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Abstract

In this dissertation we define a new attribute grammar svstem - Indezical Attribute Gram-
mars (IAG). In IAG we define attributes over an implicit indezical context space. The
indexical context space is a multidimensioral space which is the product of a tree di-
mension, a multitime dimension. and an identifier dimension. Attributes on the indexical
context space are intensions, whose values vary over different contexts: nodes of a parse
tree, multitime points. and symbols. Indexical attribute grammars with denotational

semantics form a new class of attribute grammars.

Indexical attribute grammars allow non-local attribute dependencies by using node
switching operators. The use of communication attributes can therefore be reduced sub-

stantially in indexical attribute grammars.

Indexical attribute grammars can define attributes based on iterative algorithms. The
value of an attribute at a node on 2 given parse tree can be defined as a data stream (ora
nested data stream for a nested iteration) over the multitime dimension. The value of an
attribute at a time point can be viewed as the valuc of the attribute at a particular step of
the iteration. The attributes defined by iterative algorithms are temporal attributes, vary-

-ing over the multitime dimension. Circular attributes whose cvaluation can be terminated

can be defined as non-circular but temporal attributes using time switching operators.

In indexical attribute grammars. we can define an aggregate attribute at a node on
a given parse tree as a collection of values. gathered from other nodes, which varies over
the identifier dimension. The information about identifiers can be collected as clements at

the co responding identifier points in the aggregate attribute. An aggregated value in the

identifier dimension is not monolithic, its individuzl clements can be referred to by other °

attribute definitions through context switching operators.

The attribute evaluation of indexical attribute grammars is based on the tagged

demand-driven computation model. The definitions of attributes on a given parse tree

i
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form a dataflow graph. The evaluation of the attributes on the tree is the evaluation of
the corresponding dataflow graph. Following the demand-driven method, only the values

that are demanded at certain contexts are cvaluated.
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Chapter 1

INTRODUCTION

In this dissertation we define a new attribute grammar system - Indezical Attribute Gram-
mars (IAG). In IAG we define attributes over an implicit indexical contezt space. The -
indexical context space is 2 multidimensional space which is the product of a tree di-
mension, a multitime dimension, and an identifier dimension. Attributes on the indexical
context space are intensions, whose values vary over different contexts: nodes of a parse
tree, multitime points, and symbols. We show 7tlmt the indexical approach enriches and

improves conventional AG systems.

1.1 Attribute Grammars

Before attribute grammars were introduced. there existed a simple, elegant and formal
method for describing the syntax of programming languages - namely contexzt-free gram-
mars. But we had no method for describing the semantics of programming languages
declaratively. All the methods were operational. For example, we could {yrite procedures
to check the semantic correctness of programs. People found out that for some simple
Iangix?,ges, such as arithmetic expressions, the meaning (for example, the compiled code)
of 2 given expression can be synthesized in a straight’[ox"{\:ard way by recursively buildir;g

up the meanings of its subexpressions. The meaning of an expression can therefore be

“evaluated bottom-up while constructing the corresponding parse tree. In that sense, we
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can incorporate the semantic information of a language into its syntactic definition.

Unfortunately, most programming languages are context-dependent. For example, the
type information for variables in Pascal is context-sensitive.

begin

var x: integer;
=¥ .

end;

The above Pascal program phrase is syntactically correct. but semantically wrong, since
the type of y is undefined. It is also clear that the semantic checking for the statement
x = y; cannot be done by analyzing the type information in its own subtrees.

In 1967, Knuth introduced a new formalism - attribute grammars [Knu6S][Knu71] for
defining programming languages. An attribute grammar can define not only the syntax
ofa programming langnage, but also the context-sensitive semantics, at the same time, in
2 declarative way.

An attribute grammar is a context-free grammar with attribute definition rules. In
attribute grammars, we associate a set of attribute symbols with each non-terminal gram-
mar symbol. For a node labeled by a non-terminal symbol in a given parse tree, thereis a
corresponding set of attribute instances. The values of the attribute instances at the node
represent the semantics of the node. For example, consider the following production which

defines the syntactical structure of an assignment statement in a programming language:

‘statement ->3idantifier "=" expression

We associate an attribute symbol type. mth the grammar symbols identifier and expr=

ession. We also associate an attribute symbol match mth the grammarsy ‘mbol statement.
The va.Iue of 2 type instance at a node Ia.belcd by an :.dent:.f:.er indicates the type of
the identifier. The value of a match instance ata node Iabclcd by a statement describes

whether the statement is semantically correct. 7 :

: Attribute deﬁnition‘s specify how to compute the values of certain attribute instances
as a function of other attribute instances. Attribute definitions are associated with the

production rules of the underlying context-free grammar. For example, we can associate
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a definition of match with the production which specifies the structure of an assignment
sentence:
statement -> identifier "=" expression
statement.match = identifier.type eq expression.type;

Here we use symbol.attribute to represent a grammar symbol with an attached attribute
symbol, which we call an attribute occurrcnce. According to the definition, in a given
parse tree (Figure 1.1), the node Jabeled by the non-terminal symbol statement will have
2 value of match. The value of match depends on the values of type at its first and
third child nrodes in its subtree. The dependencies are indicated by the arcs. If the two
values are equal, then the value of match will be truc. That means that the assignment
statement is semantically correct. Otherwisc. the value of match is false and the statement

is semantically incorrect, though it is correct syntactically.

identifier | type = expression| type

Figure 1.1: A parse iree with atiributes
gu P

There are two important Kinds of attributes in attribute grammars: synthesi:éd at-
tributes and inhkerited attributes. Inherited attributes arc introduced to-describe the
context-sensitive semantics of a language. In a given parse tree. a synthesized attribute
instance at a node depends on the attribute values in its subtree. An inherited attribute
instance depends on the attribute values on its parent node. S)';lthesizcd' attrii)utes are
evaluated bottom-up and inheritéd attributes are cvaluated top-down. Knowing if an at- .
tribute is synthesized or inherited helps us to dctérminc low to cvaluate the values of the
attribute over a given parse tree, for example, in a to;-down or bottom-up manner.

Since attribute grammars allow us to specify both the syntax and semantics of a lan-
guage, attribute grammars are an ideal formal specification tool for defining programming
langtiages. Attribute grammars ha:vc been :applied to many areas, such as compilation

{Far84], control and data flow analysis [BJ7S][CRSS]. code generation [GF82], text editing
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[TRS1][RepS4][HKSG6], database systems [Pla®6][Mucs3]. and VLSI design [JS86]. They
have proved to be a useful formalism for specifving context sensitive semantics of pro-

gramming languages and other systems.

1.2 Existing Problems

There are some problems with existing attribute grammar systems. One problem is the

need for so-called communication attributes. In an attribute grammar we associate at-

tribute definitions with production rules. There is a restriction on these attribute defini-
tions: an attribute occurrence in a production rule can only be defined in terms of the
attribute occurrences in the same production rule. In other words. we only allow attributes
to be defined locally within a production. For example. in the following attribute grammar

we can associate an attribute type_table with the grammar symbol decl block.

program => decl_block stmt_list
decl_block -> ... )
decl_block.type_table = ...
stmt_list -> statement stmt_list
statement -> id "=" expression
statement.match = id.type eq expression.type;

In a given parse tree, there is an attribute instance of type-table at a node labeled
by decl.block. The value qf this attribute instance contains all the type declarations
for all the variables declared in the declaration block. We can also think of the value of
type_table as a symbol table in a conventional compiler. Conversely, to evaluate the
value of type at a node fabeled by id in a given parse tree, we have to know the type
of the identifier declared in the declaration part. To do so, at a node labeled by id in
the stmt_1ist structure, we need to access the value ;>f type.table associated with the
node labeled by decl block. Since attribute grammars are context-free, there is no way
to define an attribute, in the fourth production. which depends on an attribute occurrence
in the second production rule directly. In order to define an attribute occurrence which
depends on the attribute occurrences in other productions, we may have ;o introduce

communication attributes in some productions 16 bridge the gap. These communication
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attributes serve no purpose other than passing on desired values. For example, we can
attach the attribute symbol table to non-terminal symbols stmt 1ist, statement, and
expression. Then the attribute definitions in the corresponding production rules can be
defined as followings:
program -> decl_block stmt_list
stumt_list.table = decl_block.type_table;
decl_block -> ...
decl_block.type_table = ...
stmt_list -> statement stmt_list
statement.table = stmt_list0O.table;
stmt_listl.table = stmt_listO.table;
statement -> id "=" expression
statement.match = id.type eq expression.type;

id.type = get_type(id.lex, statement.table);
expression.table = statement.table;

Here stmt_1istO indicates the grammar symbol stmt_list occurred on the left hand
side of the production rule and stmt.listl indicates the grammar symbol stmt iist
occurred on the right hand side of the production rule. get_type is a function which
returns the type from a type table for a given identifier. Evaluating these extra attribute
values may involve a large amount of computing time. Morcover, it may also require a
large amount of storage space for duplicate values. especially when the attributes have
complex values. R :

Another problem related to the locality of attribute definitions is that of the so-called
aggregate attributes. To analyze thé semantics of a program. we usually need a symbol
table to store the inform:;tion about identifiers appearing in a program, as shown above.
We can think of a symbol table as an attribute with aggregate values. The information
about each identifier is an clement of the aggregate value. Again, because of the locality -'
property of attribute definitions, attributes cannot aggregate their clements ina parse tree
directly. To aggregate attribute valucs o:n a parse a2, we may have to define communi-
cation attributes which accumulate the aggregated values as they are passed from node -
to node. | - '

An additional problem related to aggregate attributes is that of incremental evﬁlur
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ation. The value of an aggregate attribute consists of many clements. such as entries
of a2 symbol table. Conventionally. an aggregate attribute is considered as a monolithic
structure. Changing any of its individual clements results in the entire structure being
updated. Thus, even those attri}tqtcs that depend only on unchanged clements have to
be re-evaluated. This makes incre;nental cvaluation inefficient.

Another problem with attribute grammars is that of circulas attribute definitions.
Since there may exist both synthesized and inherited attributes in attribute grammars,
it is possible that the value of an attribute could be indirectly defined in terms of itself.
Such attributes are called circular attributes. Conventional attribute grammars do not
allow circular attribute definitions. A circularly defined attribute at evaluation time will
yiélﬁ an undefined value. However, since recursive and iterative methods are natural
for solving many problems, it seems that allowing circularly defined attribute grammars
is unavoidable. Exa.mpie\\s/ arc the denotational semantics of a while statement, and live
variables in data flow analysis. They can be defined naturally by recursive algorithms.
Although circular attribute definitions can be transformed into non-circular ones, the
transformed attribute grammars may involve many extra attributes and definition rules.
Conventional attribute gra.£nmars lack the power to specify attribute definitions based on
iterative or recursive algorithms.

;)‘@he attribute values in a given parse tree represent the meaning of the corre-
sponding language sentence, the semantic checking of a language sentence becomes the
evaluation of the attribute values on the corresponding parse tree. To evaluate the two
kinds.of attribute values, an evaluation order among the attribute instances in a given
parse tree must be decided on before evaluation starts. If an operation neceds a value
which has not been created, the evaluation process may fail because the operation oper-
ates on an undefined value. Sometimes, to evaluate all the attribute values in a given parse

tree, we need a multipass evaluator to guarantce that all the attribute values are evaluated

in correct ordex_'. Multipaés evaluation is time incflicient. To avoid multipass evaluation, -

* people impose restrictions on attribute definitions so that the attribute values in a given

parse tree can be evaluated within one pass of tree walking. However, the restrictions

i
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may decrease the expressive power of attribute grammars or involve extra attributes and
corresponding definitions.

To solve these problems, new AG systems and approaches have been proposed. Ex-
amples are copy rule chains [HooS86], remote attributes [RMTS6], global attributes [RTS6],
successtve appmzfmatz'on evaluation [Far86). gatc attributes [WISS], incremental evalua-
tion [CR88][A1b89][Jon90], action event-driven craluation [Kail9], and so on. Also, some
new kinds of attribute grammars have been introduced. such as coupled attribute gram-
mars {GG84)[GieSS]{[RPIV4] and higher order attribute grammars [VSKS9][TCI0]. How-
ever most of these systems and approaches solve the problems at the attribute evaluation
level. rThcy are implementation-dependent. In this dissertation. we try to solve the prob-
lems at a higher level. We introduce indexical semantics into attribute grammars. Using
indexical semantics, the above problems can be solved at the attribute definition level.
We claim that indexical attribute grammars as defined in this dissertation form a new and

more powerful class of attribute grammars.

1.3 Indexical Logic

Indexical logic is a subset of intensional logic. Indexical logic is concerned with expressions
whose meanings depend on an implicit context. sometimes called a possible world [WAS5]
[van88). An expression over a context space is an inlension. An intension is a function
which maps the expression from the context space to its value domain. The value of an
expression at a éontcxt is also called an exfension.

This type of logic was originaily developed to help understand natural langunages
[Tho74])[DWPS0]. The meaning of a natural language sentence may depend on many
conditions. For example, the meaning of Today’s sunset is 5 minutes earlier than yester- '
day’s sunset depénds_ on when and where we utter the sentence. Here one condition is
time and one condition is place. If a natural language contains only this kind of simple -
sentence whose fnea.ning depends only on time and place, we can construct a context space

for the language. The context space is two dimensional. Onc dimension is the time and
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the other one is the place. The coordinates of the time dimension could be measured in
days, and the coordinates of place dimension could be specified as cities. A context (d, ¢)
in the context space consists of a time point d and a place point c.

A language expression over the context space is an intension, For example, the mean-
ing of the expression Today’s sunsct is § minutcs carlicr than yesterday’s sunsct can be
expressed as a formula t = yesterday(t) - 5. In the formula. ¢ represents the time of the
sunset, which is an intension. yesterday is an indexical operator that switches context
from a context, namely today, to another context. namely vesterday. The value or the
extension of the sentence then depends on a given context. The result of the application
yesterday(t) on a given context (d, ¢) is the snnset time of one day before d at the same city
c. If the current sunset equals to yesterday's sunset minns 5 minutes, then the sentence
is true at (d, ¢), otherwise the sentence is false.

Conversely, the above expression cannot be true at all the contexts over the context
space. Usually the sunset time will be delayed from winter to summer and be increased
from summer to winter. It also depends on whether we are at the north pole or in the
tropics. We say that the value of an expression varies over the context space. The value
of the expression may be different in different contexts.

Through the study of attribute grammars. we sce that in a given parse tree, an attribute
may have different values at different nodes. The values may be defined by a single
definition rule, or by different definitions in different production rules. It is difficult to
distinguish these attribute instances in a particular parse tree at the definition level: We
tend to think of those attribute instances as different. though they may share the same
attributg name. The problem can be solved namrai]y with indexical semantics. For

example, we can define the nodes of an arbitrary tree as our context space. That means

:that each node in a parse tree is determined by a unique context. Attributes are therefore

intensions over the context space. Using intensional operators, we can clearly describe

attribute dependencies over the context space at the definition level. -
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1.4 Overview of Indexical Attribute Grammars

In an JAG, attributes are intensions over a context space which is a product of a tree
dimension, a mullitime dimcension, and an idenlificr dimension. A tree point. a time
point, and an identifier point constitute a context. or a possible world. To manipulate the
values of intensions, we usc indexical operators to switch context from one to another.

For a given parse tree, we consider it as a subiree of the tree dimension. Attributes
of the parse tree are defined in an TAG as intensions whose values vary over the tree
dimension. The valucs of an attribute at the context space are defined by attribute
definitions. Using node switching operators, we can define nonlocal attribute dependencies
directly, especially those for upward dependencies. The use of communication attributes
can be reduced substantially in an TAG. .

As an intension, the value of an [AG attribute at a node of a given parse tree may also
vary over the multitime dimension. Thus the value of an attribute at a node is a (possibly
nested) data stream, whose clements are indexed by time points. When an attribute is
varying in time, we call it a temporal atiribute. The value of a temporal attribute at a time
point can he defined in terms of its values at other time points by using time switching
operators. This kind of “sclf-dependency™ does not create undefined values, as long as
they refer to defined values at different time points. As we mentioned in the last section,
conventional attribute grammars do not allow circular attribute definitions. even though
some attributes can be defined more clearly and more logically by recursive or iterative
algorithms.

For the attribufcs which can be described by recursive or iterative algorithms, in
an IAG, we can define them as temporal attributes, or functions of time. We explicitly
describe the required initial values and the termination condition for a tcmf)oral attribute.
At evaluation time, the evaluation order of temporal attributes is decided by the time
switching operators. When the same initial values are given to a dircular attribute, the
evaluation always yields the same result. | S

The identifier dimension allows us to define aggregate attributes, such as symbol tables.

In other words, the value of an aggregate attribute can vary at different identifier points.
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For example. we can define an attribute fype_table to record the types of tdentifiers in a
block structure. For a given parse tree. at a node which denotes a block structure. the
value of attribute type_table at cach identifier point is the type information for the identifier
in the block. Using identifier switching operators. attributes can aggregate values from
a parse tree, so that the intermediate attributes which record partially aggregated values
are eliminated. Each clement in an aggregate value at a node has its own identifier index.
Using identifier switching operators, an clement of an aggregate value can be referred to
individually. When an clement is modified. it will effect only the attributes depending on
the individual element, not the entire aggregate value.
The following is an example of an IAG grammar which defines the same type informa-
tion as the onc in section 2.
program -> decl_block stmt_list
type.table = child(type_table, 0);
decl_block -> ...
type.table = ...
stmt_list -> statement stmt_list
statement -> id “=" expression

match = child(type, 0) eq child(type, 1)
type = ati(lex, upasa(type_table));

Here child and upasa are node switching operators. ati is an identifier switching
operator, and lex is an attribute symbhol whose value at a node labeled by an identifier
is the identifier’s lexical value. The Opera.l,ior upasa allows us to refer to the first valid
required attribute value on the path from the current. node to the root node. The op-
crator ati returns the clement from an aggregate value at a given identifier point. In
IAG, the attribute instances attached to the nodes labeled i{v) stmt_list. statement. illd
expression arc climinated.” . ©

In this dissertation, we also define an indexical functional language named 1FADL.
IFADL is the attribute definition langnage for an IAG. The indexical operators of an IAG
are irr;plemcnted as the functions in an IFADL. Attributes in an IAG can be viewed as

variables in JFADL, and attribute definitions are expressions in IFADL. The evaluator of

an JAG is an interpreter for IFADL. Therefore. by using IFADL as the attribute defining
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language. we make IAG grammars execntable.

The cvaluation of intensions can be based on a demand-driren computation method.
Using this method. the evaluation order among the values of intensions is automatically
decided at evaluation time. Conscquentially: there Is no need to divide attributes into
syathesized or inherited atiributes in IAGs. The value of an intension in a given context
is cvaluated only when the value is demanded. Therefore. only the required values are
cvaluated.

Since our proposed evaluator of an IAG svstem uses a demand-driven evaluation
mecthod, there is no nced for restrictions on an IAG. The evaluator of an IAG system
does not need special facilities to solve conventional evaluation problems. such as sharing
attribute values, attaching dependent lists to clements of aggregated values, detecting cir-
cularitics, or supporting fixed-point finding algorithms. because they are cither handled

automatically by the demand-driven scheme, or a part of the implementation of IFADL.

1.5 Overview of the Dissertation

In Chapter 2, we first introduce sonte background on conventional attribute grammars. We
also discuss some problems with conventional attribute grammars such as communication
attributes, circular attributes. and aggregate atiributes. And we outline some related
work for solving the problems. )

In Chapter 3, we describe the attribute definition langnage IFADL. IFADL is developed
from the functional programming language ISWIM. In this chapter we define an extension
of ISWIM’s semantics with indexical semanties based on a multi-dimensional context
space. We also define primitive indexical operators in IFADL which switch contexts in the
context space.

In Chapter 4, we describe programming in IFADL through examples. We show how
to define values on nodes of a tree using{ the tree dimension. data streams using the time

dimensions, and table-like aggregate values using the identifier dimension.

In Chapter 5, we define indexical attribule grammars. We use IFADL expressions to



CHAPTER 1. INTRODUCTION 12

specify attribute definition rules, In this chapter, we define parse trees as subtrees of the
general tree dimension and attributes as [FADL variables whose values at nodes of the
trees may also vary in the time and tdentifier dimensions. We deline the distribution of at-
tribute definitions over the nodes of a parse tree as an intension, and give the denotational
scmantics of attributes on the tree.

In Chapter 6, we show the expressive power of indexical attribute grammars, We show
how communication attributes can be removed by using node switching operators. We
show how to use time switching operators to define attributes as temporal objeets, and
how to specily circular attributes explicitly as non-circular attributes with stream values.
Finally, we also show how to define attributes by using identifier switching operators to
manipulate aggregate attribute values on a parser tree.

In Chapter 7, we describe an implementation strategy for evaluating attribute values in
indexical attribute grammars. We also give the strategy for building compiler generators
based on indexical attribute grammars,

Finally. in Chapter 8. we summarize the contributions of the dissertation and discuss

future work.

o
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Chapter 2

BACKGROUND

2.1 Attribute Grammars

Attribute grammars are a formalism for specifving the syntax and the context-sensitive
semantics of programming languages. as well as for implementing editors and compiler-
writing systems. Attribute grammars form an extension of the context-free grammar
framework in the sense that information is associated with programming language con-
structs by associating attributes with the grammar symbols representing these constructs.

