .

Temp({series)1) Temp({conditional statement))
Labin(¢seriesy;) «— Labin(¢conditional statementd) + 2

Temp({series)s) Temp{{conditional statement))

Labin({series)s) Labout({series) )

For a statement of the form

while {expressiony; {relation) {expressiony, do {seriesy end

the code pattern will be
Lm LAB )
code for {expression;
STO Tn )
code for {expressionz

SUB Tn
conditional jump to Lm-1

code for {seriesy
J Lm

Lm4-1 LAB .

Hence we have

¢indefinite loop) 1= while {comparison) do {series) end

Code(¢indefinite loop)) «— concai(
{(label (Labin(¢indefinite toopy) + 1), ‘LAB'Y,
Code((comparison)),
Code({series)),
aQ€r, label(Labin{<indefinite loopy) + DI
((label(l,abin((indeﬁnile loop) + 2% ‘LAB"YY)

Labout(¢indefinite loopy) — Labout({series})

Temp({comparison}) « Temp({indefinite loop)}

i "
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Labin{{comparison)) «— Labin{(¢indefinite loop}) + 2
Temp({series)) «— Temp(<indefinite loop))
Labin(¢series)) «+— Labin(¢indefinite loop}) + 2

Finally, for a loop of the form
to {expression) do {series) end

a suitable code pattern is
code for {expression)

STO Tn
Lm LAB

LOAD Tn

sus 1

IN Lm+1

STO Tn

code for {series)

J Lm
Lm-+1 LAB

so that the following rules complete our definition of Pam:

(definite loop) ::= to {expression) de {series) end
Code({definite loop)) «— concat{
Code({expression}),
¢('STQ", temporary{Temp({definite loop)) 4+ DY,
{(fabel(Labin({definite loop)) + 1}, ‘LAB"),
{CLOAD", temporary(Temp({definite loop)) + 1))7,
{SUB, (1),
(TN, label(Labin({definite loop)) + 2))7,
{(*STQ’, temporary{Temp{{definite loop}) + 1)),
Code((series)),
£(*¥, label(Labin({definite loop)) + 1)),
¢(label(Labin({definite loop)) + 2), ‘LAB’)))
Labout({definite loop)} «— Labout({series))
Temp({expression)) «— Temp({definite loop}) + 1
Temp({series)) «— Temp{{definite loop}) + 1
Labin({seriesy) «— Labin({dcfinite loop}) + 2

The complete specifications are collecied together in Table 3.1. It may

. be noted that, unlike the previous attribute grammar for the syntax of Eva,
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this grammar containg no conditions. If Pam had a non-context-free syntax,
these would be present, along with extra attributes playing syntactic roles.
The Eva grammar could be extended to include semantics using the general,
translational approach taken in this section, but it would be necessary to
employ a different object language.

TABLE 3.1 Attributa Grammar Mapping Pam
into a Simple Symbolic Machine Language

Ateribares and Values
Attribute Values
Num sequences of digits
Tag sequences of letters and digits
Temp non-negative integers
Labin non-negalive integers
Labout nor-negalive integers
Opcode ‘ADD', ‘SUB", ‘MULT", *DLV’, ‘GET",

PUT’, IN', JP', U2, INZ’,

‘sJPZ’, ‘INF*, ‘', ‘LOAD", ‘STO’
Code sequences of values of the form ‘HALT",

(Opcode, Num), {Opcode, Tag), of

(Tag, ‘LAB}

Attributes Associated with Nonterminal Symbols

Inherited Synthesized

Nonterminal attributes attributes
{programy - Code
{seriesy ‘Temp, Labin Code, Labout
{statement) Temp, Labin Code, Labout
{input statement) — Code 4
<oulput statement) — Code
{variable listy Opcode Code
(assignment statement; Temp Code
(conditional statement) Temp, Labin Code, Labout
{definite loop) Temp, Labin Code, Labout
{indefinite loop> Temp, Labin Code, Labout
{comparison) Temp, Labin Code
{expression Temp Code i
(term) Temp Code s
{element} Temp Code
{constant} — Num
¢variable) —_ Tog
{relation) — Opcode
{weak operator) — Opcode
{strong operator) — Opcode
ZAimit o Num

T T

TABLE 3.1 {Continued)

Production and Attribute Evaluation Rules
{progtam) ;1= (series)
Code((program)) «+— append(Code({series)), ‘HALT")
Temp{{series)) «— 0
Labin{{scries)} +— 0
(series) = (statement)
Code({series)) «— Code((statement))
Labout({series)) «— Labout{¢(statement})
Temp({statement)) +— Temp(¢series))
Labin({statement)) «— Labin{{series))
| {series); ; ¢statement)
Code({series)) «+— concar(Code((series)3), Code({statement))}
Labout({scries)) «— Labout{{statement})
Temp((series);) +— Temp({series))
Labin({series)>;) «— Labin{(series))
Temp({statement)} «— Temp{{series))
Labin((statement)) «— Labout(¢seriesd;)
{statement) = (input statement)
Code({statement)) +— Code(¢input statement))
Labout{{statement)} «— Labin{{statement>)
| {output statement)
Code(({statement}) «- Code({output statement))
Labout((statement)) «— Labin{{statement))
| {assignment statement)
Code({statement)) «— Code({assignment statement’y)
Labout({statement)) «—— Labin((statement})
Temp({assignment statement)) «— Temp{{statement )
| {conditional statement)
Code({statement)) «— Code(¢conditional statement’s)
Labout({statement)) «— Labout(¢conditional statement’s)
Temp(¢conditional statement)) +— Temp{{statement 1)
Labin{:conditional statement}) «—— Labin({statement s}
| {definite loop)