The basic idea of attribute grammars is that we associate attribute values with each
node in the parse tree which represents the syntax of a given language string. These
attribute values specify the semantics of the node. Thé attribute values in a parse tree
are evaluated according to the corresponding definitions associated with the context-free
grammar of the language. In this way. the semantics of the languagercg.n be defined
together with the syntax of the langnage. In this section, our introductia;l‘:to attribute
grammars is based on [Knu68][Knu71][DJLSS].

An attribute grammar is a triple AG = (G.A. D). G=(T,N,5,P)is }he underlying

context-free grammar with T the set of terminals. IV the set of nonterminals, S-€ N the
start symbol, and P the set of productions. A production p € P in a context-free grammar ".

has the form .

P .X. —_— .X'o .Y) “os .7\-7;’,..1
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wheren, 2 0, X € N,and Xy € TUN for0 <k <np = 1.

The second component A is a set of attribute symbols. A grammar symbol in a pro-
duction may occur more than once. In order to distinguish the attribute values associated
with different grammar symbol occurrences in an attribute definition, we call an attribute
symbol together with a grammar symbol occurrence an atiribute occurrence of the pro-
duction rule.

We let O, denote the set of attribute occurrences of the production p. An attribute

occurrence o in a production p has the form

Xa

where X is a nonterminal grammar symbol in p and a is an attribute symbol. -

Thelast component D =< Dp >pep is an indexed family of sets of attribute definition
rules. Each production p has a set of attribute definition rules D,. The attribute definition
rules define some of the attribute occurrences in the production. In a given parse tree, an
attribute definition in the production defines the value of the attribute at each node that
corresponds to the grammar symbol occurrence in the production. For a given production
p € P (with k grammar symbols), D, is a sct of attribute definition rules associated with

P. An attribute definition rule has the form
. 0; = ¢(0g.-e.s0jennai0p)
where o; € O, are attribute occurrences associated with the production p and
e(0g..... 0iee.eaOp)

is an expression with og,...,0;,...,0n, as frec variables. For example, suppose production

? has the form A
p: X—=YZ

and A = {a,b}. The attribute definition rule

Xa = Yb+2bh
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defines the value of the attribute occurrence X.a to be the sum of the values of attribute
occurrence Y.b and attribute occurrence Z.b.

An attribute definition rule defines the value of a particular attribute occurrence as a
function of other attribute occurrences in the same production. An attribute occurrence
can only be defined in terms of attribute occurrences in the same production.

The data dependencies among the attribute occurrences in a production p form a local

dependency graph
G, = {(0i, 0;)} 0j occurs in a definition of o; in Dy}

The local dependency graph of production p has the attribute occurrences in D, as vertices
and their data dependencies as arcs. We say that in production p, an attribute occurrcncé
o; depends on attribute occurrence o; if o; appears in the definition of 0;. In this case,
there will be an arc from o; to o; in the local dependency graph G,.

A context-frec grammar generates a unique tree structure (called a parse tree) for each
of its sentences (if the grammar is not ambiguous). A node n of the trt;c is labeled by the
grammar symbol X which occurs on the left hand side of the rule associated with n. An
attribute symbol a together with a node » is called an attribule instance which is a pair
(a,n). The semantics of the sentence is the value of a distinguishe:d attribute instance 'é_a,t
the root node of the parse trée. .

A derivation tree is a parse tree together with the dependency graph of the attribute
instances on the tree. The dependency graph is obtained by connecting together the local
dependency graphs for each node. The derivation tree is used to determine the evaluation
order of attribute instances on the tree.

For example, the following is an attril)uic grammar that defines a .Ianguage whose

sentences are binary numbers [I(nuss]{Knthl]. »

Example 2.1 (Converting binary strings to decimal values)

A = {value, length, scale}
pl: N—=L“” L
N.value = Lj.value + La.value
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Ll.sca.lc =0

Lo.scale = — La.length
p2: N —L

N.value = L.value

L.ength =0
p3:L—-LB

Lo.value = L;.value + B.value
Lo.length = L;.length + 1
L;.scale = Lg.scale 4+ 1
B.scale = Lg.scale + 1

pa: L—B
L.value = B.value
Llength = 1
B.scale = L.scale

pS: B—1

B.value = 2B-seale
p6: B—0

B.value = {

In the above example, the attribute valuc is associated with grammar symbols N, L,
and B. The attribute length is associated with grammar symbol L. The attribute scale is
associated with grammar symbols L and B. The local dependency. graphs for the above
exémple are shown in Figure 2.1.

In the local dependency graphs, the vertices are grouped with their grammar symbols.
For a production p : X — XoXi.. -Xn,-1. the attribute, associated with the grammar
symbol X in p is at the top of G, and the attributes associated with grammar symbols ~
X;in p, 0 £ i < np—1 are placed at the bottom of &p. The derivation tree for the binary
number “10.01” generated from the grammar is sllo\;'n in Figure 2.2. 4

At a nbde of a particular parse frce of the above attribute grammar, the attribute
instance of value is a rational decimal value computed from attribute instances in the
subtree rooted by the node. The value of length at 2 node is an integer that is thelength . .
of the substring £epr&sented by the subtré.c rooted by the node. The value of scale at a
node is an integer that is the scale of the node. The attribute value associated with the h
start symbol N at thé root node denotes the semantics of the sentence.

The semantics of a sentence is obtained by cvaluating attribute instances on the -
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Figure 2.1: Local dependency graphs for I:‘;xample 2.1

R

17



CHAPTER 2. BACKGROUND 18

-

¢ €=mao
-

14

Figure 2.2: The derivation tree for string ~10.017

derivation tree. There arc basically two kinds of attribute cvaluation methods: tree-walk
[KS76]{Boc76][Kat84)[KosS5][JohsT] and lazy evaluation [TaoS7][Fro92]. In trec-walk eval-
uation, an evaluation plan has to be determined before the evaluation starts. The plan
telis the eva.lua;tor how to scan a derivation tree in one or more passes and which attribute
instances on the tree are evaluated at each pass. In lazy evaluation, the cvaluator initially
evaluates the attribute instances that constitute the semantics of the derivation tree. If
2 required attribute instance does not have a value vet, the evaluator will evaluate other
attribute instances that are needed to compute the attribute instance. The evaluator re-
peats the process until all the reqinrcd valites are satisfied. In lazy evaluation. only the

required-attribute instances are evaluated.

2.2 Related Work

2.2.1 Global Attributes

According to the definition of attribute grammars, an attribute occurrence in a production .
rule can only be zieﬁne'd by the attribute occurrences that are in the same production rule.
Because of the locality restriction of attribute definitions, if an attribute instance at a node
in 2 parse tree refers to an attribute instance at another node which is not a parent, child,

_ or sibling of the former, some communication attributes have to be defined at those nodes

AV
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that form a path to pass the required value between the two nodes. These communication
attributes are auxiliary; they do not contribute any meaning to the attribute grammar by
themselves.

To avoid keeping these duplicate attribute values. some techniques such as copy rules
[Hoo86] are introduced into attribute grammars. An attribute instance defined by a copy
rule will not be evaluated. In other words. an attribute instance defined by a copy rule
will only pass a reference to a storage location that contains the real value. For example,
using the copy rules we can rewrite Example 2.1 as {ollows {where a copy rule is indicated

by =.).

A = {value, length, scale}

N—L.L
N.value = L;.value + La.value
Liscale=10
La.scale = ~ La.length
N—1L
N.value =, L.value
Llength = 0
L—-LB

Lo.value = L;.value + B.value
Lo.length = L;.ength + 1
L;.scale = Lg.scale + 1
B.scale = Lg.scale ++ 1

L—B
L.value =, B.value
L.length =1
B.scale =, L.scale
B—1
B.value = 2B.scale
B—0
Bivalue=0

Some efforts have also been made to extend the attribute grammar formalism by
allowing nonlocal dependencies. In [JFS4]. attribute grammars are extended to allow
nonlocal attribute definitions. Global attributes such as upward remote references are

also allowed in some attribute grammar formalisms [RTS6][RMTS6]. In their notation, an

il
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upward remote reference has the form
up(Xi.ay,...,Xj.ar) (where X;.a; denotes an attribute occurrence)

For cach X;.a;, it refers to the first attribute instance in the sequence of attribute instances,
(ai, n1), (@i, n2), .. ., (@i, 7r.). on the path {rom the point of reference (a node) to the root of
the parse tree where n;(1 < j < &) islabeled by X;. Using this concept. the communication
attributes can be removed from attribute grammars. The fdllowing is an example in [RTS6]

with upward remote references.

Example 2.2 (Using upward remote references)

Program — Block
Block.env=¢ :
Block — DeclList StatList
Decllist; — DeclLists Decl
DeclList — Decl
Decl — Id Block
Block.env = ProcDecl{up(Block.cnv). spelling{Id)):
up(Block.env) = ProcDecl{up(Block.env). spelling(1d));
Decl — 1d; Id»
up(Block.cnv) = VarDecl(up(Block.env). spelling(Id; ), spelling(1d2 ));
StatList; — StatList, Stat
- StatList — Stat
Stat — Id
CheckUse(up(Block.env), spelling(Id));
Stat — Block

" The 2bove is a type checking example. In a program of the language defined by the

- above attribute grammar, the value of an attribute envis associated with cach node labeled

by the grammar symbol Block in the corresponding parse tree. To check the type of an

identifier, the upward remote reference function up will trace the type information which

is the value of env associated with the first ancestor node labeled by the grammar symbol
Block on the path to the root node. - ‘

‘This example also tries to solve the so called aggre'gate attributes problem. The aggre-

gate attribute in this example is enr, a symbol table which contains the type information

about identifiers. Instead of collecting the clements of env from each node labeled by

W
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Block, the upward remote reference function up also allows the elements of envdirectly to
be “written” into the attribute value of enw at their first ancestor nodes labeled by Block.
In fact, the upward remote reference can be considered as syntactic sugar for a sequence

of copy rules.

2.2.2 Circular Attribute Grammars

The dependencies of attribute instances in a derivation tree not only raise the evaluation
order problem, but also raise the circularity problem, that is. an attribute in an attribute
grammar may depend on itself directly or indirectly through attribute definitions. If an
attribute instance recursively depends on itself in a derivation tree generated by an at-
tribute grammar, then the attribute is called a circular atiribute. When a circularly defined
attribute instance is evaluated, the computation cannot terminate. In the definition of
attribute grammars given by [Knu68][Knu71]. these circularities are viewed as errors, since
they yield undefined values. But there are many problems whose solutions are naturally
based on recursive algorithms. To express recursive algorithms in traditional attribute
grammars, one approach is to transform certain recursive algorithms into non-recursive
ones by introducing more attributes and definition rules. In this case, the resulting at-
tribute grammars usually become difficult to understand and the evaluation may become
inefficient.

Although circularities in traditional attribute grammars are treated as errors, certain
circular attribute grammars may have valid meanings. A result given by [Far86] shows
that if an attribute grammar has circvlar, but well-defined attribute definitions, a Fized-
Point-Finding evaluator can evaluate the c:ircular attribute instances using a successive
approximation approach. A well-defined attribute grammar requires that for the values of
circular attribute instances, their definitions must be monotonic and satisfy an ascending
chain condition. In the evaluation, initially all the attribute instances are assigned the
value 1. A circularly defined attribute instance may be evaluated several times until the
value stops changing. The evaluation terminates when all the attribute instances have

stable values. ?

o
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Example 2.3 given by [Far§6)] shows an attribute grammar fragment for computing live
variable information in the dataflow analysis of programs. The solutivn of the example is,
for each statement, the sct of identifiers that are alive on entry to that statement. Attribute
instances of live constitute this solution. The circularity in the atiribute grammaris caused
by the definition of attribute live associated with the production for while-statements,

where stmt.live depends indirectly on stmis.live which indirectly depends on itself.

Example 2.8

stmt — id “=" exp
stmt.live = (stmt.out — id) U exp.in
stmt — “while” exp “do” stmts .
stmt.live = stmt.out |J (stmts.live |J exp.in)
stmts.out = stmt.out | J (stmts.live |J exp.in)
stmts — stmt *;” stmts
3 stmtsg.live = stmt.live
stmt.out = stmts;Jive
' stmts;.out = stmtsg.out
stmts — .
stmts.live = stmts.out

There are also some natural functions that are not defined as above but whose so-
lutions are computable [WJ88]. For example. to simulate the denotational semantics of
a programming language that involves while statements, we can define attributes init
and final for the statements which specify the initial and final states. Since the attribute
final of a while statement depends on the value of init of the while statement, the at-
tribute grammar of the language involves circularities. Although this kind of circularity
does have least .ﬁxéd-points, the semantic function of the attribute final does not satisf);
the monotoni;: and ascending chain conditions. The termination of evaluating this circular
definition depends on a default value of the conditional expression of the while statement.

One sc;‘_ution for this kind of circular attributes is to add a gate attribute to 2 cyde

[WJ88]. An attribute instance in a c3cle has a sequence of values. The evaluation for
a.ttﬁbute: instances in a cycle is itcra.tivé. The gate attribute is the key of the cycle. The
gate attribute initiaﬂy picks up a value from outside of the cycle to st(a:(zthe evaiua.tion,
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and then picks up the values from inside of the cycle iteratively. Thus, the gate attribute
instance has a sequence of values indexed by the iterations. In this sense. the attribute
value can be considered as a data stream. A problem with this solution is that it doces not
handle nested loops.

Several papers also point out that circular attributes can be cvaluated by using in-
cremental algorithms or tree transformations [AIbSS][SEFRS9][TWS9]{Jon90]. In [KaiS9].
circular attributes are defined by propagated cquations as histories of programs, though
the goal of this work is to extend attribute grammars to specify both static and dynamic
semantics of programming languages using action cquations. The corresponding attribute
evaluator adopts an cvent driven method. For a cyele in a derivation tree. the cvalu-
ator propagates demands for circular attribute values repeatedly until the termination

condition of the cycle is satisfied.

2.3 Indexical Programming

By indexical programming, we mean programming in a language that is at the same
time a formal system based on indexical semantics [FIVSG]. In an indexical program,
the value of an expression is an intension - a map from a universe of possible words,
also called a contezt space, to a domain of values. Indexical languages provide context
switching operators, also called indexical operators. The operators allow values from
different contexts to be combined.

Lucid [WASS5] was the first indexical functional language; it is a semantic enrichment
of the functional language ISWIM [Lan66]. A Lucid program is an expression, and output
of the program is the value of the c.g;;r:cssion. An expression can be a where-clause,
comsisting of a subject expression and a set of cquations {or definitions). The equations
in the where-clause define a local environment for the value of its subject. The value of a
Lucid expression is an infinite stream of data items instead of a single one. The context
space of Lucid consists of time points represented by natural numbers; each data item in

2 stream is indexed by a time point.
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In Lucid. the original ISWIM operators are extended in &t pointwise way: they perform
the same opcrations on their operands at cach time point. For example. consider the
following expression

a4+ b,

Let a be the infinite stream < 1.3.5.7.... > and & be the infinite stream < 2.4.6.8....>.
The operator "+" is extended pointwise on time points. so the result of the expression
is the infinite stream < 3.7.11.15.,.. > which is the nfinite stream of the sums of the
corresponding values of @ and b at cach point in time,

Lucid has three primitive indexical operators lor context switching: first, next. and
fby.

The unary operator first takes the [irst element [rom its operand stream and produces
a constant stream. For example. let x be stream < 1.2.3.... >, then first xis
<1, 1.1,...>.

The unary operator next removes the first element from its operand stream. For
example, let x be stream < 1.2.3.... >, then next xis < 2.3.:....>.

The binary opcrator fby (for “followed by™} takes the first element of its first operand
and appends the stream of its second operand to it. For example. let x be the stream
< 1,3,5,... >, and y be the stream < 2.1.6.... >. then x fby y is < 1,2..4.6.... >.

Using fby infinite data streams can be defined recursively. For example,

x

where
x=1fbyx+1

end.

This program defines x (the output) to he the stream < 1.2,3.... >. The first argu-
mentof fby is the initial value of the stream from which successive future values are to
be generated. Note that sinee Lucid. asa fnnct.ifonal language. is referentially transparent,
the variable x denotes the same stream everywliéro in the program. Thus, in the definition
x = 1 fby x + 1, the x on the right hand side of the fby is the same as the one being

defined which begins with 1. Since x is defined to be 1 at time point 0and 1 is defined to
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be 1 at time point 0, x's value at time point 1. which is 2, can be produced according to
the definition from x + 1. and so on.

A Lucid program as a set of equations is really a textnal form of a directed graph,
which is called a dataffow graph or network. The nodes in the graph are the operations
in the text and arcs are variables or expressions. For example, the following program

£ib
where

fib = 1 fby 1 fby fib + next fib
end.

is the textual form of the dataflow network in Figure 2.3,

| |

fby > fby *> [ib
+ [* next -

t

Figure 2.3: A dataflow network

Thus, e_vcry Lucid program has a unique representation as a network of operators.
{AJS6] has termed such dataflow networks corresponding to Lucid programs operalor nets.

The evaluation of Lucid programs is based on a computation model called eduction
or tagged demand driven dataflow [FWSG][AFHS3). Unlike data driven datafiow {Den80],
cduction can be thought of as a form of dataflow with two-way traflic in communication
lines. Data flows in one direction from producers to consumers in the usual way. In the
other direction, demands are sent from consumers upstream to producers. Both demands
and data are tagged with the stream indices or time points.

The computation of a Lucid program is demand driven: the value of the program’s
oﬁtput, or the value of the defining expression, is evalnated at the time points that the
user demands. The computation at any particular time point leads to the demands of

values of various program variables. These variables may be defined in terms of context
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switching operators that may demand variable values at thine points different from the
time point associated with the original demand.
In the next chapter, we define a new indexical functional language. which is also based

on ISWIM, as an attribute definition language for attribute grammars.
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Chapter 3

An Attribute Definition Language

3.1 Syntax

The indezical functional attribute definition language IFADL is a semantic enrichment of
the functional language ISWIM [LanG6]. The syntax of IFADL and ISWIM is basically
the same, except that IFADL has an additional set of primitive indexical operators. In
other words, an IFADL program without indexical operators is syntactically an ISWIM

program. The syntax of IFADL is given in Appendix A.

3.2 The Context Space

TFADL enriches ISWIM with indexical semantics. IFADL programs are defined onr an
implicit context space C. The context space C is the product of a tree dimension, a

multitime dimension, and an identifier dimension.

3.2.1 The tree dimension

The tree dimension T consists of all the nodes of an infinitely branching tree.
3

e
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Definition 3.1 (tree dimension) The tree dimension T is the sct of all lists of natural

numbers, t.e.

T= U .y
1€w

where w is the set of natural numbers and .ot is the Cartesian product of t copies of w.
I ]

For the tree dimension T, the ordering of the nodes in 7 is defined as follows.
Definition 3.2 (The ordering of node indices) Icti.j€T.iCjifi# ] and

.i=[]or

T ke

to

last(i) < last(j) or

o

last(t}) = last(7) A nolast(i) T nolast(j)

where nolast(list) = reversc(tail( reversc(list))).

Where [ ] is the empty list and last, nolast. reverse, and tail are functions. _last takes a
st 1 as its argument and returns the last element of I. tail takes a list I as its argument
and returns [ with the first element of / is removed. reverse takes a list / as its argument
and returns a new list 7. Here 7 has the same clements as [ except that the elements are
in reverse order. The above éeﬁnition defines the depth-first orderfng among nodes of 7.

Given a tree 7 that is a conventional ordered tree, we relate nodes of = to elements of

T as follows. -
1. The root node of 7 correspondsto [} € 7.

2. Let » be a non-root node of =, m be the parent node of » in %. and n be the itt

child node of m, % corresponds to cons{i.s) where m corresponds to s € 7.

-

T 3. T.is the set of corresponding clements of = defined in 1 and 2.

where cons(i, s) is 2 function with two arguments. The argument i is a natural number.
The function returns 2 list which is the list s that results by inserting 7 at the beginning

of s. ' N
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Definition 3.3 (Index tree) A subset § C 7T is an indcx tree if and only if
1.[l€eS AVieSi#[] — tail(i)€S.
2.VieT Vi cewcons(k.i)€ S —Ve <Lk cons{c.i)ES

Remark 3.1 T is an indez trec if and only if 3S CT A Tr = S and S is an index

tree.

The above definition states that: an index tree 7 must have at least one node — the

root node and the indices of the child nodes must be consecutive, i.e.
VOLi<k—1 cons(icn) €T A Vi 2>k cons(i.n) €T:

For example, Figure 3.1 shows the index trccvcorrcspondiilg to the parse tree for the

binary string “10.017, whose grammar is defined in Example 2.1.

(000} @) [0101 ©02] (3) [012] o

[0000] @ ‘ 0002

Figure 3.1: An indexed tree

3.2.2 The Multitime Dimension

Definition 3.4 (Multitime dimension) The multitime dimension is the set

~

WY,

the Cartesian product of w copies of the set w of natural numbers.

o~

™~
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Each time dimension consists of a sequence of time points which are represented by
natural numbers. The multitime dimension is the set of all infinite sequences of natural

numbers.

3.2.3 The Identifier Dimension

The identifier dimension T is the set of all identifiers. By an identifier we mean a string
of characters that denotes a variable name in a program. In the identifier dimension, an

identifier is called an identificr point.

Definition 3.5 (identifier dimension) The identificr dimension T is defined by
I= U xi
ew

where T is a predetermined sct of characters.

3.2.4 The Context Space

The tree dimension 7, the multitime dimension «*, and th2 identifier dimension T deter-

mine the context space C.
Definition 3.6 (context space) The contezxt space C is defined as
C = Txuwx1I.

A context (n,1,1) in the context space C therefore consists of a node n € 7, an infinite

-sequence of time poiﬂts 1 = <t1g,11.... >€ w and an identificr point 7 € Z.

'3.3: Functional Semantics: Without Indexical Operators

IFADL extends the functional semantics of ISWIM with indexical semantics based on the

context space C. The value of an IFADI- expression is not a single value, it combines the
values of the expression at all the contexts in C. More precisely, an IFADL expression is

a function from node n € 7, time point ¢t € w“, and identifier 7 € T to the basic data

4\\'
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domain. Sometimes it may not be appropriate for an expression to have a value on all
the contexts. IFADL provides a data value eod for those contexts at which no “real” data
value is appropriate.

- In IFADL, the context space is infinite. If a variable « is defined to have the value 5
at all the nodes of 7, to demand the value of @. an IFADL interpreter will produce an
infinite outpuf.\: However, practically, we may oniy neced the values of a variable at certain
nodes. For example, we may nced the values of a at the nodes which are the first and
second child of their parent nodes, and where the lengths of the indices are less then 3. In
other words, we need the values of a at rodes: [ ]. [0]. [1]. [00]. [10], [01], [11]. To limit the
evaluation to the above nodes, we define a to have the special data value eod at the rest
of nodes in 7. When the interpreter evaluates a at a node » and detects that the value
of ais eod, t‘lg}e interpreter will stop e\.'alua.r.ion at all {hc nodes in the subtree rooted at n.

The special data value eod is very important i'&- terminating the evaluation of an
IFADL program over the infinite context space C. However, this extension of the data
domain forces us to modify the semantics of all operators of ISWIM over the original data
domain to deal with combinations involving cod and "ordinar}"’:dat;a..

In this section, we define the semantics of extended ISWIM functions from the context
space C to the extended data domain with the special value cod.

Let D be the original flat data domain of ISWIM and Dy be D extended with the
special data.:object eod. The semantics of an expression in IFADL is an intension defined

as follows.
Definition 3.7 (Intension) An intension is a function from T X w* x I to D,.

In the following descriptions, we use /D (for -“Intciusional Domain™) to denote the set
of all intensions, i.e. T Xw¥ X — D;. :

In the definition 3.1, 7 specifies the largest possible index tree. If an intension (or
an [FADL expression) has non-eod values at all the nodes of 7, at a time pi)int t€wY
and an identifier point ¢ € Z, we say that the intension has a full tree shape at (1,3). In

practice, however, an intension in IFADL may only have non-eod values at a subset of 7.
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We say that the set of nodes with non-cod valucs of an intension on 7 forms the shape of

the intension at (¢, 1).

Definition 3.8 {(Shape of an intension) Given an intension z € ID, a time point t €
w®, and an identifier i € I, the shape T, of z at (1.7). 7-‘,(:..) C 7, is dcfined by

’l-}(m ={neT |z(n.l.7}) # ecod}
where z(y ;) = An € T.z(n.1,1).

Definition 3.9 (Tree shape) Given an infension x € ID. a limc point t € w*, and an
identifier i € I, = has tree skape al (1,7) if and only if T
by Definition 3.3.

(e 1S an index tree as defined

The non-eod values of an intension may not always form a tree shape. For example, if
the value of an intension at the root node of a tree is defined as cod, but there are values
which are not eod elsewhere, then the intension will not have tree shape.

IFADL extends the semantics of ISWIM functions in D¥ — D (k> 1) to functions in
ID* — IDin a pointwise way. In an intension. a pointwise ISWIM function applies to the
value of the intension at every node. every time point, and overy identifier in the context
space without switching context.

In the following, we extend the semantics of ISWIM operators in IFADL in two steps.
We first extend the definitions of all ISWIM functions that are functionally sequential
[Yag84] to the exten&ed data domain D... Then we define the meanings of the extended
ISWIM operators over D.. in terms of the indexical semantics of IFADL.

) Extending strict functions from D to Dy is simple. By a strict function we mean
th‘ia.t it evéluate; all its arguments. In other words, as long as one of the arguments of
the function has‘a valuel.l., the function has the value L. cod is defined in a similar way
as L in a strict function. - That means that if onc of the arguments of the function has
2 value eod, the function has the \:_alue' eod, unless ‘there is an argument with a value L.
For non-strict functions,‘however, the extension will not be straightforward. For example,

if the condition operand of the if-then-elsc operator has value true, the result value only :

—_
N
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depends on the value of the then operand no matter what value the else operand has. even
ifitis L.
Before we extend ISWIM functions. first let us look at some examples of strict and
non-strict functions.
The first example is x + y. + is a strict function defined by:
z+y (LA (y# L)
+(2.' . y) =
L otherwise
The sccond example is or{z,y). which is a non-strict function. on(z.y) evaluates its

arguments sequentially. or is defined by:

.
truc X = true

true (x = false} A (y-= true)
or(z.y) =
false (x = false} A (¥ = false)

L otherwise

From the definition we see that. if the value of = (the first argument) is true, the result
of the function is true. The result does not depend on the value of y. even if y is L. The
function depends on the value of y only if x is false. On the other hand, if the value of z
is L, the result is also L independently of the valuce of y. Functions of this kind are called
functionally sequential functions. |

The third example is paror(z, y). which is also a non-strict function, but its arguments

are evalua.ied in parallel. paroris defined by:

- true (X = true) V (¥ = true)

. paror(z,y) = 4 false (x = false) A (v = false)

1- otherwise

The two arguments of paror(z.y) are cvaluated in parallel. As long as one of the argu-
ments. has a true value, the result of the function is truc even if the other argument is
L. paror(z,y) is not functionally sequential because a true value of cither argument can

determine the ro;sult_ of the Tunction.
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The following definitions extend ISWIM functions with & > 0 arguments from the
extended domains D, to the extended domain D,.

In order to define partial function applications (which have some but not all of the
arguments instantiated) so that the no-strict case can be handled. in the following we first
generalize the definition of what is called a k-ary function. In the definition. we consider
that % is not necessarily a natural number. Instead, it denotes any set of mathematical
objects, such as natural numbers. Each argument of a k-ary function is indexed by an
object in the set denoted by k. Thus in a partial function application: given a set of indices

and corresponding values. we can instantiate an arbitrary subsect of arguments.

Definition 3.10 (K-ary function) For any sct k. a K-ary function is a map from D*
to D where D* ={r | r: k— D}

Assume D = {t, f, L} and & = {1. 2}, then

DF={ <(L2)21)>. < (.12 [)>. < (1.1)}{2 L) >,
< (LOR)>. < (1.2 ) > < (L.N(2.1) >
<(1.L)2. 0> < (LLN2. 1> < (L. L)2. L) >}

For a k-ary function, a subsct of its arguments can be formally defined as follows.

Definition 3.11 (Partial elements of D*) Gircn z € D* and m C k. the restriction
zim of = to m is defined by

zim = {(i.y)€z|iem])

Given a k-ary function f and a k-indexed set of arguments. the result of the function
application f(z) may depend on a subset of the arguments and be independent of others.
In the following, we define a family of subsets of k. cach of which determines a subset of

-z sufficient to determixie the value of f(z).

Definition 3.12 (Functional Dependency Set) Given a k-ary function f: D*¥ — D
and z € D*, the functional dependency ;ect of [ at z is a family of sets of indices defined
by :

FDS(f,z)={I C k| ¥z'€ D* ((2|) = (') — f(z) = f(=')}
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The above definition says that a subset of & is a dependency set - a subset of the
arguments that determine the result of the function application ~ if all the other arguments
which are not in the dependency set are irrelevant to the result.

The following are some of the functional dependency sets for or and paror:

FDS(or,< (1.)(2.1) >) = {{1}{1,2}}
FDS(or.< (1, f)(2.4) >) = {{1.2}}
FDS(or.< (1. L)2.£)>) = {{1}{1.2}}
FDS(paror, < (1,1)(2,2) >) = {{1}H{2}{1,2}}
FDS(paror,< (1. /)2.1}>) = {{2}{1.2}}
FDS(paror.< (1. LY2. [} >) = {{1.2}}

For all dependency sets of a function application, we are particularly interested in

the intersection of the dependency sets. because, if it is not empty, each argument in the

intersection is definitely depended on by the function application.

Definition 3.13 (Minimum functional dependency set of f at z) Given a k-ary
function f : D¥ — D and xz € D¥, thc minimum functional dependeney sct of f at z is

defined by

pFDS(fxy= () [
1eFDS s.5)

Notice that pFDS(f,z) is not necessarily in FDS(f, z).

The following are some of the minimum functional dependency sets for or and paror:

pFDS(or,< (1.1)(2,1)>) = {1}

. pFDS(or,< (1, [)(2.1) >) = {1.2}

) rFDS(or,< (1.L)(2.f) >) = {1}
pFDS(paror, < (1.2)(2.t) >) = {}
u#FDS(paror,< (1. /)(2,1) >) = {2}
uFDS(paror.< (1. L)(2. ) >) = {1,2}

The minimum dependency sets defined above are argument-dependent, that is, their
constituents depend on a particular sct of arguments. In the following, we define the
argument-independent minimum dependency set of a function as the intersection of the

argument-dependent minimum dependency scts for all possible sets of arguments.

Definition 3.14 (Minimum functional dependency set of f) Given a k-ary func-
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tion f: D¥ — D, the minimum functional dependency sct of f is defined by
mFDS(f) = n nFDS f.r)
reDrASf(r)EL
The following are the minimum functional dependency scts of or and paror:

mFDS(or) = {1}
mFDS(paror) = {}

If mFDS(f) is not empty, cach of its elements indicates an index of the argnment list of
the function such that the computation of the function docs not converge if an argument
at that index is not available. In other words, if the argument at that index is L. the
function must have value L.

The following is the definitinn of what is called a partial function apnlication, that
g.f‘s, a function applied to a subset of its argnment list. The result of a partial function

application is a function with the number of arguments less than the original one.

Definition 3.15 (Partial function appﬁcation) Given a k-ary function f, m C &,
and = € D™, the partial application f[z] of [ to = is dcfined by

fls]: D¥" =D

HEERY XS DM flzuz)

Lemma 3.1
YfeD*~DV¥mckvVzeD*
. f(z) = flzim](z](k - m))
Proof: Directly from the definition. a

In the following, we define what is a funct::onally sequential function in terms of the
minimum functional dependency set and partial function applications. The definition is
equivalent to the definition given in [Yag84]. The functional sequentiality property of a

function gua.fantees that the function is computable.

L
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Definition 3.16 (Functionally sequential funetion) Given « k-ary function f, f is
functionally sequential if and only if

s f ts constant, or
e mFDS(f) # ¢ end ¥z € D* f(x) # L — [flx|mFDS f )] is functionally sequential.

In the following, we complete the first step of the pointwise extension of ISWIM func-

tions by extending the functions over the extended data domain D4 with the special value
eod.

Definition 3.17 (Extension of ISWIM functions) lLet [ : D¥ — D be a k-ary func-

tionally sequential function, the cxtended function fy : (D4)¥ — Dy is defined by

( SJHG. L)lie k] " [is conslant
L Ji € mFDS(f) z(i)= L
fe(z) = eod 3i € mFDS({) z(i) = eod

. and ¥j € mFDS(f) z(j) # L
{ (flz]mFD& )4 (z|(k = mFDS([))) otherwise

Proposition 3.1 Let f : D¥ — D be a functionally scquential function. Then, the ez-
tended function fy : (Dy)* — Dy of [ is functionally sequential,

Finally, we complete the second step of the pointwise extension of ISWIM functions

by giving them indexical semantics.

Definition 3.18 (Interpretation of ISWIM operators in IFADL) Let I;qpim be the
interpretation of the language ISWIM. The semaniics of a pointwise operator 8 in IFADL
" is a function

Liggal9): 1D* — ID

such that

Ywel Iz:fadl(e)(e'l ----- ck)(w) = (Iiszm'nz(o))!}-(GI (w)~ vany ek(w))
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The above definition states that at a context in the context space, the result of a
pointwise operation in IFADL is the result of the (extended) original ISWIM operation
on the values of its operands at that context.

In IFADL, a constant in ISWIM is also extended pointwise to all contexts in the
context space; it is an intension that has the same value at cach context as the constant in
ISWIM’s data domain D. The definition of the semantics of a constant symbol in [FADL

is given as follows,
Definition 3.19 Lel ¢ be a constant symbol in both ISWIA and [FADL
Tiwimle) € D.
The semantics of ¢ in IFADL is the intcnsion
Ir'ﬁzdl(‘-') T xe*xI—D

such that

VneT VieuwViel f;ﬁ,,{](f«‘)(ﬂ-L") = liswimlc)-

By the above definitions of general intensions and constants. there are two classes of
intensions in IFADL. One is intensions_;l;at_ vary on the context space, and the other is
constants that do not vary on the context spacé; Ii_\'dan intension having dimensionality
we mean that there is a non-cod value of the intension at one context which is different
from a non-eod value at another context in a dimension.

In the following, we define dimensionality and constancy of intensions to distinguish

intensions in the two classes.
Deﬁnition 3.20 (Dimenstonality /Constancy) Forx € ID,
1. z has dimensionality in the tree dimension T if and only if
In,n' €T Hew” HET Z(ni) # Fnti) N Flnuti) 94 N Zgye gy 7 eod

otherwise z has constancy in T.
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2. x has dimensionality in the multitime dimension ¥ if and only if

IneT 3 € HET ri) # Fawri) N Tiuaiy F €0d Nz piy 7 cod
olherwisc x has constancy in ™,

3. z has dimensionality in a time dimension k € < if and only if

JneT Il e eI (Vjew (JEFN—{t;=LNA

L.} # Taariy N Flued) # cod A Tinad) # cod

otherwise x has constancy in the time dimension k of the list of lime dimensions

Y.

4. z has dimensionality in the identificr dimension I if and only if
IneT3tew €T iy Tnairy N Tpnri) F €04 N T(n g F cod
otherwise x has constancy in T.
5. 2 has dimensionality in C if and only if

o = has dimensionalily in the tree dimension T, or
o 2 has dimensionality in the time dimensions &%, or

e z has dimensionality in the identificr dimension I.

otherwise x has constancy in C.

3.4 Semantics of Indexical Operators

IFADL provides a set of primitive indexical operators for switching contexts in the context
-space C. These indexical operators can be further divided into {our classes: node switching
operators, time switching operators, and identifier switching operators. The operators in

cach class manipulate the values of intensions in one dimension.
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3.4.1 Node Switching Operators

There exist one indexical variable inder and four primitive node switching operators in
IFADL: root, parent, nextsib, and child. ln the following deflinitions, given an intension
z € ID. 2 node n € 7. a time point ¢ € ¥, and an identifier point i € Z. we use the
notation Ty, ; to denote the value of x at context (a.4.i).

At context (n.f.7), the value of index is the index of node » € 7, which is a list. The

semantics of indez is defined as follows.
Definition 3.21 The indczical variable index
inder: 1D

is defined by:

inder = Mnll i) n

The unary operator root switches coutext from any node »n € 7 to the root node of
7. Let z be an intension. %X .meaning of roof r at all contexts is the value of z at the
root node at the same time points and identifier point. The semantics of root is defined

as follows.
Definition 3.22 The operator root. denoles a funclion

rool: ID—ID

defined by:

rool = AzMn bd). @ L

The unary operator parent switches context from a node to its parent node. Let z be
an intension. The meaning of parent x at (n.1.7) is the value of = at »’s parent node at

the same time points and identifier point. The semantics of parcnt is defined as follows.
Definition 3.23 The operator parent denoles a finction

pareni: ID— ID



CHAPTER 3. AN ATTRIBUTE DEFINITION LANGUAGE 41

defined by

parent = )‘I’\("-’-”“(u;mmlc(@.z.;)

where
{] ifn=[]

tail{n) otherwise

upnode{n) =

The unary operator nextsib switches context from a node to its next sibling node. Let
z be an intension, the meaning of nezisib z at (n.1.7) is the value of z at n’s next sibling
node at the same time points and identifier point. The semantics of nextsib is defined as

follows.

Definition 3.24 The operalor nextsib denotes a function
nextsib: ID— ID

defined by

nextsib = AxA(n.L.)2 (1)

* where m = cons{head(n) + 1, tail(n))

The binary operator child switches context from a node to one of its child nodes.
Let z and % be intensions where & has integer type. the meaning of child(z, &) at context
(»,1,7) is the value of 2 at the k** child of n at the same time points and identifier point.

The semantics of child is defined as follows.
Definition 3.25 The operator child denotes a function -
child: ID x ID — ID . ' s

deﬁnéd by: .
child = AzARA(n.1.7). T(cong(kyn spm)iti)
7

)
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3.4.2 Time Switching Operators

The time switching operators of IFADL are extensions of the operators of Lucid [WASS].
IFADL has five primitive time switching operators: first, nezt, fby. branch, and contemp.
Time switching operators switch a context (n.< fg.1y.... >.7) to.another context (n,<
t6s21.-.. >, 7). The functions of the operators are the same as in Lucid except that they
work only in the first time dimension of the context space C. _

The unary operator first switches context from any time point < tp,¢4;,... > to the
time point < 0.%;....> in the first time dimension. at a node n € 7. at an identifier point
i € Z. Given an intension z € ID. the result of first z at context {n,< lg,2.... >,i)
returns the value of z at time points < 0.1;....> at the same node and identifier point.

The formal semantics of first is defined as follows.,

Definition 3.26 The opemtor first denotes a function

o~ ' first: ID — ID :
defined by: o
. first = Az (n.< lg. 1y... ..>, 7). T(n.€0uy w0

g

The unary operator next switches context from a time point:< #g.¢,... > to the time

point < %5 + 1,%1,... > at a node » at an identifier point 7. Given an intension z € ID,

the result of nezt z at context (n. < tosty..z. >.1) returns the value of z at attime points

< to+ 1,%1,... > at the same node and identifier point. The formal semantics of neztis
defined as follows. » :

- - . -

~

Deﬁnit_ion 3.27 _}he operator next denotes a function

<next: ID — ID
N :

-

A

next = )\x/\(n, <to.1.. .- > i)‘ ‘x(n.<lo+1 B sene>d}

Iy

o~

W

.

0"
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At a node n and an identifier point {. the binary operator fby has two operands, say

z and y, which are sequences of data values indexed by time points.

(. <0ty D>ei) T(nQLrp Do) o

Y(n.<0y D} JnCltyndui) v v
The result of z fby y at a node n. at an identifier 7 returns a sequence of values:

T (1,€0ut3 0> i) F(ne€Out 10D i) €Lty D oi) Y(n<2ut 1> ui) o< - = @t 7 and i, The formal

semantics of fby is defined as follows.

Definition 3.28 The operator fby denotcs a function
foy: ID x ID — ID

defined by:

- Iy 3 to=20
fby' - )\Iky)\(n. <tgatyenn. D '.). (n.<0.L o> d) 0

Yin.<to=1.13....0.1} to>0

In order to switch context in the multitime dimensiot. we define two more time switch-
ing operators in IFADL, branch. and contemp. <
The unary operator branch is the combination of Lucid operators active and current

(branch z = current active z ). The formal semantics of branch is defined as follows.

Definition 3.29 The operator branch denotes a function
branch: ID — ID

defined by: .

- ~

branch = ATA(n. < to-t1taee oo >o7). Tinict; ta> i)

Informally, considering z to be a data stream in time dimension 0

W

ol

T =< I0-L1.T2.... 20

-

N
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branch z returns a new data stream z' in time dimension 1
' =<< T0 L0 TOv - D0+ T1eT1eTT0e o= 20K T2 22 T30 0 D0nv s 21

where the value of z’ at each time point 7 in time dimension 1 is a constant data stream

of z; in time dimension 0.

The formal semantics of the unary operator contemp is defined as follows.
Definition 3.30 The operator contemp dcnolcs a function
contemp: ID — D

defined by:
Contemp - AzA(n- < 10. fi- “en >. ;). I["-<:D':00‘20~0~>-i]
The operator conlemp can also be understood in terms of double streams. Informally

speaking, it collapses a double sequence into a single strcam by diagonalization. Consid-

ering z to be a double stream in time dimension 1 {outer) and 0 (inner)
T =<< ao,(z;.ag.... >0-< 0o by 0o . Dp. < €C0-ClaCliece D0ures ]
The operation contemp z reduces z into a single data stream in time dimension 0

< ag.by.ca....>p.

3.4.3 Identifier Switching Operators

To manipulate aggregate values in the identifier dimen:;ibn, TFADL defines one indexical
variable idindexr and one primitive indexical oberator_nti. | .

At a context (n,t,1), the value of idindex is thé identitier index , whichis a character
string. The formal semantics of idindez is defined as follows.
Definition 3.31 The indexical variable idindex .=

idindez: 1D
is defined byé' »

idinder = Mn.t.i).i

R

oo
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The binary identifier switching operator ati {for at identifier) switches context from an
identifier point to another in the identifier dimension. At a context {n,{.7), the operator
z ati y switches to the context whose identifier point is the same as the value of y at the
current context and returns the value of x at that context. The formal semantics of ati is

deftned as follows.
Definition 3.32 The operator ati denoles a function
ati: ID x ID — ID

defined by:

ati = Ar Ay Mn.li). zoe

where i = Y(n14)-

The function of the operator at? can be thought as sclecting an clement {from a symbol
table.