Code((statement)) «~— Code(¢definite loop))
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TABLE 3.1 ({Continued)

Temp{{definite loop)) «— Temp{(statement))
Labin({definite loop)} +— Labin{(statement})
| <indefinite loop)

Code{{statement)) «—— Code{{indefinite loop))
Labout{{statement)) +— Labout{<indefinite loop))
Temp{¢indefinite loop)) «— Temp{{statement})
Labin((indefinite loop)) «— Labin{{statement})

{input statement} ::= read {variable list)
Code({input statement}) «— Code({variable list>)
Opcode({variable list}) «— ‘GET’

{output statement) ::= write {variable list)
Code({output statement)) +— Code{{variable list})
Opcode(variable list)} — ‘PUT"

{variable list) = {variable)
Code(¢{variable list)) «— {(Opcode{{variable list}), Tag(({variable}))}>

| {variable list); , {variable)
Code({variable list)) +— append(Code{{variable list}),
(Opcode({variable list>), Tag(<variable})))
Opcode({variable list);) +— Opcode{;variable list))
Cassignment statement) ;:= (variable) := {expression)
Code({assignment statement)) «—— append(Code{{expression)),
{('5TO", Tag({variable})))
Temp{{expression)) +— Temp{{assignment statement))
{conditional statement) = if {comparison} then {series) fi

Code({conditional statement}) «— concat{Code{{comparison}),

Code({series)), {{label(Labin({conditional statement}) + 1}, *LAB'))}
Labout{{conditional statement}) «— Labout{{series})
Temp{{comparison)) «— Temp{{conditional statement}}
Labin({comparison)) +— Labin{{conditional statement)) + 1
Temp({series)) «+— Temp({conditional statement})
Labin(¢series)) «+— Labin(¢conditional statement}) + 1

| if {comparison) then {series), else (series); fi

Code({conditional statemnent}) +— concar(

Code({comparisen)),

Code((series>1),

TABLE 3.1 {Continued)

<(J’, label(Labin(¢conditional statement)) + 2))),
{(label(Labin({conditional statement?) -+ 1), ‘LAB"),
Code({series);),

{{label/(Labin{¢conditional statement)) + 2), ‘LAB")))
Labout{{conditional slatement)) «~— Labout({series)z)
Temp{{comparison)) «— Temp({{conditional stalement))
Labin{{comparison®) «— Labin{{conditional staternent)) 4 1
Temp((series);) «— Temp({conditional statementd)
Labin((series))) «— Labin(¢conditional slatement)) 4 2
Tempi{(series);) «— Temp(¢conditional statement))
Labin{¢series);) «— Labout{(series);)

{definite loop> 1= ta expression) do {serics) end
Code({definite loopy) — concal (

Code({expression)),

C('STQ", temporary{Temp(¢definite loop)) + 1)),

{(abel(Labin{{definite loopd) + 1), ‘LAB"),

{(CLOAD", remporary(Temp({definite loop)) + 1)),

(SUB, 1),

CCIN', fabel(Labin(<definite loop)) + 2y,

{('STQ", temporary{Temp{{definite loop)) + ),

Code({series)),

('Y, label(Labin(¢definite loop)) + 1)),

{(abel(Labin({definite loop)) + 2), ‘LAB)))
Labout({definite loop}) «— Labout({seties)
Temp({expression)) «— Temp(¢definite loop)) + 1
Temp{{series)) «— Temp((definite loop>) + 1
Labin({series)) «— Labin{¢definite loop)) + 2

{indefinite loop) ;1= while {comparison) do {series) end
Code({indefinite loop)) «— concar(
{Uabel(Labin((indefinite loop)) + 1), ‘LAB",
Code{{comparison)),
Code({series)),
(¥, label(Labin(¢indefinite loop)) -+ 1)),
{(lebei(Labin({indefinite loop)) + 2), ‘LAB")Y)
Labout({indefinite loop)) «— Labout({series))




TABLE 3.1 (Continued)

Temp{{comparison}) +— Temp({indefinite Joop))
Labin{{comparison))} +— Labin({indefinite loop}) + 2
Temp({series)) +— Temp({indefinite loop})
Labin{{series}) «— Labin{¢indefinite loop}) + 2

{comparison} ;= {expressionyy {velation) {expression};
Code{{comparison)) +— concat(
Code({expression);),
{('STQ’, temporary(Temp({comparison})) + 1))},
Code({expression),

{('SUB", remporary(Temp{{comparison)) + 1)),
{(Opcode({relation)), label{Labin{{comparison>))>)