3.5 Non-primitive Indexical Operators

In the following, using the above defined primitive indexical operators, we also define
several non-primitive indexical operators in IFADL. which we will use in later chapters.
We first define four non-primitive node switching operators atn. isroot, ischild, and

sibling. o : :

IR

Given two intension's z and n where 7 has list type and is constant in 7, the binary.
node switching operator z atn n switches context f; rom any node to the node whose index
is-equal to n. The operaior returns the value of z at n. atn does not switch context. in
the time dimension or the identificr dimension. The following is the definition of atn in

terms of the primitive node s\vitching operators.

x atn n = root move(x, n)’
~  wherxe '
move(x, n) = if n. eq nil then x . ‘
’ ' else child(move(x, nolast(nl)), last(n)) fi; .
end;
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Note that the constancy requirement for # is to guarantee that the level-by-level con-
text switching on the tree always refers to the same node n.

To complete, we also give the formal semantics of atn.

atn: ID x TN — [D
where TN=T xuw¥“xIT —T.

atn = ArAyA(n.d.d). 200

where »’ = y, 1.4

When n is constant in the tree dimension. the expression z afn n has the same value
at every node at some time and identifier points: it is cqual to z's valuc at node n at the
times and identifier. In other words. if n is constant in 7. so is z atn n.

Using the primitive node switching operators, we can also define the following non-

primitive indexical operators.

isroot = index eq [ ]:
ischild(k) = -hend(imle:r) eq k:
stbling(z. k) = parent child(z.k):

The binary operator sibling switches context from a node to one of its sibling node
and returns the value of z at that node. Given two nodes n.m € T where m is n’s parent
: node, an intension»z, and an integer &, siB]ing(z, k) returns the value of z at m’s kt* child
node. ) ‘

_In the following, we define a non-primitive time switchi‘ng._ opcr—ator asa: Given two
intensions z and ‘y, at time points ¢t =< g.%;,... >. the binary time switching operator |
z asa y switches context to the time pbint t' =< 15,1, ... > at which y has the ﬁpst true
-value since the initial time (time 0) in the time-dimension 0. The operator returns ti/tg
value of z at ¥, or L if there is no St_lch . asa does not swit:ch context in the tree a.nd h
identifier dimensions. The folldwing is the definition of asa in terms of the primitive time

swii:chﬁng operators.
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x asa y = if first y
then first x

else ((next x) asa (next y));

To complete, we also give the formal semantics of asa.

asa: ID x IB — ID

where IB = 7 x w¥ X I — {truc. false. cod}. .
asa = AZAYA(n. < gty DU
Tinctytrondd) 3 €& Yin<thity )
1 otherwise
where
16 = min{!g €| y(n.(!g.tl...).i)}

A given boolean expression with value over 7 may have a tree shape at a given time
and identifier point. Sometimes we need to know whether the expression’s value is true
at cach point on the tree shape. In the following. we define a special indexical operator
globally. The operator returns frue if the value of its argument x is truc at cach point on
the tree shape. Otherwise the operator returns false. It is defined in terms of the primitive
_node switching operators.

globally(x) = (x eq true) and
child(((x eq eod) or (globally(x) eq true)) and
((nextsib(x) eq eod) or (globally(nextsib(x)) eq true)),-0);

Using operator globally, we can definc a node-time switching operator tasa (for tree .

as soon as) which switches context in the tree dimension and time dimension. Given
intensions z and y, where we consider y as a sequence of boolean-valued trees, the binary
operator z tasa y returns the value of x at cach node at the time at which y first time
has true value at every node on its own tree shape. Externally tasa 6n1y switches cdpte:&t
in the time;aimension, but internally it also switches context in the tree dimension to
.aggregate local conditions at nodes. '

The operator tasa can be defined as =

(&)
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X tasa p = x asa globally p

Notice that tase actually defines a “local™ global termination coundition for each subtree
of an index trec.

Finally, we define a node-identifier switching operator agg (for eggregate). Given an
intension z, an identifier intension id that is constant in the identifier dimension, and an
intension y that gives a tree shape. at context (».2.7) where n is in the index tree Ty(t.),
the function agg(z,id.y) scans the subtree rooted by n in the depth-first order. It returns
the value of z at context(n’.1.{) where n’ is the first node encountered in the search such
that at context(n’. 1, 1) the identificr point 7 is equal to the value of 7d at the same context.

The agg is a function with type
egg: ID x LEX xID — ID

where LEX =T xw¥ x T — X, aggis defined by the primitive indexical operators as

follows.

agg(x, id, tree) = element

where

element = if iseod(traee) then eod
elseif idindex eq id then &«
elseif not iseod(k) then Xk
else child(element, head(index)+1)
£i
where ;

k = child(element,0);

end; :

end;

The formal indexical semantics of agg is

N Ty I € Ty(natid) idp ey =7
agg = Az Xid Ay, My ty0). 4 “red I € Tlma) iy =
L otherwise
where _

n' = min{n”»_e Ty(n.1.d) | i gy = 1}

where min is based on the ordering of nodes in 7 defined in Definition 3.2.
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At a node on the index tree of Ty,... the value of an intension defined by agg(z. id,
trec} can be thought as a symbol table. where id denotes a table entry, = denotes the

information for each entry. and tree denotes the domain of the aggregation.

3.6 Denotational Semantics of IFADL

To define denotational semantics of IFADL. we first define the environment of IFADL.
The environment cnrin IFADL is defined as
env: Env = V' — U(ID" — ID)
ACw
where V is the set of variable symbols in the program.

The semantic function [ ] from expressions to their values has the type
Exp — Env — 1D

In the following denotational semantics. 8; is an #-ary pointwise operator. For simplic-
ity, we assume that all user-defined functions are unary.
[< constant >} env = A(n,1.9). L, (< constant >)
[< identifier >] env = A(n,1.1). env(< identifier >)(n.1,7)
[6: < exp >]env = A(n,1.3). iy qi(6)([< exp >] env) (n.1,4)
[<exp; > 802 < exp, >] env =
A, 1,3). Liea g1(82)(([< exp; >] env) ([< expy >]env)) (n,1,7)
[if <expy> then .< exp; > else < exp, > fif env =
A(n,1,3). if [< expg >] env (n,1.7)
ther {< exp; >] env (n.1.1)
else [< exp, >] env (n,L.4)
fcase -< expg > of < consiantl, >...< constant;, >:< e.;:pl >ieaa3
- < comstanty, > ... < comnstanty, >:< expg >3...53
.default < exp S; end] env =
A(n, 1, 2)if f< expg > env(n.1.7) = Lpga1(< constant;, >) - _
then [< exp; >] env (n.t.7)
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clse [< exp >] env (n.1.7)
[index] env = A(n,t.i).n
froot <exp >]env = A(n.t.7). [< exp >] env ([ ].2.7)
[parent <exp >]env = A(n,t.i). [< exp >] env (upnode(n).t.7)
[] ifa =[]

tail(n) otherwise
[rextsib < exp >] env = A(n,t.7). [< exp >] env (nextnode{n).t,3)

where upnode(n) =

where nextnode(n} = cons(head(n)+1. tail(n))
[child( < exp; > < exp, >)] env =

Aln,t,7). [< expy >] env (cons{([< exp,y >] env (n.t.8)). ). 1.7)
[first < ezp>}env =A< tpty....>.0). [<exp >] env (n.< 0. f1.... >, %)
fnext <exp >jenv =A(n, <ty .. D) [<exp D)env (< tg + 1 t.. 0. >, 1)
[<exp; > fby <exp, >jenv =
A< to, b1 1) [<exp; 3] env (n.< 0100 >00) t=0

[<expy>]env(n.<tp=1,4....>.4) t>0

foranch <exp>]env = An.<to.dy.... >0 [< cap >] env (0, <ty t2, ... >, 1)

fcontemp < exp >] env = An.< foutiee.. > ).
[< ezp >] env -(n. < 1. to.t.:‘,‘. o>u0)
fidindex] env = X(n,t,7).7
[<exp; > ati <exp,>jenv = ,
A(n,t,1).[< exp, >] env (n.t.([< expy >] env (n.L.4)))
where p =< exp > env.
[< identifier > < exp >] env = | : s
: A(ri; t,1). (< identifier >] env)([< exp >] env)) (n,1,1)

- [< exp > where...; f; =< exp; >5.. 3 f7(x) =< exp; >i...5end] env =

A(n,t, ). [< exp >] env’ (n.‘.f., 1)
where env’ = i [<exp; > env'/fi ... Az.[< exp; >] env'/f; .. ] env.

In the above semantic definitions, the nota@ion [r/zjenv denotes an environment in

Env just like env except that for the variable symbol z it returns the intension 2. _"\.4‘

In the next chapter, we describe how to use IFADL for prograrrfnﬁng.
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Chapter 4

Programming in IFADL

In this Chapter, we trcat IFADL as an independent indexical functional langnage and
show how to program in IFADL, through examples. Since the identifier dimension and
its associated context switching operators are specially designed for expressing aggregate
attributes, we will leave the discussion about how to program in the identifier dimension

EN
to later chapters. =

4.1 Pointwise Operations

An TFADL program is an IFADL expression. An IFADL expression without indexical
opcra:tors performs the same operations at all points in the context space . The dimen-
sionality of a program without indexical operators depends only on the dimensionality
of its input data. The following are two examples of IFADL expressions which specify
algorithms which operate on trees. |

We are given two input variables, A and B, which are constant in the multitime
dimension w* and identifier dimension Z. Lot the values of A and B have tree shapes Ty
and Tg shown in Figure 4.1, that it follows from the semantics given in chapter 3.

The value of the IFADL expression | .

’A+BV

has the shape of the intersection of tree T and tree F'g. That is, the expression A +B
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Figure .12 The values of 4 and

. has a tren shape which is a subtrec of Ty and Th. For example. given two variables A and
B which have the input values shown in Figure -1, the output of the expression A + B is
an indextree which is the intersection of 7’3 and Ty.

Since A and B both have non-ecod values at the uode [ . when the value of A + B is
demanded, the IFADL interpreter performs an addition operation and returns the value
3 at []. Similarly, the expression o1 + B will have values 7 and 13 at the nodes [0] and
[1], respectively. At the nodes [0.0] and [0.1]. since one of the operands has an eod value,
according to the semantics of +. the expression A + 12 will liwve eod values at both of the
nodes. Since A and B have cod values at the rest of the nodes in 7. the results of A+ B
will be cod at these nodes if their values are ;[cmamled. The result of the expression A+ B

for the given inputs of A and B is shown in Figure 1.2,

. ’ Figure -.2: The value of A + B

For the same inputs of A and B, the lollowing expression has the tree shape of the -
union of tree T4 and tree Tg, with the sum of the values of A and B a1 cach common
node. '

- ~ if (not iseod(A)) and (not iseod(B)) thenjA_ +B
: - elseif (not iseod(A)) then A

‘alse B fi. . - . g K T B s

The operation + is only performed at the nodes on which-both 4 and B have non-eod

values. For the nodes on which there is only one non-eod value, the expression at the * -
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nodes will simply be a copy of the non-end value. The result of the above expression is

shown in Figure 4.3.

Figure 1.3: The union-tree version of A+ B

4.2 Expressing Algorithms Operating on Trees

Using indexical operators. algorithms which operate on rrees can be expressed in IFADL.
In the following. we give three program cxamples which use node switching operators.
The first program builds a binary search tree from a given list of integers. The program
is an expression. The expression is defined at all the nodes in 7. At the root node. the
program reads the input list and keeps the first clement of the list at the root node. The
progranl also divides the list into two sublists /ess and greater. The sublist less contains
all the elements in the list which are smaller than or equal o the first element. The sublist
greater contains all the elements in the list which are greater than the first clement. At
the remaining nodes. if 2 node is its parent’s first child. it will get the less list from its
parent node if less is not an empty list. If a node is its parent’s second child. it will get
the greater list from its parent node if greater is not an empty list. The nodes which are
‘the first or second child of their parent will perform the same operation as they performed
at the root node. If node is neither first child nor second child. it will %et an eod as its’
»inpt-xt. After the e\'a.luation._ the exprcssidn has a tree shape. which is 2 binary search tree.
In the prc;gra.'m. we define two variables bstree and partial-list. The value of partial-list
at the root node is the input list. The value 61‘ partial-list at a left or riéht child node is 5.
sublist of its parent’s partial list that contains those elements smaller or greéter than the

head of the partial list at its parent node. The value of bstree at cach node is the head of

~
~~
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the partial list at that node.

Example 4.1 (Binary search tree)

bstree
where

bstree = if partial-list eg nil then ecd
b

‘o
i
[
-
I
(]
(¥
0
ot
n
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| 22
0
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o
ct
o
o
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39
'y
[
ct
]
-
§
7]
ct

seif parant partiai~list ec ail then ail
eif islchild then less{parent bsiree,
tail(parent partial-list))
elseif isrchild then greater(pareut bstree,
tail(parent partial-list))

else nil £i;

n

*less(x, list) = if list eq nil then nil

elseif x >= head(lisz)
then cons(head{list), less{x, tail(list)))
else less(x, tail(list)) £i;

greater(x, list) = if list eg nil then nil
elseif x < head(list) then cons(head(list),
greater(x, tail(lisz)))

e else greater(x, tail(list)) Ii;
islchild = ischild(0)
isrchild = ischild(1)

end.

Figure 4.4 shows the binary search tree with the value of partial-list at each node.
when input-list = {527 369 8 1 4]. The values of bstree are shown inside each node and
pl means partial-list.

By adding a definition. we can easily convert the above program into a quicksort

program. The following is the modified code.’
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[

12527369814
P )

pI=[7698]

pl=(3 4] {110] PRl o

pl=13] pi=I8]

Figure 4.4: The biiary search tree for input list [527369814]

Example 4.2 (Quicksort)

root sorted-list

where :

bstree = if partial-list eq nil then eod
else head(partial-list) £i;

partial-list = if isroot then input-list
elseif parent partial-list eq nil then nil
elseif islchild then less(parent bstree,
tail(parent partial-list))
elseif isrchild then greater(parent bstree,
tail(parent partial-list))
else nil fi; '

sorted-list = if iseod{bstree) then nil .
else append(lchild(sorted-list),
cons(bstree, rchild(sorted-list))) fi;

less{(x, list) = if list eq nil then nil
elseif x >= head(list)
then cons(head(list), less(x, tail(list))) ' s
- else less(x, tail(list)) £i;

greater(x, list) = if list eq nil then nil
elseif x < head(list) then cons(head{list), :
grea.._ter(x, tail(list))) T

~
o~

#
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else greater(x, tail(list}) £i;

islchild = ischild(0)

isrchild = ischild(1)

1child(x) = child(x, 0);

rchild(x) = child(x, 1);
end. '

The above programs built birary scarch trees from inputs. We can also define an
IFADL program on a given tree. The following example evaluates the decimal value of
the binary number *10.017. The program is defined on the index tree {(Figure 3.1) which
corresponds to the parse tree of the binary string ~10.017. The variables in the program
can be understood as the attributes defined in-Example 2.1 in C haptcr The decimal

value of “10.01% is the value of the variable value at the root node.
Example 4.3 (Binary string;
root value

where
value

case index of
d: child(value, 0) + child(value, 2);
[0],[2}: child(value, 0) + child(value, 1);
£0 0],[0 2]: child(value, 0); . e
1 21,00 0 0]: 2 ** scale; _-‘ ~x
fo 23,[0 0 2]: 0O;
defzult: eod;
end;
case index of
[ol: o; . ,
[13: -1; ‘
-[0 0]: (parent scale) + 1;
[ 2],[0 0 0]: parent scale;
z . default: eod; .
: end; . -
lengtk-= case index of
23 child(length, 0) +1; : : : -
[023: 1; S |
< default: eod; )
end; ' _ . : N

scale

"

¢?
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The above program is not ecasy to understand since there arc many indices in the case
expressions. In the next two chapters. we will see how the problem can be solved by using

TFADL to define attributes in indexical attribute grammars.

4.3 Expressing Iterative Algorithms Operating on Trees

We can express iterative algorithms on trees in IFADL using the multitime dimension to
define sequences of trees. If an IFADI. variable is sensitive to time, or it is a temporal
variable, then the variable is not a constant over the multitime dimension. In this case,
the variable at different time points may have different values. The values of the variable
may form a tree shape at a particular time point. Ve can consider an intension in IFADL
as a ~equence of trees indexed by time points!

Given an iterative algorithm, we let each iteration step correspond to a time point
in the first time dimension; the initial step corresponds to time 0. Nete that here we
onl?‘“c‘onsider_ the ﬁr§p time dimension and assume that in all other time dimensions the
intension is constam;. At the initla_l: iteration step. we define an initial tree. At each of
the following steps, a new tree is defined. according to the algorithm, in terms of the trees
defined at previous steps (time points). The itcration ends at a time point at which the
current tree satisfies the termination condition described in fhe algorithm. The final value
of the xtera.txon is the tree ot the endmg time point. ' ” _ -

For example, Fxgure 4.5 shows a graph and a recursive algorxthm for calculatmg the
valnes on the nodes of the graph [WJss]. The evaluanon starts by giving an initial value
to each node, and- termma,tes when all the values of g.a,¥, and ¢ become sta.ble.

- The above problem can be easd\ translated into an IF. \DL program. Fll‘St we deﬁne,

the graph as a tree with four nodes (Figure 4.6). The node g is the root node indexed by

[] of the tree g has three children a. b, and ¢ mde\ed by [1]. [2} and [3l, respectwely." )

" The foilowmg IFADL program specifies the recursive data dependency among the nodes. .

of the tree. The termmatxon condition is also <pec:f' cd e\phmti) in the program.

¢!



CHAPTER 4. PROGRAMMING IN IFADL

S g=(c+20)/2

s a=g-10

Q: §@, _____ ,.Q b=10-g

. . c=a-b

- -
- -

Figure 4.6: A trec-structured circular dependency graph

Example 4.4

root (a asa ending)
where
a2 = case index of
£ 1: init fby (child(a, 2) +20)/2;
[0]: init fby ((parent 2) - 10);
[11: init fby (10 - parent a);
[2]: init fby (s1b1mg(a, 0y - sibling(a, 1));
default: eod;
end;

_ ending = p ata 0 and p atn [0} and P atn [13 a.nd P atn [21.

- vhere P = 2 eq next a, S
- E "'-":{; . e.nd. b P - i
- ~~\ R 1In the abdvc’progf'am, thc"va.ﬁalﬂc‘d defined at rodes ). (0], {1}, and-[2] is constant

-in the 1dentxﬁer dimension. At thme nodc<. ais cxrcu]arly deﬁncd if the time dlmensxon

is 1gnored and there are no mntxal values for a at the nodes. B\ usmg the above xteratwe

_: =
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algorithm, based on given initial values. the fixed-point solution for a can bz found. The
termination condition of the iteration in the program is explicitly expressed by the defi-
nition of the variable ending. The semantics of the program is the value of a at the time
point at which a has the stable value at cach node in the tree. Table 4.1 shows the value
of a at each node n at time points 0 and 1 when the input variable init has value 20 at

the root node.

time

0 1
epp 20 20
(l[o] 10 10
d[l] ‘10 - 10

ap 20 20
Table 1.1: Values at iterations )

In the above program. we define the termination of the iteration in a rather ad hoc
way. In general, there are two kinds of termination conditions in iterative algorithms. One
kind is the so called localtermination conditions. Given a set of elements. such as nodes on
a tree, the termination of an iteration at a node only depends on the current and previous
values at the local node and is independent of values of other nodes. In expressing a local

- termination condition, we can use the operator = asa p where the value of p at 2 node
is 2 sequence of boolean values that is defined locally. by values of other variables at the
same node. In other words, p may have different value sequences at different nodes. For
.example, in the above program. a local termination condition can be simply defined as (a
eq nezt ). ' : )

In many cases, however. a local termination condition is not sufficient. The termination

of a,n iteration may dep_end on the global stability of all the elements concerned,v which we |

call a global termination condition. In our case. it is the sta};ili:?%?ihe affected values at
all the nodes in a tree. A global termination condition is usually an aggregate value formed
from values at various nodes. For example. in the above program, the global termination

< condition is expressed by the definition of the variakie ending.
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In the following. we rewrite the program in Example 4.4 using the tempora: operator
tasa. It defines that a has the final value at the root. when at every node on the tree the
two consecutive values of a in the time dimension are the same.

root (a tasa (a eg next 2))
where
a = case index of
O: init foy ((child(z, 2) + 20)/2);
[0]: init fby ((parent a) - 10);
[1]: init fby (10 - parent a);
[2}: init fby (sibling(a, 0) - sidbling(a, 1));
defanlt: eod;
end;
end.

4.4 Evaluation of IFADI Expressions

The semantics of IFADL expressions are defined over the infinite context space C. However,
it is impossible to evaluate an expression at all contexts in C. Actually. what we are
really concerned with are those contexts at which the expression has a non-eod value. In
other words, the evaluation fc;r an expression will only be performed on the shape of the
expression at the relevant time and identifier points.

As we explained in 3.2. an expression may not have a tree shape. For example. the

shape of variable A in Figure 4.7 is not a tree shape. since the value of @ at node [1,1] has

an eod value.