Temp({expression’) «~— Temp{{comparison) + 1

Temp{{expression);) «— Temp{{comparison}) + 1

{expression) 1= {lerm)
Code((expression)) «— Code({term))
Temp({term}) «— Temp{{expression}}
| {expression)s {weak operator’ {term}

Code(¢expression)) «— concat{Code({expression)z),

selectcode(Code({lerm)), Temp({expression}),
Opcode({weak operator}))}
Temp({expression)z) +— Temp({expression})
Temp{{term?) «— Temp{{expression)) + 2
{term) = {element)
Code({term)) +— Code({{element})
Temp{{element}) «—— Temp({term})
| {term)z {strong operator) {element)

Code({term)) «— concat(Code({term)),
selecteode(Code({element)), Temp{{term)), Opcode({strong operator))))

Temp{{term)2) +— Temp{{term})

Temp{{element)) +— Temp({term}) 4+ 2

{element) ::= {constant)
Code(¢element)) «— {((LOAD’, Num{{conslant))>
| {variable)

Code({element)) +— (('LOAD’, Tag{{variable))})
| { ¢expression} )

TABLE 3.1 {Continued)

Code({element)) «— Code({expression})

Temp{{expression)) +— Temp((clcrnenl))
(constant) = {digit>

Num{{constant>} «— Num{{digit>)
| {constantd,y {digity

Num({{constant}) concat(Num{{constant),), Num({digit)))
{variable) = (letter)

Tag({variable)) +— Tag({letter))
| {variabled; {letter)

Tag({variable}) «— concat(Tag({variable),), Tag(letter)))

[ {variable); (digit>
Tag(variable}) «— concat(Tag(variable),), Num({digit>))
{relation) 1= =
Opcode({relationd) «— “JNP*
| =<
Opcode({relationd) «— *JN°
| <
Opcode({refationd) «— *INZ*
| >
Opcode({relation}) «— *Jpz'
[ >=
Opcode((relation)) +— Jp°
| <>

Opcode((relation) «— *Jz°
{weak operator) = 4

Opcode(¢weak operator) «— ‘ADD’
| -

Opcode{{weak operator)) «— ‘SUR’
{strong operator) ;i= %

Opcode({strong operator)) «— ‘MULT"
1/

Opcode({strong operator)} «— DIV’
{digit) == 0

Num({digit)) «— (07
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TABLE 3.1 {Continued)

19
Num({digit)) «— {'97
letter) = a
Tag({letter)) «— {'a”)

Tag({letterd) «— {'z7
Definition of Auxiliary Evaluation Functions
fabel (int) =
concat ("L}, string (int))

temporary (int) =
concat (('T*, string (int))

string (n) =
$0N,ifn=10;
9, ifn =19

concat (string (n < 10), string (n mod 10)), otherwise.

selectcode (code, lemp, opcode) =
¢(opcode, fieldx (first (code)))y, if length (code) = 1;
coneat (C(STO, temp + 1)), code, {('5TO, temp + 2), {(*LOAD", temp + 1),

{{opcode, temp + 2))), otherwise,

EXERCISES

1. Verify that the grammar of Table 3.1 maps the expressions

(x +ys2)+b=xe
at+(x+ys2)

into the code sequences given earlier in this section.

2. Construct the complete, decorated tree for the program

read a ;
if @ = 0 then read b ; write b else write g fi
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3. If you are familiar with reverse Polish (Polish posifix) notation, determine what
modifications to the grammar of Table 3.1 would be required in order to define
the semantics of Pam in terms of a suitable reverse Polish language.

For Further Information

The use of attribute grammars for defining translations is described in more
general terms by Lewis et al. (1974), Bochmann (1976), Cohen and Harry (1979),
and Kennedy and Ramanathan (1979). Marcotty et al. (1976) take a rather different
approach to the specification of semantics using atiribute grammars.

The concept of defining semantics translationally appears in a variely of ap-
proaches that do not involve attribute grammars., Feldman (1966), for example,
describes a Formal Semantic Language, a metalanguage for describing abstract
translators, and its application to the problem of compiler generation. Landin (1965)
formalizes some of the semantics of Algol 60 by defining a mapping from that
language into a modified form of A-notation.

3.3

INTERPRETIVE SEMANTICS USING
TWO-LEVEL GRAMMARS

Using Pam and Eva as examples, this section examines an ingenious technique
for formalizing semantics using the syntactic methods provided by two-level
grammars. The philosophy on which this technique rests is that the “meaning™
of a program should be described essentially in terms of the correspondence
it defines between its input data and its output data and that a formal system
therefore constitutes a complete semantic formalization if it generates triples
consisting of (a) a syntactically valid program, (b) an input file, and (c) an
output file such that the execution of the program with the input file produces
the output file. Since input and output files are, like programs, basically
sequences of characters, a program-input-output triple can be represented
as a single character string of & form such as

{program} eof {input file) eof {output file) cof

This suggests the possibility of constructing a grammar that generates all and
only these sequences of symbols, In the case of Pam, for example, the gram-
mar should imply a syntax tree for

read x, y ; write yeof —2. 7. 1. eof 7. eof

but not for

read x, y ; write y eof —2. 7. eof 3. eof

—a
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