Figufe 4.7 A non-tree shape example

One possibility is to assume the expression has a tree shape which is a subset of its
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full shape. For example, if we exclude the value of a at node [2.1], the rest of the values
of a form a tree shape. It is obvious that we lost some information about variable a, but
it makes the evaluation for a possible. Since the context space € is infinite, the evaluation
must have some kind of evaluation order on . No matter whether the depth-first or the
breadth-first evaluation order is used, after we find an cod value when we search child nodes
or stbling nodes, thelwaluation has to be stopped in that directicn, since we cannot be sure
that there are any more non-eod values at tll;r contexts in that direction. Therefore, only

the values at the contexts which form the tree shape of the expression will be evaluated.

In the next chapter, we will formally define indexical attribute grammars in which we

use TFADL to define attributes. : .

/

L3

W™
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Chapter 5

THE DEFINITION OF TAG

In this chapter, we show how IFADL expressions can be used to specify attrib{x'w definition
rules in attribute grammars. The semantics of attributes defined by IFADL expressions
can be interpreted by the indexical vscmam.ics of IFADL. We call such attribute grammars
indezical attribute grammars.
S

5.1 The Definition j

Ny
To specify attributes in attribute grammars as IFADL variables, we need to give attribute

occurrences a new form. In the following we first redefine attribute occurrences.

Definition 5.1 (Attribute Occurrence) Given an atiribute grammar ((T,N,S,P), A,
D_), and @ production p € P of the form p : X — toXot1 X112 . .t,-1 X5 110, where
Xi (0 £ i < n,) are non-terminal symbols and 1; (0 < i < n,) are terminal symbols. An

" occurrence o of an attribute-\syfnbol a € A together with a grammar symbol X in p is

a wheri a is with X

- ' a$i  when a is with X;

mhef'é-dgi<n,. . : -t

Definition 5.2 (Indexical Attribute Grammar) An indexical attribute grammarisa
5-tuple IAG = (G, A, E, GD, LD): ’
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G is a conlext-free grammar G = (T. N. S. P).
A ts e set of attribute symbols.

E is an IFADL expression in which only attributc symbols in A can appear as free
variables. The value of E for a given parsc tree denotes the semantics of the parse

tree.

GD is a set of attribute definition rules (the “global”™ dcfinitions). An attribute
definition rule in GD is an IFADL definition a = exp where a € A is an atlribute
symbol and exp is an IFADL expression in which only nltﬁbdi}*symbols in A can

appear as free variables. Fach attribute symbol tn A can have at most one definition

in GD.

LD = {LDp},ep is an indezed family of scis of aliribute definition rules. where each
LD, is a set of attribule rlcj‘?ni!ions Jor a subsct of the attribute occurrences (defined
in 5.1) associated with production p € P. An attribute dcfinition rule in LD, is an
IFADL definition o = exp where o is an altributc occurrence associaled with p and
exp is an IFADL expression in which only allribute symbols in A can appear as free

variebles. Each of the attribule occurrences associated with p can have at most one

definition in LD,.

The following is an example of an IAG. Here the meaning of the example is not

significant, we use it to show how an attribute grammar is defined in IAG.

root child(b, 0)

YA A i -
a=35; ' N
Ry

‘X =>YZ

a = child(a, 0) + child(a, 1);
b$0 = parent a; >

Unlike conventional attribute grammars. the attribute value which denotes the seman-

tics of a language sentence does not have to be restricted to the root node of the parse
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tree which represents the sentence. Using indexical operators, we can refer to any values
in 2 parse tree as the samantics of the language sentence represented by the parse tree.
In the above example, according 10 the defining expression root child(b, 0), the
semantics of a language sentence defined by the above grammar is the value of b at node
.[0] in the corresponding parse tree. The IAG has one global definition for attribute 2
which is 2 = S. The global definition defines the value of a to be 5 at all the nodes in a
parse tree generated by the IAG unless it is overridden by the local deftnitions for a. The
first local definition 2 = child(a, O) + child{a, 1) says that the value of attribute a
at a node labeled by X is equal to the sum of its values at its first child and second child
nodes. In the sccond local definition S0 = parent a, the bSO at the left hand side of
the definition denotes an attribute occurrence. The definition defires the value of b at the
nodes labeled by Y to be the value of 2 at the current node’s parent node. Let us consider
a parse tree with only three nodes labeled by X, Y and Z. Figure 5.1 shows the values of

a on the parse tree.

ax=3 a=5
222 @ @
Figure 5.01: A parse tree with attribute values

In this dissertation and without any loss of generality, we associate attributes only with
non-terminal grammar symbois. Therefore, for a given parse tree, we are only interested
in those nodes that are labeled by production rules. For simplicity,'in the following
deécriptions, we remove.all the leal nodes that are labeled by terminal grammar symbols
in parse trees, and refer to parse trces'ix; the simplified version.

A conventional pafsetree 7 is a labeled tree structure. The root node of 7 is labeled
by a production rule p whose left hand side is the start symbol § of G. The non-leaf nodes
in 7 are labeled by production rtles and the leafl nodes are labeled by terminal symbols.
If 2 non-leaf node of # is labeled by a production p: X — t6Xot1 X112+ - -tn,—1Xn,-1tn,,

- -
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the node has n, child nodes. If its i** child node is also a non-leaf node, the #*h child node
is labeled by a production p’ in which X; is the left hand side grammar symbol of /. If
its i*? child node is a leaf node. the i** child node is labeled by the grammar symbol X;.

As we described in 3.2, a parse tree 7 corresponds 1o an index tree 7. € 7.

Definition 5.3 (Production-tree) The production tree P, of a parse tree = generated

by an IAG is an intension

p,-: T-‘[)_

vhere Py = P+ {eod} is the extended domain of production rules P € G in the IAG with
the special value cod.

P. ts defined by

P pis the production attached to the node of = corresponding to n

Pe(n) =
eod n does not correspond to a node of
Definition 5.4 (Attribute occurrence definition tree (3) Giren 1 parse tree & gen-

erated by an [AG, O is the intension

~

O,—_: T""LD.,

is defined by
Ou(n) = LDp_(n) P=(n)# eod
eord otheririse

The attribute occurrence definition tree Q. for a given parse tree 7 is an intension,
that is, the value of O, at a node n € 7 is the set of attribute occurrence definitions
associated with éhe production p € P in the attribute grammar, where p is the value of P
at the same node n. In other words. we can also think that the attribute definition rules
in IAG are “distributed” to each node in a parse tree. If a node in a parse tree is labeled
by production p, the node has attached to it aset of attribute occurrence definition rules
which are the attribute definition rules associated with p in the attribute grammar,

In a production rule p, we can give definitions of attributes associated both with the

left and with the right hand side of grammar symbols in p. Therefore, for a given parse
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tree, the definitions of attributes at a particular node may be associated with different
production rules. For example. for a purse tree generated by the following fragment of an
attribute grammar, the defiuitions for attributes ¢ and b at a node labeled by the grammar

symbol B come {rom production rules pl and p2 respectively.

(I4AG version) {Converntional version)
pi: A->BC pi: 4 ->BC
as0 = sibling(a, 1); B.a = C.a;
p2: B> D p2: B ->D
b = chilé(b, 0); B.b = D.b;

Figure 5.2 shows the values of attributes 2 and B on a parse tree with four nodes
labeled by 4, B, C. and D. The dashed lines indicate the data dependencies among the

attribute values on the parse tree.

7

= Figure 5.2: Dependencies without conflicts

It is possible that an attribute at 4 node in a parse tree has more than one definition.
For example, the following atiribute granunar {ragment gives two definitions to ¢ at a
node labeled by a grammar symbol B in a parse tree (Figure 5.3). In this case, we say

that the definition for a is tuconsistent,

4
=

(IAG version) {Conventional version)

pi: A > BC pi: A > EC
aS0 = parent a; © B.a = A.a;

p2: B => D p2: B -> D~

a = child(a, 0); B.a = D.a;

Definition 5.5 (Consistency of O) Given a parse tree ™ generated by an IAG and pro-

duction tree P., O is consistent if and only if

Vn € To~(3e € A (3a. czp) € O:(n) A 3((a,i}, ezp) € O(lail(n)) A head(n) = i)}
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Figure 5.3t Dependencies with conflicts

In indexical attribute grinmmars, the delinitions of attributes are not limited by locality
as they are in conventional attribute granunars. Qu a parse tree, attribute definitions can
directly access attribute vaines at nodes on other parts of the tree thisugh IFADL node

swilching operators, For exinple. the following attribute definition
a =root b

at a node n of & parse tree, defines the attribute «-at node » to have the value of the
attribute & at the root node of the tree.

In convcut.iémnl attribute grammars, there are usually many identical attribute defini-
tion rules associatédwith differvit productions. If these duplicate definition reles could
Le replaced by o single definition. attribute granmmars would look much simpler. Since
attributes in Indexical attribute grammars are intensions over the tree dimension 7, it =
should be possible to define atiributes by global delinitions. -

The global definition of au attribute a is an expression valid at all the nodes of all
the possible parse trees generated from the IAG, If an attribute has a global definition, it
means that at any node of a parse tree, the attribute has the same definition, although
its value at different nodes wmay be different, ‘For example. a global attribute definition

a= ch»‘fi’&(b, 0) + child(b, 1)

N
says that for a given Piirse tree =, the value of . at any node u € Ty, is the sum of the
values of b at s first and sccond child nodes. The attribute a may have dimensionality
since its value may differ :xtrdiffcz'cm. nodes on Tp, if b's value has dimensionality on Ty
An attribute delined by a global definition may also be constant. For example, agioba.l

attiribute delinition
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a = root env

defines that the attribute ¢ has the same value at all the nodes of T2 as the value of the
attribute env at the root node.

To evaluate an attribute at a node, we first need to find the definition for the attribute
at that node. The local definition of an attribute at a node at a given parse tree x
may be associated with either the same node or the parent node in the corresponding
attribute occurrence definition tree (.. Also. in some attribute geummars, an attribute
may have the sane definition at all but few nodes of o parse tree, We may still define
such attributes using global definitions, and meanwhile keep the local definitions for the
exceptional nodes. When an attribute has both global and local definitions at a nodc;
the local definition of the attribute overrides its global definition. The lollowing definition

formalizes this convention.

Definition 5.6 (Attribute definition tree D) Given a parsc tree = generated by an

IAG whose O is consistent, Dy, is an intension
Dot T — (A= Fap ).

where Exp is the sct of all IFADI, cxpressions with attvibule symbols in A as free variables.
D, is defincd by
Do(n) = da. exp

where

erp’ = if ((a,exp) € Op(n)) or (v # [ ) and ({(aShcad(n). cxp) € O (1ail(n)))
then cxp
clse if ((a = czp) € GD) then cop - .

else eod

Given a parse tree 7, the corresponding intension D specifies the definitions of at-
tributes on 7. The value of D, at a node n on 7 is the set of the definitions of attributes

at n. Each of the definitions defines the value of an attribute symbol at n.



\

I

CHAPTER 5. THE DEFINITION QF IAG 69

For a parse tree, the defining expression £ in IAG denotes the semantics of the cor-
responding language string. By indexical semantics, the value of £ is not a single value,
it may have different value at different nodes on the tree. In this case, E’s value has

dimensionality. “We can also consider that E has a single value. however, if its value has

““constancy, that is, it has the same value at every node.

5.2 Syntax of Indexical Attribute Grammars

An indexical attribute grammar has three parts. The first part is the expression £ which
defines the semantics of 2 langunage string generated from the grammar. The second part
is a set of global attribute definitions GD. The third part is the context grammar G with

local attribute definitions LD. The- follewing is simplified syntax of indexical attribute

grammars.
iag — resull global.def local def
- result — erpression
globaldef = — definition_list
localdef =~  — production_def local.def —
| production_def
production.def — production definition_list
production — nonlcrminal * — ™ symbols _
symbols — symbol symbols  ~ » s
symbol ~ — terminal g
| nonterminal : . RN
definition_list — dcfinition definition_list
definition — atlr.occur ¥ =7 expression
altr.occur — altribute_symbol

] at!rlbufc_s ymbol “9 num

—~

In the above sy nta..\. expression and num are dcuncd in tl\e sbntu.\ of IFADL The

fol]owmg exainple shows what an indexical attribute grammar look.s like.

o i

Example 5.1

il

7
S
)

% the defining expression E. _
(root zero) div (root ome) ) : - S

% the context-free gramiar and local definition

l
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A->BA
zero = child(zero, 0) + child(zero, 1);
one = child{one, 0) + child{one, 1);
| B
zero = child(zero, 0);
one = child(one, 0);

B -> ‘1

In the above context-free grammar. there are two nonterminals N = {4,B} and
two terminals T = {‘1°, ‘0"}. The scutences in the defined language are sequences of
characters ‘1’ and ‘0. There are two attribute symbols zero and one. In the example, all
the definitions of attributes are associated with the left hand side grammar syrmbols of
the productions. For a string of the language, the value of the attribute zero at a node n
in the corresponding parse tree specifies the total number of leaf nodes which are labeled
by character ‘0’ in the subtree rooted at n. :The valuc of the attribute one at a node n

specifies the total number of leaf nodes which are labeled by character "1’ in the subtree

- rooted at =n.

The expression E = (root zero) div (oot oﬁe) denotes the semantics of the language
sentences. The semantics of a given sentence is the value Qf the attribute zero at the root
node divided by the value of the attri-ute one also at the root node of the corresponding
parse tree. It is the ratio between the numbers of ‘0" and ‘1" in the sentence. For example,

if the sentence is “0011”, then E has value

"

E = (zxoot zero) div (root one)
z div 2 -. )

. =1 - I

¢
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5.3 Denotational Semantics of Indexical Attribute Gram-
mars
An IAG defines the syntax and semantics of a language L{IAG). The syntax of a sentence

(or a string) s of L(IAG) is defined by the context-free grammar componeant G of IAG; its

structure is represented by a parse tree = generated from G. The semantics of the parse

- tree 7, hence of the sentence s, is the value of the defining expression E of IAG. The value

of E depends on attribute values attached to the index tree T corresponding to =.
Attribute definitions of a finite parse tree = generated from an IAG directly correspond

to an IFADL program. By a finite tree we mean that the tree has a finite number of nodes.

Given a finite parse tree =, the attribute definition tree D.. and the defining expression

E, the corresponding IFADL program PT can be constructed as follows.

e E in the IAG is the subject of PT.

¢ In the where clause of PT, we define cach attribute symbol a € 4 of the IAG by a
case expression on the indexical variable indez. In the expression. a is defined by

Dz(n)(a) for each index n € T-.

In gené;f.l—,:we can conclude the following. For all languages defined by indexical at-
tribute grammars, the semantics of their finite sentences can be defined by the denota,tional
semantics of their corresponding IFADL programs. For example, Example 5.2 is the cor-
responding IFADL:progr:im of the parse tree of string “00117 generated by tl;e indexiéalr

attribute grammar defined in Ex:implc 5.1,

Example 5.2

Z4
B

(root zero) div (root one)

where :
2ero = case index of
O: child(zero, 0) + child(zero, 1);
{ol: 1;

[1]: child(zero, 0) + child(zero, 1);
[0 03: eod; ‘ )
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(0 1]: t;

[1 1]: child(zere, 0) + child{(zero, 1};

[0 0 1]: ecd;

[0 1 1]: 0;

(1 1 1]: child(zero, 0); C T
[0011]: eod; ' o
[01113]:0;

[00111]: eod;

default: eod;

one = case index of
“ [: child(cne, 0) + child(one, 1);

fol: o;
[1]: child(one, 0) + child{one, 1);
[0 0]: eoqd;
[0 1]: o0;
[1 1]: ckild{one, 0) + child(one, 1);
[0 0 1]: eod;
[011]: 1;
[1 1 1]: child{one, Q);
[00 1 1]: eod;
[0111]: 1;
[00111): eod;

default: eod;

end.

However, the above transformation approach is ad-hoc. In general, we can define the
denotational semantics of parse trees generated by indexical attribute grammars directly

as follows.
Definition 5.7 (Attribute value tree V) Given a parse tree = generated by an IAG,
YV is an intension ‘

Vet T xw¥ xT — (A= D)

2

' Vp is the-least solution of the following equation
Vi = Mno1, D Pa(n)(@)] Va(nat. i)

The above equation with the fixed point solution defines the denotational semantics

of an TAG. For any language s&ipg defined by an IAG, thereis a corresponding parse

—
-
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tree w. The values of attributes on & represent the semantics of the string. For a given
node in 7 and an attribute symbol, the attribute definition tree D,(n)(a) returns an
attribute definition (or an expression of IFADL) for the attribute a at the node n. V: is
the environment for evaluating the denotational semantics of the expressions- returned by
D,. For a given context (n.2,7) and an attribute symbol a, the value of V, at (n,2,9) is
updated by evalvating a at (n,2,7) according to its definition from D.{n}(a). In different
contexts and for different attribute symbols, the expressions from D. may be different.
The evaluation for the denotational semantics of these expressions cumulatively updates
Vr until it reaches a fixed point. That means that there are no more values of attributes
on V; that can be updated by further evaluation.

V: is the least valuation of the tree with the property that the value V. assigns to
each attribute is equal to the value it assigns the attribute’s defining expression. In other
words, it is the least valuation which makes all the defining equations true at the nodes
to which they are attached.

For a given parse tree w, there may be more than one attribute value trees V', that
satisfies the above equation. The least solution is the attribute value tree Vi such that for

all solutions V.,
Vn € TVt € w*Vi € T Ya € A Vi(n.1.i)(a) C Vi(n.1,1)(a)
in the domain D..

Definition 5.8 (The semantics of language strings) For a given JAG, the semantics

of each of ils generated language strings represented by parse tree @ is defined by
[< def.exp >] V2
where de f.exp is the defining cxpression of the IAG.

In the next chapter, we describe the expressive power of the above defined indexical

attribute grammars.

-~



(9]

Chapter 6

EXPRESSIVE POWER OF IAG

6.1 Noncircular Attribute Grammars

Indexical attribute grammars have at least the same expressive power as conventional at-

tribute grammars, but they are more concise and have simple denotational semantics.

Using indexical attribute grammars. we can define conventional noncircular attribute

-grammars by implicitly specifying dependencics among attribute instances using node

switching operators. In the first example (Example 6.1) of this section, we redefine a

conventional attribute grammar given by Knuth [Knu68].

Example 6.1 (Converting binary strings to decimal values)

% The defiring expression E
root value; '
% The context-free grammar and local attribute definitions
N->L.L
value = child(value, 0) + child(value, 1);
scale$0 = 0;. '
scale$l = -length;
| L.
_value = child(value, 0);
scale$0 = 0;
L->LB DN
value = child(valum\\:,_g_hi}.d(:(ﬁue, 1);

~
~
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length = child(length, 0) + 1;
scale$0 = parent scale + 1;
scale$l = parent scale;

| B
value = child(value, 0);
length = 1;
scale$0 = parent scale;
B->1
value = 2 *x scale;
| o
value = 0;

The defining expression E., root valuc. in the above indexical attribute:grammar denotes
the semantics (value) for a given binary number. Since the attribute definition rules do n-.;t
involve any time or identifier switching operators, £ is constant in the time and identifier
dimensions. Therefore, we can just think of £ as the single value of the attribute value at
the:zoot node. |

One advantage of indexical attribute grammars is the ability to give nonlocal attribute
definitions using node switching operators. Attributes in an attribute value tree V- can be
defined directly as combinations of attribute values at other parts of the tree without using
copy chain rules to pass the values. Therefore upward communication attributes and some
downward communication attributes can be removed in indexical attribute grammars.

In indexical attribute grammars, the value of an attribute may be constant in the tree
dimension - we call these constant aitribulcs. In other words, theoretically speaking, the '
value of a constant attribute is broadcast to all nodes at a value tree Vy, so that other
attributes can directly use the value of the constant attribute.

Eximp!g 6.2 is an indexical attribute grammar for type checking. In the example, use
global definitions to reduce the number of attribute definition rules associat\e/d with the
production rules. | -

For simplicity, here we omit some of the production rules and terminal symbols. ‘The
purpose of thg attribute grammar is to report the existence of a type error but not the

N

location or nature of the error.
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Example 6.2 (Global references using node switching operators)

% The defining expressicn E
root (child(no-error, 1))

% The global attribute definitions
type = if (child(type, 0) eg child{type, 1))
then child(type, 0)
else Err I3i;

% The context-free grammar and the local attribute definitions
Prog -> DeclList StatlList ‘
type-table = child(type-list, 0);

U
v

Decl DecllList

type-list = cons(child(type, 0}, child(type-list, 1));
| .

type-list = nil; .

DeclLlist

Decl => Id " Id "
type = makepair(child(lex, 0), child(lex, 1));

Statlist -> Stat Statlist
no-error = child(no-~error, 0) and child(no-error, 1);
| Stat
no-error = child(no-error, 0);

Stat => I& w=n Expr non :

-~ no-error = gettype(child(lex, 0), root type-table)
eq child(type, 1);

Expr  -> Expr + Expr -
| Expr - Expr
1 1Ia
type = gettype(child(lex, 0), root type-table); -

;{';[‘here,'a.re five attribute symbols‘iin Exampl;: 6.2. Attribute type-table is defined at the

root node only. from any node on a parsc tree we can directly switch to the root node to
j refer to the vaiue of type-table by the node switching operation. The value of type-tab[é
is a list of pairs which can be viewed as a symbol table. The attribute type-list contains

partial type information at the nodes labeled by grammar symbols DeclList and Decl.
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The attribute no-error has boolean value at nodes associated with grammar symbols Expr,
StatList and Stat, which denotes whether there is a type error in the subtree rooted by
the node. Attribute type at 2 node denotes the type of the node. Erris a special data

value which denotes a type error. Since the definitions of attribute ¢ype in productions

Expr -> Expr + Expr
Expr -> Expr - Expr

are the same, we define the attribute using a global definition. In theory, the definition
should define the attribute type only at those nodes which are labeled by grammar symbol
Expr. However, since the semantics of a sentence in the defined language only depends
on the value of type at the nodes labeled by Expx. the value of ¢ype at other nodes of the
tree is irrelevant, or the definition of #ypc at other nodes never affects the semantics of
the language string. Note that an attribute (icfl\n:c\d by a global definition may not be a
constant attribute, unless its defining expression is constant in the tree dimension. For
example the attribute type has dimensionality in the tree dimension.

Given a program fragment defined by the above attribute grammar

a : int
b : char
a=b;

the attribute dependencies for the above program fragrﬁent on the corresponding attribute
value (derivation) tree is illustrated in Fig G.1. e

The evaluation is started by demanding the value of no-error at node [1]. This demand
then produces new demands for other attributes at other nodes according to the data
dependencies. W;hen 2 demand for the value of type readxési:;"‘nod‘e la:belgd bj?_—Exprv and
the only child of the node is labeled by id. the value returned is the tﬁ)e of the identifier
from type-table at the root node [ J» accessed directly by using the node ;switchixig operator

root. .
=

(2

S
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type={(a.int)]

4

4 ot
[] s,
¢ b,
' v,
¥ N

lex=a

type=|{b.char)]

jex=b b char  lex=char RN
Figure 6.1: An attribute value tree

Thus, at evaluation time, the value of type-table does not have to be passed to each
node in the subtree rooted at a node labeled by the grammar symbol StatList. The
attributes in the tree which depend on the value of type-table can directly refer to the
value of type-table through the node switching operator rol. so not even the address of
type-table has to be passed nbde by node. The space and time saving is significant for an
attribute evaluator using this approach. Since the symbol table is often very large, it is
impractical to implement attribute evaluation by cgpying the duplicated values to each
node on a parse tree. Although we can just pass the address to each node, 'the process of
passing addresses in a large parse tree is still inefficient in time and space.

© . . In the above example, 2 program in the defined language does not have nested scopes.
‘ Therefore, the value of attribute fype-table can be obtained from all the nodes in the:
correspondmg attribute value tree. In general, however, a language may allow nested

scopes. In this® case, attribute mst:mccs in different subtrees which represent different

scopes, may depend on the values of attributes at the root nodes of their own Subtrees,

)

-

-
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instead of globally depending on the attribute instances at a single node. Furthermore,
in a nested block structure. if a variable is declared in both an inner and its outer block,
the declaration of the variable in the inner block should have higher priority. If a variable
is declared only in the outer block. the variable should have the same declaration in the
inner block as in the outer block.

To allow attribute instances to depend on the root node of a subtree, in the following,
we first define 2 unary nbae switching operator upasa (for “up as soon as™). The operator
upasa applied to z, at a node n. scarches »’s ancestor nodes to find the first ancestor at
which the attribute instance of z has an non-ced value. then returns the value of z at that
node.

The operator upasa is defined by

upasa(x) = if isroot then eod
elseif iseod(parent x) then upasa(parent x)
else parent x
£i;
Example 6.3 is a modified example which allows nested Block structures. In the exam-

ple, the attribute type-table is associated with the grammar symbol Block, which contains

the type information about the variables in the scope of the current block structure.
. ‘

Example 6.3 (GI;bal references on nested scopes)

% The defining expression E
root child(no-error,0)

% The global attribute definitions R
type = if (child(type, 0) eq child(type, 1))
then child(type,0);
else Err fi;
no-error = true;

s

% The context-free grammar and local attribute definitioms
Prog => "Hlock" Block
type-table = [ ]1; o

Block -> DeclList Statlist
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no-error = child(no-error, 0} and child(no-error, 1);
type-table = scope-type(child(type-list, 0),
upasa(type-table));

DeclList => Decl Decllist
no-error = child(no-error, 0) and child(no-error, 1);
type-list = cons(child(type, 0), child(zype-list, 1));
{ Decl
type-list = NIL;

Decl => "block" Block
no-error = child(no-error, 1);
] I@ ":* 14
type = makepair(child(lex, 0), c¢hila(lex, 1));

StatList -> Stat Statlist
no-error = child(no-exrcr, 0) and child(no-error, 1);

.

n Stat =-> Id "=t EXPI‘ u;n

no-error = gettype(child(lex, 0), upasa{type-table)) eq
child(type, 1);

Expr -> Expr + Expr
| Expr - Expr -

ENN

] Id S
type = gettype(child{lex, 0), upasa(type-table));

In Example 6.3, the declarations of variables in different blocks are stored in the
attribute type-table associated with the nodes labeled by a grammar symbol Prog or Block
in a given parse tree. The function scope-type compares the type-table at the current block
and the type-table at the first outer block and adds the proper type information of variables
to the type-table at the current block.

For the following program fragment which has nested block structures. the attribute

dependencies on the corresponding attribute value tree are illustrated in Fig 6.2.

oooooo

£

------



“an IFADL program. Then the approach given

CHAPTER 6. EXPRESSIVE POVWER OF 1AG 81
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6.2 Circular Attribute Grammars

AG allows attribute values to be data streams. Using time switching operators. circular

> attributes of conventional attribute grammars can be defined non-circularly in terms of

data streams, as long as the iteration for computing these “cirenlarly™ defined attribute

values terminates.

6.2.1 .Classification of Circular Attribute Grammars

In an indexical attribute grammar. it is also possible that attribute definitions at dif-
ferent nodes of a parse tree coutain circularities. The circularities are ¢ used by using
node switching operators. Generally speaking. circular attribute grammars can be clas-
sified into three C’ttegorxcs The first Kind of circular attribute grammars are defined as
crroncous due to a mxata}\c by the user. In tlis case. the semantics of circularly defined
atuributes is L (dcnotmg non-terminating computation). We call this kind of circularity
deadlock. Attribute definitions that cause deadlock are also crrors in indexical attribute
grammars. Deadlock occurs in an indexical attribute grammar when there cxists a parse
tree generated from the grammar, such that an attribute instance defined by an IFADL
expression at a node on the tree indircctly ‘depends on its own value at the same node. In
this dissertation, we do not discuss deadlock problems in detail. In general, we can detect
deadlock in two steps. The  first step is to find a circular attributé definition using the -
method given in [KnuGS8] [Knu71]. The sccond stcp is to detect whether there is deadlock -
in the cbrrcspoﬁding _IF}\.DL program. Tor the circularitics i';imd in the first step, we
collect the conesponding attribute definitions. Using these attribute definitions we form

PR
i in [WadS1] can be used to detect some

2
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_ Figure 6.2: An attribute value tree with nested structure
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instances of possible deadlocks.

The second kind of circular attribute grammars are the so called well-defined circular
attribﬁte grammars with fized-point solutions, and the fixed-point solutions can be com-
puted by 2 successive approximation approach. Well-defined circular attribute grammars
relax the definition of traditional attribute grammars by allowing attribute definitions to
depend recursively on each other but with some restrictions. such as that attribute values
must be in chain partial order and monotonicity of semantics functions [Far86). Applica-
ttons of this kind of attribute grammars include instruction selection for code generation
[GF82]. control and data flow analysis [Far$6}. and VLSI design problems [JSS6].

The third kind of circular attribute grammars is more general. Such attribute gram-
mats do not deadlock, but their solutions cannot be computed by the successive approxi-
mation either. To build the evaluator, it needs explicit expressions from the user to specify
where and how the evaluation of a cycle of cirenlarly defined attributes starts and when
the evaluation terminates [WJISS]. 4

* Indexical attribute. grammars have the ability to handle non-deadlocked circular at-
tribute grammars. In IAG, an attribute can be defined iteratively in the time dimensions
by using time switching operators. In this case. an attribute value at a time point can
depend on its and other attributes’ vaiucs at previous time points; and the attribute has
an initial value at time 0. Using time switching and other indexical operators, we can
define circular attributes as non-circular but fempoml att.r'ibutcs. We call this kind of

attribute definitions temporal attribute definitions.

6.2.2 Circular Attributes via Temporal Attributes

Conventional attribute grammars have no expressive power to specify circular attribute
definitions except those that:can be solved by the successive approximation fixed-point
finding approach. For example; the definition of an attribute z which is circularly defined

would have the form: :

A.x:...B.y...

where B.y directly or indirectly depends on tlxé value of A.z.

r)

St
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An attribute definition that would be circularly defined in conventional attribute gram-
mars can be expressed as a non-circular but temporal attribute definition in IAG, by
breaking the circular dependency into a temporal but non-circular dependency. To do so,
we need the following two steps. o

For an IAG, we sav that there is a set of circular definitions of attribute occurrences,
if there is a parse tree generated by the IAG such that on the tree the values of the
attribute instances defined by the attribute occurrence definitions in the set depend on
cach other. Given an IAG with circular attribute occurrence definitions, for each set of:
circular definitions of attribute occurrences. we first find the key definition in the set. In
an attribute occurrence definition (o.cxp) € LD,. o is.an attribute occurrence associated
with production p having the form & € A or (b.7) € A xw. and ecxpis an IFADL expression
with attribute symbols as free variables. of the form e(ay.aa....ar). In the following we

also write the definition in the form

o=c(ay.aa....,0r)

Let (o,exp) be in a set of circular definitions of attribute occurrences. (o,exp) is the key

definition of the set if the following conditions are satisficd.

o For each node n of ecach parse tree generated by the IAG at which the attribute
instance b, of the attribute symbol b in o is defined by (o, ezp), b, must always be

in a cycle in the dependency graph of attribute instances corresponding to the tree.

e By giving b, an initial value, the attribute instances in the cycle can be evaluated

iteratively until their values are consistent with their definitions.

For a set of circular definitions of attribute occurrences in an IAG, with the key def-
inition (o, ezp), we can rewrite the key definition as a temporal definition by redefining
ezp using the following IFADL expression. whose value at a node of a parse tree is a data

stream

o = initial fby e(ay.az....,aL)
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where initial is an IFADL expression whose value can be a constant or 2 combination of
the values of attribute instances outside the cyele. At a node n on a parse tree at which
the attribute instance 4, is defined by the above dcfinition. where b is in o. the initial
value of b, at time point 0 in the first time dimension is the value of initial at node n at
the same time point. Since the time switching operator fby switches a time point ¢4 > 0
to the previous time point g — 1, at time point 1g > 0 the expression e{ay.aa.....ar) is
evaluated at 2o — 1, which depends on the values of attributes a;.az2,....ar at o — 1. In
other \§ord§, by the above definition. the value of 4, at cach time point 15 > 0 depends
on the value of itself, directly or indirectly defined in the original circular definitions, at
time point ¢p — 1. Since b, at time 0 has the defined value. at all time points the value of
by is computable. Thus the circul;r dependency is broken into the non-circular temporal
dependency. Also, by the akove dcﬁnition. since the value of b, is a data stream, the
values of all other attribute instances on the parse tree that depend on b, are also data
streams.

The second step Is to feduce the values of attribute instances in a cycle that are data
streams defined by iterations to scalar values by certain termination conditions. Here we
only need to reduce those stream attribute values that some other attribute values outside
the cycle depend on. For cach attribute occurrence definition {0, exp) that defines sucii an

attribute instance in the cycle, where an attribute symbol b appears in o, we introduce 2

AN

new attribute symbol ¥’ and its occurrence definition (o'.exp’) that has the form

- ; } o = basa ending

or -

- : o' = b tasa ending

wheére ending is a boolean expression”in IFADL with attribute symbols as free variables.
T .. . . . . . ore 2
ending, whosé Value varies in the time dimension, defines the termination condition of

- the iteration. If the tev;mination: is determined locally” at a node and only depends on the

“"A'\”{.é“;-‘}ﬁ\a,ttriliute values at the-node, the operator asa is used. If the termination is determined

o globally and depends on'the attribute values at nodes on a subtrce or the whole tree, the

<

£

N
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operator fasa is used. The operators esa and lasa reduce the temporal dimensionality of
the value of attribute b to constancy. The references to the attribute occurrence o in all
other attribute occurrence definitions outside the cycle should be substituted by the new
attribute occurrence ‘o'.

The following example shows how to define temporal attribute definitions. We define
a prdgra.mming language that allows a constant identifier to be used before it is declared.
Obviously, a one-pass compiler for the language is not sufficient. For example, for a

constant declaration fragment

CONST
2a=b+c;
b=c+1;
¢ = 100;

the compiler has to traverse the parse tree three times in order to compute the values
of constant identifiers a,b, and ¢. During the first pass. a can not be assigned any value
since both the values of b and ¢ are unknown. Similarly, b can not be assigned any value
during the the first pass. Onlj' c is successfully declared as a constant with value 100.
After second pass, b is declared as a constant 101. At last. a is declared as a constant 201.

If an attribute evaluator adopts a successive approximation approach for evaluating

circular attributes, the attribute grammar can be defined as follows.

Example 6.4 (Evaluation using successive approximation approach)

L

DefModule -> ConstDecls
*  env = child(env,0);

ConstDecls. -> ConstDecl ConstDecls
: env = adddecl(child(def,0), child(env,1));
I . : . .
env=[];

ConstDecl => Id "=" Expr ";" - >

def = makepair(child(lex,0), child(val,1));

Expr -> Expr "+" Expr
val = child(val,0) + child(val,1);
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I Expr n_ Expr
val = child{val,0) - child(val,1);
| 1d
| = getval(child(lex,9), root env);
[ Num
val = child(val,0);

The circular definition is caused by the definition at the first production rule. The
value of env at the root node depends on the value of env at node [0] which indirectly
depends on the value of env at the root node.

Using the time dimension and time switching operators. the process for computing the
values of the constant identifiers can be defined by temporal attribute definitions. The
attribute grammar in Example 6.5 defines a part of a constant declaration fragment of a

programming language. In the language. constant declarations are treated as definitions,

which can be defined in any order.

Example 6.5 (Evaluation using demand-driven approach)

root firalenv

DefModule -> ConstDecls
finalenv = child(env,0) asa

(child(env,0) eq mext ch:.ld(evt 0));
env = [ ] £fby child(env,0);

U
v

ConstDecls ConstDecl ConstDecls _
env = adddecl(child(def,0), child(env,1));
l . .

env = [ ]; -

ConstDecl => Id "=" Expr “;"
def = makepau'(chzld(lex 0),. ch:.ld(val 1)) .

Expr . => Expr "+" Expr : -
Sval = ch11d(va1 0) + ch).ld(va.l 1),
‘ ] EXPI‘ T Expr )
val = child(val,0) - child(val,l); :
| Id > .
val = getval(child(lex,0), root env);
| Num
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val = child(val,0);

For a given constant deciaration. its semantics is the value of attribute finalene which
is a list associated with the root node of the corresponding attribute value tree. The
list consists of pairs that denote the values of constant identifiers. Besides finalenv, the
attribute grammar has other two attributes envand val. The value of envis a list of pairs.
A pair consists of a constant identifier and its value. The value of valis an integer. The
function adddec! (for “add declaration™) has two parameters. one is a pair and the other
is a list. adddeel inserts the pair into the list. Before the insecrtion, adddee! checks the
list to sce if the identifier in the pair has already had a value in the list. If the identifier
has no entry in the list, then the pair is inserted: otherwise. it updates its value with the
value in the pair. The function getrval gets the value of an identifier from the attribute
env associated with the root node. I an identifier has no entry in the list, the getval will
return an eod value.

The temporal attribute definition

g
~

env = [ ] fby child(env,0);

- is associated with the first production rule. At time 0. the envat the root node is initialized

to an empty List. The value of envat its first child is the aggregation value from the nodes
in the subtree rooted at the first child node. Consequently, all the identifiers which request
values from env will have eod value initially. After time 0, the value of env at the root is
gradually updated until the value of envat a time point is equal to the value at the next
time point. »

For example, for the following constant definitions

It

-~

a=b+c¢;
b=c¢+ 1; A e Y
c = :100; ‘ R v

~

R

2
the attribute value trees.at different time points are shown in Fig 6.3 - 6.6.
The evaluation starts from demanding the value of finalenvat the root node [ ] at time

poiht 0 which requires the value of env at node [0] at time 0 and time 1. The demands
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{1

( Deddudug [ —

enva[ ]

envai{a.cod),(b.cod).(«100)]

(1.9

(Dl ) cnval(buood)(2.100)]

1.0

(Decis ) cnval(c100)

{0.1,0,1.1,0}
valul00

- Figure 6.3: The attribute value tree at time 0

are then sent out to the appropriate nodes in the tree. At time 0, the value of env has
the initial value [ ] at the root node. The valuc of val at the node [1,0,0] has an eod value
since the constant identifiers @ and 4 have no entry in the environment table — the value
of env at the root node. The value of val at node [1,0.1,0) is also equal to eod since at time
~ 0 the constant identifier b has an eod value. Therefore. env at nodes [0], [1,0] has partial
values including eod values for the constant identifiers a and b.
N At time 1, the value of env at the root is equal to [(2,eod). (b.eo0d), (¢, 100)] which is
~" the value of env at node [0] at time 0. The value of val at node (1,0,0] still has an eod
value since the constant identifiers aand b have no ) non-eod value in the environment table.
_The value of val at node [1,0,1,0] has the no_n-eori value 101 since at time 1 the constant
identifier ¢ has value 100 at the environment table. The attribute env at the nodes {03,
i1, 0] therefore has the updated values shown in Flg 6.4. _ | |
At time 2, all the a.ttnbutes env and val have obtained the comp]ete values. Hence

at txme 3, the va.lue of env a.t the root node is the same as its value at time 2. Smce the

—~—
. =

i
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enve[(z,cod),(b,cod),(c,100) ]

cnvaf(x.cod),(b,101).(c,100)]

cnva((b,101),(¢,100)}

(Dxls ) enval(e,100)]

valseod (Expy : (Dec) envaie.100]

Figure 6.4: The attribute value tree at time 1

DecModul, finalcvns

cnva[(a,cod),(b,101).(c,100) |

cave](2.2013,(b,101).(c,100)]

Figure 6.5: The attribute valué tree at time 2
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vaiue of env at time 2 is equal to its value at time 3. finally. finalenr has a constant value

which is the value of env at node [0] at time 2.

@ finalevrom ((2,201),(b,101),(c,100)]
canva((2,201),(b,101),(¢,100) }

cnva{(2,2013,(b.101)(c, 100)]

cnva{(b,101),(c,100)]

cnvaf(a291)]

(Daxte ) cnvmite.100)]

Figure 6.6: The attribute value tree at time 3

Example 6.6 shows another application of indexical temporal attribute grammars.
Some functional program languages are not statically typed. The type checking for these
languages is done at run time. In the following we show that, using temporall attribute

definitions, part of this kind of type chccking can also be performed at compile time.

Example 6.5 is an attribute grammar fragment for the functional language Lucid ‘without -

nested where clauses. An.expression in Lucid°may have one of the threé' basic types - "

‘- integer, char, and list. To perform type checking, we assorizx:ft&ax; attribute type with .
: A _ o <

" ~r \
every node. The purpose of associating attribute ¢ype even with nodes labeled by grammar

* symbols DefList and Def is to make type have the same tree shape as the a.ttri}y.:c/’é value -

(4]

tree, since the operator tasa expects tree shape. The type checking terminates when the

value of type at every nodein a given parse tree does not change_a.loiigthe time dimension.

= _/,"

iz
7 v
- o/ ’ . NP
Eap o
. K

I‘ ! . t

Vv

by
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Example 6.6 (Defining type inference by circular attribute definitions)

root (type tasa (type eq next type))

%Global definitions )
type = if child(type,0) eq "int" and
child(type,1) eq "int"
then "int" )
T else Err
if;

YProductions and local definitions
Prog -> Expr :
type-list = [ ]; S
type = child(type,0);
| Expr "where" DefList "end"
type-list = [ ] fby child(type-list,1);
type = child(type,0);
DefList => Def Deflist -
type-list = insert-type-list(child(newtype,0),
' child(type-1lis%,1));
type = '"Def"; .
I .
type-list = [ 1;
type = "Def'; =
Def _> ID H=tt Expr l!;ll
type = "Def'";
newtype = makepair(child(lex, 0),child(type,1));
Expr -> expr "+" expr
| expr "-" expr
| expr “fby" expr
type = if child(type,1) eq eod
. then child(type,0) ‘
- elseif child(type,0) eq child(type,1)
then child(type,0) '
else Err

/7

(2]

| ID

type = get(child(lex,0),xoot type-list);
| NUM .

type = "int"; -

| CHAR

type = "char";
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For example. given an expression with the form:

a
where
a = b fby ¢; B
b =5; _ -
c = A’ fby c; )
end;

. The expression will yicld a type error since b has the type ‘int” and ¢ has the type -
"char’. Figures 6.7-6.9 show the attribute valuc trees at time 0. 1, and 2.
The evaluation process is similar to Example 6.5.7At time 1, the values of attribute

nb e . X
type at all the nodes on the tree become non-cod values. Therefere at time 2, the seman-

tic expression of the tree has the type information [(a.Err),(b.int),(c.clmr)]". which is the-
aggregated value of type at the root node at time 2.

~-

6.2.3 Nested Circularities via Multiple 'I‘i_me»Dimensions

Py

The temporal attribute definitions described in -tilc last section do not involve multiple
time dixﬁensions. In other words, the values of attributes at all time points other than
the first one, 2o, have constancy. In this case, we can simply think that there is only one
time dimension - 5. However, many programming languages support nested structures.
When a temporal attribute definition is associated with 2 nested grammar structure,
switching contexts only in the —ﬁrst time diﬁ'ncnsion tp is not enough tc; specify the values
of temporal attributes at different mested structures. To specify temporal attributes on
nested structures, multi-t;ime dimensions are required to represent different nesting levels.

_The example below, which specifies the denotational semantics of 2 programmiing lan-
guage with while-statements, involves nested tcmp‘ora] definitions. In the example, the
two attributes init and final specify the states before and after a statement Is executed,
respectively. At nodes labeled by the non-terminal symbols Stat and StatL;.sE, the at-
tributés init and final will have non-eod values which are lists of pairs consisting of an

identifier name and the value of the identifier. The attribute val at a node labeled by Exp

~or Int represents the value that expression denotes. At nodes other than those labeled by
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type=ricf
type-lisi={(b.int).{c.char)]

(1.1

type=defl
type-list={(b.int),(e,char)]

[1.1.1]
DefList ) type-list=[(c,char)]

type=def )
type-list=[(b.int)]

[0,1,1.1]
type=def
type-list=[(¢.char)}

(1.0,1,1,1]

xypc:char

[0,0.1,0.1.1,1}
Char ) .

’ \Al ¢

ved

" Figure 6.7: The attribute value tree at time 0

17
'

7]
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(Prog_) orotent
type-list=[(b.int).(c.char) |

type=def
type-list=} (4. Err)(b.int).(c.char)t

type=def
type-list=[(b.int).(e.char)]

type=defl

type=def type-list=[{c.char))

type-list={ (b.int}}

type=def
type-list=[(c.char)]

Figure 6.8: The attribute value tree at time 1

~
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type=prog
type-list=[(b.int).{c.char)]

type=dcl
type-list=[(a.Erm),(b.int).(c.char)]

type=def
type-listi=f(b.int).(c.char))

type=def
type-list=[(a.Err))

a type=:
def
type=def i
type-list=[(b.in)] type-lise=[(e.chan)]
type=def
Expr ) type=int type-list=[(c.char))

—

Figure 6.9: The attribute value tree at time 2

)
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Exp or Int, val will have an eod value. The attribute /ex represents the lexical values of
identifiers at a node labeled by Id.

The function makepair takes two arguments. an identifier and the value of the identifier,
and makes a pair from them. The function addenr adds a pair into a list. If an identifier
alrcady has a value pair in the list, addenr will remove the old pair and insert the new

pair. The function lookup gets a value for an identifier from a list (which is the value of

init).

Example 6.7 (Supporting nested circular definitions)

% The defining expression E;
root child(final, 0);

% The context-free grammar and local attribute definitions;
Program => Statlist

init$0 = [ J; '
Statlist ~> Stat ";" Statlist \\\\;.

final = child(finalND);

init$0 = parent init;

init$l = sibling(final, 0);

{ . :

final = init;

Stat -> "ghile" Exp "do" Statlist.
f£inal = contemp (child(final, 1) asa
(not next child(val, 0)));
_ init$0 = sibling(init,1);
" init$1 = branch ((parert init) fby final);
| Identifier "=" Exp A
final-= addenv(makepair(child(lex,0), child(val,1)), init);

_Exp -> Exp "+" Exp
val = child(val, 0) + child(val, 1);°

] EIPIT [T} Exp
val = child(val, 0) - child(val, 1);
[ Id '
: val = lookup(child(lex, 0), upasa(init));.
I Int - ) - S
val = child(val, 0);

Y
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In the above attribute grammar, if we ignore the indexical operators contemp and
branch, we can sce that the circularity is involved by the attribute definition rule for
(init,1) in the production for while-statement. The (init.1) first gets the initial value from
its parent node at time 0 then it gets the value of final at the same node after time 0.
The difference is that the operator branch also branches a new time dimension 1§ for init
and shifts the original time dimensions from < #g.1;.... > to < t.%0,%1,... >. The new
time dimension represents a new nested iteration level. The termination of the evaluation
depends on the value of val associated with the node labeled by the grammar symbol
Exp in the same production. When the value of val becomes false at time point ¢ of the
new time dimension tg, the operator confemp reduces the time dimension ¢ of final and
obtains its value at time 0 of:the original time dimension {g.

Figures 6.10 -6.13 show the attribute value trees for the following program fragment

in the language defined by the above IAG at different crucial time points.

a = 2;
while a > 0 do

b= 2;

while b >0 do

b=b - 1;

end;

a=a-1; :
end; =

At the first while-statement, the branch operator at node [1.0,1,0] branches the time
dimension from <t > to < i',t > and at the second while-statement, the branch OperatorA
at node [1,0,1,1,0,1,0] branches the time dimension from < #’,1 >t0< S, S \\3’

Note that the value of final at node n = [0.1,1,0,1,0] at tixhe (0,0) depends on th?’\\
value of final at time (1,0,0) at n’s second child node 11 0,1,1 0 1,0], when thevalue oL/_/
val becomes false at time (2 +1,0,0} at »'s Tirst child node {0,0, 1 1,0,1,0]. 'I‘herefore the
attribute values, which finalat n dcpendq on. at the nodes in the qubtrec rooted at » must
be evaluated first. ' :

At time (2,0,0), the inner iteration is stopped when val at node [0,0,1,1,0,1,0} hé.s

a false value. After the first inner iteration is finished, the attribute evaluation for the
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ASY

[}
A
i0] ini(0)={]
11.0]
init(0)={] init(0)=l<a,>>]
final(0)=[<a.2>]
[0.1,0]
Exp 8 ini0)=f<2.2>]
100,10 - 1,0,1,01 =
(i init(0.0)=(<2>]
Exg Eag- init(0,0)=l<a2>] SiL ) initC.0)=l<a 2>,<b2>]
a ' 8 final(0,0)=[<2,2>.<b 2>] .
Frr) 10,100,190
B m @ m a g init(0,0)=(<a,2>,<b2>)
(1n)
1,0,1,1,0,1,0]
[0.0,1.1,0,1.0) D002
SR
(1) Exp
xp Exp
(18) (Iny

e 1)

Figure 6.10: Branching new time dimensions for nested iterations
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init0)={]

init()=0 ini(O)={<a2>]
final(0)=[<a.2>]

in(0)=[<a.2>]

(1d) Ex (st} inin00)=l<a25]
ainal(0.0)={<a.1>.<b,(>]

(1ng (Bxp) val(o0p=truc S
init0.0)=[<a.2>.<b.2>]
' final(0.0)=[<a,1>:<b,0>]

Exp Exp (‘st) init(0,0)=[<a.2>]
(inal(0.0)=[<a.2>.<b.2>} inif(0,0)={<2.2>.<b.0>]
nal(0.0)=[<a.1><b,0>]
19 (o () Eo
(o) ini(0.0)=[<a.2>.<b,>] oL
@ final(0.0)=<a.2>,<b,0>]

valeoO)=false \ S fianl(1.00)=(<a.2>
AT

Figure 6.11: Reducing a time dimension when the inner iteration is finished_
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init(0)=[]

init©)= ini0)=[<a2>]
final(0)=[<a25] .
O = (o FOmta]
- e (&) LO=l<al> b ] (L)< 1><b:2>]

final(1.0)={<2.1>,<h.2>]

1) () (0 &g

init(1.0)={<a 1><b
E init(1.0)={<a 1>.<b.2>] S

(Exp) St init(0.1.0)=[<:.g3.>]

O
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attribute at the outer while-statement which depends on the values of the inner while-
statement will be started. Since at time (1.0) the value of valat node [0.0,1,0) is still true,
the second iteration for the inner loop is started. Similarly. at time (2.1,0), the inner
iteration is finished and at time (2.0) the value of ral at node [0,0,1.0] becomes false.

Eventually, the value of finalent has its value [(a.0).(.0)] at time (0).

6.3 Defining Aggregate Attributes

As we have introduced in Chapter 2, because of the locality of attribute definitions, con-
ventional attribute grammars lack the power to specify the relationship between aggregate
attributes and their clements directly. Using IAG. we can define the clements of an ag-
gregate attribute as a sequence of valucs indexed by identifiers in a new dimension - the
identifier dimension on the context space. Using identifier switching operators. the aggre-
gation of the elements of an aggregate attribute value from other attribute values can be
defined directly in the attribute definition.

A compiler typically cousists of four basic phases: lexical analyzer. syntax analyzer,
semantic analyzer, and code gencrator [ASUSS]. There is also another very important
component — symbol-table manager. which is 2 component of the semantic analyzer. An
essential function of a compiler is to record identifiers used in :the source program and
to collect information about various attributes of each identifier, such as its type, scope,
arguments, and so on.

When attribute grammars are used as compiler déscription languages, the structure
of a compiler is slightly different. That is, the symbol-table manager is eliminated since
attribute grammars do not allow global attributc.;. Symbol-tables in ?.ttﬁbute grammars .
can only be defined as aggregate attributes whose values are monolithic data structures

such as lists, which is what we did in the previous examples. .=

-



CHAPTER 6. EXPRESSIVE POWER OF IAG 103

final(0)=[<a.0>.<b.0>]

(st) final(0)=]<2.0>.<b.0)

final(0)=[<a.0><b.0>]

19 B (st)
(Iny val(2.0)=false

final(1.0)=[<n.0>.<b.0>]
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6.3.1 Aggregating Attributes from an Attribute Value Tree

By using identifier switching operators. indexical attribute grammars can define aggregate
attributes such as symbol tables directly. In the following we first define a special attribute
parsetree whose tree shape is the reflection of a given parse tree. Then we use the indexical
fanction agg defined in Chapter 3 to aggregate values according to the tree shape of

parselree.

Definition 6.1 (Special attribute parsetree) parsctree is a special attribute symbol

in TAG. The value of parsetree is an intension

= parsetree : T x w* x I — {true, eod}.

Given an IAG, let = be a parse tree generated by the JAG and Tr be the indez tree of

=, parsetree is defined by

irue ifne T,—_
parsetree(n.t.i) = /

eod otherwise
-Using the operator agg, we can define tables or lists as aggregate values of which
each element has its own entry - the identifier point. When we want to use the value of
an element of an aggregate value, we can access the element by its identifier point. For
example, we can collect the type information about identifiers in a program. The following

is a fragment of an IAG with aggregate attribute typetable:

Example 6.8 (Aggregating elements using identifier switching operators)

root child(no-erxor, 1);
% Global definitions \
type = if child(type, 0) eq child(type, 1)
then child(type, 0)
else Err -
£i;

% Productions and local definitions
Program -> DeclList Statlist
-typetable = child(agg(type, id, parsetree),0);
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DeclList -> Decl Decllist

Dacl - Id Hon Id |l;n

type = child(lex, 1);
id = childQlex, 0);

Statlist -> Stat Statlist

no-error = child(no-error, 0) and child(no-error, 1);
| .

no+-error = true;

Stat => Id "=" Exp “;"

no-error = child(type, 1) eq
(child(id, 0) ati (root typetable));

Exp _>'EW ll+ll Exp
| Exp nan Exp
| Id :
type = child(id, 0) ati (root typetable);
{ Num '
type = "int";
| CHAR
type = “char';

The attribute definitions in Example 6.8 not only allow attribute values to be aggre-

gated from an attribute value tree, but also allow an attribute to depend on the value of an

individual element in an aggregate value. Fig 6.14 shows the attribute value dependencies

in the attribute value tree of the follow ing program fragment in the language defined. by
the above IAG. :

]

The attribute evaluation starts from demandmg the value of no-error at node [1).

When the dema.nds are sent to node [0 1] and [0,1,1], the evaluations for no-error at these
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w=llemmmomES oo typcable(a)=ilt =

” e I ~

Figure 6.14: An attribute value tree with aggregate values

two nodes will send demands to {ypetablc at the root node for the value of typeiable at
the identifier points a and b, respectively. Consequently, the aggregation for the type
information in thé declaration part of the tree is started.

From Figure 6.14 we can sce that there are no partial values of typetable stored in the
subtree of the declaration part of the program (Example 6.2 does) and no complete values
of typetable are passed in the subtree of the statement part of the program.

The another advantage of defining aggregate value as non-monolithic values is that it
has the potential to save time and space during incremental evaluation. During the first
phase of evaluation, the data dependencies and demand dependencies can be detected dy-

namically. For example, we can keep the information of demanding attributes for 2ypetable

at an identifier point a. After the type declaration of a is modified, only the attributes

which depend on the type of a will be reevaluated.

Ve
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6.3.2 Aggregating Attribute Values from an Attribute Value Tree with
Nested Structure

Since some programming languages allow nested blocks in ﬁncir program structures, in-
dexical attribute grammars should also allow the creation of symbol tables according to
~ scope rules. That is, the elements collected from an outer block are not necessary to be
included in the collection of an inner block. For example, in Figure 6.15, the informa-
tion we collect from the outer block does not include the information in the inner block.
Instecad, the inner block should inherit the information in the outer block(s).

Block

Block

Figure 6.15: Nosted structure of a program

To exclude the elements from the nested scope. we define a function aggscope (for

’ “aggregate in scope™). The function aggscope only collects the values of elements from the

current block, but not inner block(s).

aggscope is a 4-ary function aggscope(z,y,iree. scope). The first three arguments are
the same as the arguments of agg. The last argument is an intension that represents a
nested scope. The function aggscope is basically the same as agg except that it does not
collect the values from the subtree rooted by a node whéré scope has a non-cod value at

the node.

aggscope can be defined in terms of the primitive indexical operators as follows.

aggscope(x, id, tree, scope) = child(element, 0)
-where A
element = if iseod(tree) or not iseod(scope) then eod
elseif idindex eq id then x
elseif not iseod(k) then Xk

-
>
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elseif child{element, head{index)+1)

fi

where k = child(element, 0) end;
end;

The following example (extended from Example 6.7) shows how an indexical attribute
grammar defines symbol tables as aggregate attributes using the identifier switching op-

erators in nested block structures.

Example 6.9 (Aggregating elements from nested scopes)

root child(no-error,0)

% global definitions
type = if child(type,0) eq child(type,1)
then child(type, 0)
else Err
fi;
no-error = true;

% context-free grammar and local attribute definitionms
Program -> Block

Block -> Decllist Statlist
no-error = child(no-error,0) and child{no-error,1);
typelist = union(aggscope(type, id, parsetree, typelist),
upasa typelist);

Decllist -> Decllist Decl
no-exror = child(no-error,0) and child{(no-error,1);

P

‘Decl -> Id “{" Block "}" .
no-errox = child(no-error,1);
type = "block";

. id = childQQex, 0);

' | Id ":" Id
type = child(lex, 1);
id = child(lex, 0);

StatList -> StatList Stat )
no-error = child(no-error,0) and chiid{no-error,1);
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I .
Stat -> Id "=" Exp

no-arror = (child(lex,0) ati
(upasa typelist)) eq child(type,1);

Exp -> Exp Hgn Exp

I Exp nu Exp

| Ia

type = child(lex, 0) ati (root typetable);
| Num

type = Num;

| CHAR

type = CHAR;

In the extended attribute grammar, the grammar symbol Block denotes a nested
structure. The attribute typelist at a node associated with Block includes the information
collected from its own scope and the information from its outer block. The function
union(z,y) combines the two aggregate attributes z and y at every identifier point over
the identifier dimension. If the clement z; has a non-cod value, union returns the value
of z;, otherwise union returns the value of y; at the identifier point i. The process of
aggregating the values of typelist is similar to the process in Example 6.5 except that at a
node labeled by Block the value of type is aggregated from the corresponding scope, not
from the entire parse trec.

In the parse tree of a program generated by the above grammar, the attribute type,
which depends on the value of typelist at a node, will have the value of typelist at its first
ancestor node on which the typelist has a non-cod value. .

Figure 6.16 illustrates how the type information in different scopes is aggregated for
the following program fragment, and kow the identifiers obtain their type information

from the corresponding scopes in"the language defined by the above IAG.

a : int;
b : char;
a=b;
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naest {
b : int;

a=b;

In Figure 6.16, the value of typelist is not a list of pairs. The type information of
identifiers is stored as values at different identifier points in the identifier dimension of
typelist at the node [0] and [s]. At node [0]. fypclist aggregates the value of type from the
subtree rooted at node {0] except for the nodes in the subtrec rooted at node [s] which
denotes a nested block structure. At node [s]. typelist aggregates the value of type from
the subtree rooted at [s] and also gets the type information of these identifiers which are
not defined in the inner block but the outer block. This process can be viewed as passing

global information to a local environment.

6.3.3 Temporal Aggregate Attribute Values

The combination of the tree, time, and identifier dimensions and their associated node,
time and identifier switching operators makes indexical attribute grammars more concise
and expressive. The following example is a version of Example 6.3. In this example, the
values of identifiers )tha.t denote constants arc not stored at the root node as a list. The
temporal definition is involved by.the definition of the aggregate attfibute ent at the root
node. At time 0, the valucs of envat the root node arc initialized as eod at all the identifier
points. At time t where ¢ > 0, the values of env are the values of the consj;ant identifiers
aggregated at time ¢ — 1.. When the values of env do not change in tir('f;,, the iterative

aggtegaﬁion terminates.

Example 6.10 (Type checking using all three kinds of indexical operators)

root finalenv

DefModule =-> ConstDecls ,
finalenv = env asa (env eq next env);

LY
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env = eod fby agg(id, val, parsetree);

ConstDecls => ConstDecl ConstDecls
I .

ConstbDecl ~> Id "=" Expr ";"
val = child(val, 1);
id = child(lex, 0);

Expr => Expr "+" Expr
val = child(val,0) + child(val,1);

1 EXPI non Expr

val = child(val,0) - child(val,1);
! Id i .
val = child(lex,0) ati (xoot env);
{ Num

val = child(val,0);

For the same program fragment:

a=b+c;
b=c+1;
¢ = 100;

in the following, we show the attribute value trees and the attribute dependencies at

different time points in Figure 6.17 - 6.20. In these figurcs. the attribute values which are

~ constants, such as the lexical values of identifiers, are not labeled by the time points.

At time 0, the aggregate values of env at the root node are all initialized as eod.
Consequently, the attribute val at the nodes which depend ':m~ env will also have the value
eod. Since the identifier c does not depend on any other identifiers, the value for identifier
c is evaluated, whi;h is 100. | _ |

At:time 1, the env at the root node z;ggregatcs the values of val at time 0 from these -
nodes on which the value 6£ id is not eod and stores the values at different identifier points
according to their id values. Also, since the value of identifier ¢ at time 0 is 100, at time 1,
the value of env at idenfiﬁef point ¢ is 100. The attribute val at the 'node's which depeﬁd
on env at identifier point ¢ will have the value 100 also. Consequeni;ly, the value for fhe
identifier b, which is 101, is evaluated. |
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Similarly, at time 2, the envat the root node aggregates the values of val at time 1 from
these nodes at which the value of id is not cod and stores the values at different identifier
points according to their id values. Also, since the value of identifier b at time 1 is 101, at
time 2, the value of env at identifier point b is 101. The attribute val at the nodes which

depend on env at identifier point b will have the value 101 é.]so. Consequently, the value
for the identifier a, which is 201, is evaluated. '

At time 3, the env at the root node aggregates the values of val at the nodes, which

have non-eod values. After time 3, the value of env will not change. Therefore, the final
value for finalenv is obtained, which has three non-cod values:

T <201 130 101 )3, 100 13 che- -+ > -

In the next chapter, we describe an implementation strategy for evaluating indexical
attribute grammars: '

71



CHAPTER 6. EXPRESSIVE POWER OF IAG 115

[ DchoduI;

o= === env(3,2)=201, cnv(3,b)=101.cnv(3.c>=100
- R -

---- g
3

IRY




116

Chapter 7

AN IMPLEMENTATION
STRATEGY

In this chapter we describe an implementation strategy for an indexical attribute grammar .

based compiler generator using the demand driven dataflow computation model. Many

ideas presented in this chapter were implemented in my MSc thesis [Tao87].

7.1 The Demand-Driven Dataflow Computation Model

In a dataflow network (or graph) the nodes represent the operations and the arcs represent
the data dependencies among the operations. The input values flow into the network
through the input arcs and the result of the computations on the network flows out
through an output arc.

In the _dema.nd-driven dataflow model, the evaluation for a2 dataflow network starts
from demanding the value on the output arc. An operation is performed if and only if
its result is demanded and all the input values required for performing the operation are

a.vaxlable. If there is a-demand for an opcratnon but some of its operands are not ready

-on the incoming arcs, then demands for the data items will be sent out along the reverse -

~

du'ectlon of the i mcommg arcs.

Let us see how the demand-driven method works ‘through 2 sxmple Lucxd program

i

‘\\‘
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example.

R

where
R=0Q+S;
Q=X+P;
S=Y+P;
P=X+Y;

end;

Here all the variables are constant in time.

The corresponding datafiow network for the above program is shown in Figure 7.1. At
the initial time. all the arcs are empty. except the two input ares labeled by X and Y. The
evaluation starts with the demand lor the output R. To compute R. the operation node
needs two inputs - § and S. Since Q and S have no valid values yei. two demands are sent
out to request the values of Q and S. In turn. demands for P are sent out. The operation
for P can be executed intmediately. as its input data items are alrcady available. After

P is evaluated. the evaluation for Q and S can be started. Finally. the cvaluation of R is

performed.

Figure 7.1: Demand driven computation on a dataflow network

. In a demand-driven dataflow network. there are two kinds of information flow in op-

posite directions. One is the demand flow. which moves backwards through the network,

and the other is the flow of data items which moves forwards through the network.

‘The demand-driven datallow computation has two distinct characteristics. First, there

-
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is no static evaluation order required. The evaluation order is created dynamically at eval-
uation time. Sccondly, an operation is performed only if it is required; no unnccessary
operations are performed in this model. These two propertics of the demand-driven ap-
proach strongly support attribute evajuation.

The attribute instances in a given parse tree defined by IFADL expressions can be

represented by a dataflow network. Recall the example given in Chapter 5.

root child(b, 0)
YA
a=5
YA S
X->Y2Z

a = child(a, 0) + child(a, 1);
5$0 = parent a;

If we cousider a parse tree with only three nodes labeled by X, Y and 2, we can

construct a corresponding dataflow network shown in Figure 7.2.

Figure 7.2: A datallow network for the attribute instances in a parse tree

Here the dashed rectangles denote the nodes in the parse tree. The arcs represent
the data dependencies among the ;x.l,l.x'i!)ut,c values. Since the node switching operators .
do not perform any computation other than switching contexts {or describing the data
dependencies). node switching operators arce not treated as operation nodes in a dataflow
network. The evaluation for the attribute values on the network starts by‘dema:nding the
value of the defining expression root child(b, 0). Suppose a demand arrives for the

value of b at {0]. the definition of b at [0] is found. which is parent a. The node operator
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parent switches the context from [0] to [ ]. Then the value of a ac [ ] is required. To
evaluate 2 at [ ], the values of 2 at [0] and [1] are demanded. Since a at [0] and [1] has

value S, the operation for a at [ ] is performed. Then the result flows out of the network
at [0].

7.2 Structure of IAGCG

Using the demand driven approach. we can build a compiler'generator IAGCG (for Index-
ical Attribute Grammar Compiler Generator) for languages defined by indexical attribute
grammars. The inputs to IAGCG are language specifications. i.c. indexical attribute
grammars, and the outputs are compilers for the langunages defined. |

TAGCG consists of two parts: an indezed parse irec generator and a definition ware-
house generator. The parser generator generates a parser for a given indexical attribute
graminar. The definition warehouse generator builds a definition warehouse for attribute
deﬁnit?ons and the subject expression.

A compiler generated by the IAGCG cousists of four components:
& 2 parser to generate parse trees for input language strings,

e 2 definition warehouse DV,

. .a.n a.tt.:ribute value warehouse AW, and

¢ an eductive attribute evaluator EAFE that is also a general purpose IFADL inter-

preter.

The parser constructs a parse tree for a language string. The parse tree is a concrete
representation of the production tree P defined in Chapter 5. A node in a parse tree
(production tree) ila.s four fields: (indez, pnumber, firsichild, nextsibling). The firstchild
and neztsib/ing are pointers to link the first child and the next sibling of the node respec-
tively. The pnumber contains an integer tb indicate the production associated with the
node, which can be obtained at parse tree building time. The ﬁumber is used to find the

* local definition for an attribute instance at a node at evaluation time. After a parse tree
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language strings

Parser

!

Demand Driven
Evaluator

Node Register

Value Definition
Warchouse Timc Register ‘Warchouse

Identificr Register

!

auribute valucs

Figure 7.3: The structure of a compiler generated by IAGCG
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is built, the parser assigns an index for each node in the parse tree following Definition

3.2. The algorithm to index a parse tree is as follows.

index-tree(Tn: 2 parse tree rooted by node n, i: index of n)
m: node; '
j: integer;
begin

assign index i to n

for all child nodes m of n do

index-tree(Tm, cons(j,i)) where m is n’s jth child

end *

The indexing starts from the root no-e of a given parse tree.

main().
T: root node of the parse tree;
begin
index-tree(T, 0);
end

The attribute definitions are stored in the. definition warehouse DW. The definition :
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warchouse consists of three parts:

¢ a defining expression warchouse DEW,
¢ 2 global definition warchouse GDV. and

o a local definition warehouse LDVW.

The DEW has only one cell that stores the defining expression whose value is the
semantics of a given parse tree.

The GDW stores global attribute definitions for an indexical attribute grammar. Each
cell of the GDW stores one of the global attribute definitions. Since the definitions are
valid for all the nodes of a parse tree. a table entry or a tag of a cell of the GDW only
consists of an attribute symbol.

The LDW stores local attribute occurrence definitions for an indexical attribute gram-
mar. A definition of an attribute occurrence in a production is stored in a cell of the LDW.
An entry or a tag of a cell of the LDW thercfore consists of three elements: an attribute
symbol a, a production number p, and a position number of the non-terminal symbol z
in the production p.

There is also an attribute value warchouse (AW) which stores the values of attributes.
For a given parse tree 7, the ;\W can also be viewed as implementing the attribute value
tree V.. At initial time, all the cells of the AW are initialized with value L. The tag
associated with each cell of the AW consists of four components: (attribute symbol, node,
time, identifier) where time is a seqﬁence of integers that represent the relevant time
points in the multi-time dimensions. When'a cell of AW has a non-L value, the value is

not allowed to be changed.

~

7.3 The Eductive Attribute Evaluator EAE

-2 -

EAE is the heart of IAGCG. The evaluation for'a given parse tree starts by evaluating the

defining expression E, whose value is the semantics of the language string corresponding

A
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Figure 7.: A dataflow network

to the tree. The following is an algorithm for evaluating a p:xrsé tree. where we assume
that the £ is evaluated only a context {[}. 0. = 7). .'

The evaluation ol attribute instances on a given parse tree 7 is considered as the
evaluation of the corresponding value tree Voo Since attribute occurrence definitions of
an attribute grammar are stored in the definition warehouse with tags, the occurrence
definition tree Qs and the attribute definition tree Dy do not have to be built. To obtain
the definition for an attribute iustance. we first give proper tags to the local definition
warehouse LDW. If there is no delinition stored with the given tags. then we look at the

global definition warchouse GV,

Consider an attribute a at a production that is defined by

X->Y2
a = if -(child(b, 0} eq child (b, 1))
then child(a,0)
else child(a,1);

We also assume that a is 2 constant in time. The definition can also be viewed as a
dataflow network {Figure 7.4). ‘

When the value of a is demanded :;L a context (n.t,i) and the definition of 2 at n is
the above if expression, a demand to its first operand {or a demand to the out-put of the
operator eq) is issued. Since eq is a strict operator. two demands for evalua.ting b at the
contexts ((cons(head{n)+1),tail{n)),t,i) and ((cons (head(n)+2),tail(n)) »t,1)

are sent out. If the result of the first operand of the if expression is true, the demand for
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the value of a at the context {{cons(head(n)+1),tail{n}),t,i) is send out. Otherwise,

the demand for the value of a at the context ({consChead(n)+2),tail(n)),t,1i) is

issued.
The EAE will repeat the process until the value of the defining expression is evaluated.

TN
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Chapter 8

CONCLUSIONS L

8.1 Summary

This dissertation defines an attribute grammar system - Indexical Attribute Grammars
(IAG), based on the indexical programming paradigm. )
In IAG, an attribute is an intension - a function from the indexical context space to

the domain of data values. The indexical context space is defined as
C: T xuw x 7T

where 7 is the tree dimension, «w* is the multitime dimension, and Z is the identifier
dimension. We say that attributes in IAG vary over the indexical context space C. They

may have different values at different contexts.

An attribute grammar in IAG is defined in three parts: a defining expression that

denotes the semantics of a parse tree generated by the grammar, an optional set of global
attribute definitions, and a context-free grammar with local attribute definitions associated
with each production. .

To define relationships among attribute values én the com;ext space C,»IAG provides
a set of primitive indexical or context switching opé\‘:\gtors. The opei‘ators can be divided
into four subsets: node switching operators, time swi%ching operators, identifier switching

operators, and multidimension switching operators. There are also operators which switch

oy
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contexts into different dimensions.

Node switching operators allow the user to define non-local attributes, in terms of the
values of attributes at different, remote nodes of the parse tree.

Time switching operators allow the user to define temporal attributes, in terms of the
values of other attributes or itself at different time points. If a temporal attribute is
defined by an iterative algorithm, the value of the attribute at different time points can
be viewed as the value at different steps in the iteration.

Identiﬁér switching operators, combined with node switching operators, allow the user
to define aggregate attributes. Aggregate attributes can aggregate their elements {other
attribute values), indexed by identifiers directly from any p.art of the parse tree. Individual
elements of an aggregate attribute can also be referred to directly by the definitions of
other attributes on the parse trec.

The indexical attribute evaluator is based on the eductive computation model. Given a
parse tree, the evaluation starts by sending demands for the value of the defining expression
of thetree. To compute the initiaily demanded attribute value, demands for values of other
attributes on the tree will be issued and the demanded values will be computed, until the.
initial demand is satisfied. In the eductive computation model, no value is computed until

it is needed. Consequently, no unnecessary attribute evaluation is performed.

8.2 Contributioﬂs and Advantages

-

e Denotational semantics

/

The first advantage of JAG is.that it has clearly defined denotatlona.l semantics based -
on least fixed pomt theory. The formal qema.m.lcs of an a.ttnbute grammar in IAG
xs‘tﬂhe denotation’of each parse tree T gcperated by the grammar, that-is, the least
; ﬁxéci'pqixit of the function that maps i:h; intension V; (the attribute wvalue tree) to
itse]i'. ” : | | |

o AG—mdependent attnbute deﬁmtlon language

IFADL is desxgned to be an attrxbute definition language. Attnbutes defined by

-~ -
J - ~

~ Iy
~ > Y

(3
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IFADL expressions are IFADL variables. The meaning of an attribute is an intension
on the indexical context space C. The semantics of IAG directly corresponds to the
IFADL program formed by the attribute definitions of JAG. Thus the denotational

semantics of IAG can be defined clearly in terms of IFADL’s semantics.

IFADL is independent of the concept of AG. There are several advantages to using
an AG-independent attribute definition language. Firstly, we do not need-to build
special attribute evaluators. The implementation of IFADL on a given system can be
adapted as an evaluator of IAG. Secondly, it makes IAG exccutable. That is, given
a parse tree generated from an AG. its attribute definitions determine an executable
[FADL program. Thirdly, the expressive power of TAG increases as IFADL evolves.
On other the hand, TAG provides an important type of application for IFADL, so

that the language can be developed and specialized according to the needs of IAG.
¢ Improved expressive power

— Solution for the communication attribute problem

Indexical attribute grammars allow us to remove most of the communication
attributes without losing the declarative property. IAG relaxes the locality
restriction of attribute definitions by introducing indexical semantics to at- .
tributes. Using indexical operators (in particular, node-switching operators)
to specify attribute definitions. an attribute can directly depend on other at-
tributes. Meanwhile, we still keep the declarative property of attribute defini-
tions and give them prcciﬁe denotational semantics.

By eliminiting communication attributes, we can also improve the space effi-

ciency, since there is no need to store duplicated attribute values.
.= Solution for the aggregéte attribute problem . - :

We solve the aggregate attribute problem within the declarative semantics and.

without introducing side-effects in the attribute grammar definition level. We -

consider that an aggregate attribute value is distributed, that is, lts e]em_eﬁtg
can be collected and zeferred to individually. Thus, bdthiconteptu-ally and

o
DN
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practically, we do not need to carry the entire aggregate structure around the

parse tree.

— Time varying attributes
As a formal specification tool, IAG can specify systems whose values involve
data streams. IAG can specify a system with the structure of a tree of data
streams. That is, given a parse tree generated by an attribute grammar in IAG,

the tree structure is fixed and does not change with time, but the attribute
values at nodes of the tree change with time.

Using the time varying attributes, IAG allows the user to define the circular
attributes in conventional AGs non-circularly. Such definitions are independent
of the underlying implementation.

IAG can also specify a system with the structure of a stream of trees. That is,
we can define attrxbutes in TAG to associate their tree-shapes to the structure
of the system. At dxﬂ'erent times, the attributes may have different tree-shapes.

The tree-shapes of one or a union of a sct of attributes at all the time points

constitute a stream of trees.

e Parallel attribute evaluation

AGs have great potentiai for parallel execution since an attribute dependency graph
is a special instance of a dataflow graph [Far83)[KG92]. The IAG system can be
implemented based on the eduction model - a parallel implementation model for

indexical laﬁgugg&s and systems. In this implementation, no other special parallel

attribute evaluation method is needed, besides eduction which is suited to handle

fine-grained para]lehsm The correctness of the parallel evaluation of IAG is guaran-

teed by the model, no matter what order attributes are cvaluéted, because of their -

declarative sem;.ntics withdut side effect. Also, because of elimination of commu- i

‘nication at‘{;ribut&s’ and monolithic aggregate attributes, these parallel evaluations

could be efficient. - o : T
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8.3 Future Work

¢ Incremental evaluation

By adding a version dimension in IAG, we can consider the value of an attribute as
a function of version. That is, after each modification indexed by a version point,
the attributes whose values have been changed at certain nodes by the modification,
will have the updated values at these nodes at the version point corresponding to
the modification. Such IAGs will not only allow incremental evaluations, but will
also have the power to simultanconsly represent different versions of a program. In
particular, the kistory of the modifications to a program can be represénted by the

sets of attribute values, each of which corresponds to a version of the program.

¢ Higher-order attribute grammars

- In higher-order attribute grammars [VSKS9][TC90] the value of an attribute can
be a structured tree. This can be done in IAG by adding an extra tree dimension
to the context space in IAG to represent the nested tree structures in the nested
tree dimensions. For any tree structure can be represented by the tree shape of an

attribute.

A more general higher order extension of IAG is to allow attributes at nodes to have
function values of arbitrarily high orders. There are two kinds of possible function
values for attribute instances at nodes. The first is pointwise functions that are
pure higher order functions in terms of functional languages ;vithout any indexical
operators and context switching involve%i. The second is so-called synchronic fune-
tions whose meaning depends on the underlying context but which do not involve
any context switching operations. Since Wadge has solved the proble‘m‘ of evaluat-
| ing higher order functions in Lucid-like indexical languages [Wad91], the two kinds
of higher order attributes can be implemented in’ higher order indexical attribute
grammars using the same scheme. To allow attribute values to be general index-
ical functions that invblvé context switching, we need further to inv&tigate their

semantics and implementation strategies. If such functions are associated only with
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individual nodes, the question is what are their meanings after contexts have been

switched, and how to evaluate the values of these functions at different nodes.

e Extendible expressive power with customized context space

The context space of IAG with the associated context-switching operators can be
designed according to the application. Thus, there is only one base dimension in
all IAG, that is, the tree dimension. Other user-defined dimensions with certain
structures of IAG can be introduced into the context space, according to the problem

it solves.

e Natural language processing

In Montague Grammars [DWPS0], the meaning of a natural language sentence is
a truth-value that is determined under certain conditions. These conditions may
depend on the sentence in various possible states of affairs, at various times, in

various places, for various speakers, and so on.

It is natural to think that we may be able to specify Montague grammars in terms
of IAG, because both are based on possible world semantics. To do so, we need
to extend or generalize IAG in several aspects. We need to extend the context-
free grammar of indexical attribute grammars to cover the syntax of Montague
grammars. We need to define the context space to consist of, at least, all the
dimensions that are required by Montague grammars plus the general tree dimension.
We also need to allow attributes at nodes of a structure tree generated by 2 Montague
gra.nfmar to have function values. Using such IAGs, we may be able to buildva.n
interpreter that éou_.ld evaluate the semantics of natural languages sentences based

on Moﬁ;agué gra.mma.rs
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Appendix 1
Syntax of IFADL

program -> expr

expr =-> constant
| identifier
] !l(n prr u)u
| expr infix-op expr
| prefix-op expr
! list-expr
| if-expr
| case-expr
| fun-call
] w-clause
I lleodll
| "error"

if-expr ~> "if"* expr “then" expr
. l alga" prr "fi“

case—expr =-> “case" éxpr “of" cbody "end"
cbody -> cbc'-)dy defacase
| expr “:" expr “;" cbody
. i GXPI' et expr n;n
defacase -> ."default" " expr
- . - fun-call - -> identifier u(" act-list ")

act-list -> expr
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| expr ," act-list
w-clause -> expr "where" defn-list "end"

defn-list -> defn
{ defn defn-list

defn => identifier "=" expr ";"
| identifier "(" formals ")" "=" expr “;"
formals => identifier

| identifier "," formals
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Appendix 2
An Indexical Attribute Grammar

for Type Checking

% This is an indexical attribute grammar for a simplified Modula-2
% language. It tests variables within a module with only simple types.

TOOt accept

% Global attribute definitions
accept = child(accept,0);
type = child(type,0);

4 Context-free grammar and local attribute definitions

program: "MODULE" ident ";" block ident "."
accept = if child(id,0) eq child(id,2)
then child(accept,1)
else FALSE -
£i; .
% typetable at the node labeled by program equals the
% typetable at the first child of the node labeled by block.
typetable = child(child(typetable,0),1);
- block : decl_list_opt begin_and_stmts_opt “END"
accept = child(accept,0) and child(accept,1);
% ‘collect type information for typetable at the node labeled
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% by decl_list_opt.
typetable$0 = agg(decl_type, id, parsetree);

decl_list_opt :
accept = TRUE;
| decl_list

decl_list : decl
| decl_list decl
accept = child(accept,0) and child(acecept,1);

decl : "“VAR" var_decl_list_opt
accept = TRUE;
| proc_decl “;*

var_decl_list_opt :
| var_decl_list

var_decl_list : var_decl
| var_decl_list var_decl

var_decl : field_deél noa

field_decl : ident_list ":" type
decl_type$0 = parent child(lex,1);

‘ident_list_opt:
| ident_list
decl_type$0 = parent decl_type;

ident_list : ident
decl_type$0 = parent decl_type;
| ident_list “," ident )
decl_type$0 = parent decl_type;
decl_type$l = parent decl_type;

proc_decl : proc_heading ";" block ident

% if the identifier in the proc_heading is equal to the

% identifier of the block then accept is true.
accept = if child(child(id,0), 0) eq child(id,2)
then child(accept,1)’
else FALSE
2i;

b
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% union the type information from the proc_heading,

% the body of the procdure, and the upper block.

typetable = union(union{child(typetable,0),
child(child(typetable,0),1)),

proc_heading :

upasa typetable);

"PROCEDURE" ident formal_para_opt

% collect type information of parameters.

typetable =

child(agg(decl_type, id, parsetree),

formal_para opt :
| formal_para

formal_para :

fp_sect:.on list_opt :

“(" fp_section_list_opt ")"

- | fp_section_list

fp_section_list :

fp_section E

| fp_section_list ";" fp_sect:.on

:fp_séction : var_opt ident_list “:" type

decl_type$l

var_opt : :
l MV‘ARN

begiﬁ_and_stmts_opt :
accept = TRUE

= parent child(lex, 2);

| "BEGIN* stmt_list

- accept =

" stmt_list : :stmt :
{ stmt_list ";" stmt =

loop_stmt -

child(accept,1) ¥

.-

‘ accept = ch:.ld(accept 0) and
stmt ) ~ )
’ - accept = TRUE; i

e -assignment \\:
| if_stot - v
| while_stmt
| repeat_stmt
|

M

/)

child(accept,1);

1);

139
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| for_stmt

assignment : designator ":=" expr
accept = child(type,0) eq child(type,1);

if_stmt : “IF" expr "THEN" stmt_list elsif_list -opt alse opt "END"
accept = if child{type,0) eq BOOLEAN
then child(accept,1) and
child(accept,2) and
child(accept,3)
else FALSE _
£i; ‘;

elsif_list_opt :
accept = TRUE;
| elsif_list

elsif_list : elsif
| elsif_list elsif
accept = child(accept,0) and child{accept,1);

L)
{,,/ .-
Fa

elsif : "ELSIF" expr "THEN" stmt_list
accept = if child{type,0) eq BOCLEAN .
then child(aczept,1)
olse FALSE
£i;
else_opt : <
accept = TRUE; .
| else )
else : MELSE" stmt_list
loop_stmt : "LOOP" stmt_list “END" -
while_stmff; "WHILE" é;pr "DO" stmt_list "END" | _ » .
accept = if child(type,0) eq BOOLEAN ) ‘ : Q@ :
then child(accept, 1) _ ' ' _ , \‘x\;\\\
else FALSE -~ T
-£1; : - : B .

~

répeat_stﬁt': "REPEAT" stmt_list "UNTIi“ expr
= ‘accept = if child(type,1) eq BOOLEAN
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then child(accept,0)
else FALSE
£i;

for_stmt : "FOR" desigrnator “:=" expr "T0" expr "DO" stmt_list "END"
accept = if child(type,0) eq child(type,1) and
is_simple_type{child(type,2))
then child(accept,3)

else FALSE
fi;
expr_opt :
type = NON_TYPE;
| expr

expr : simple_expr
| simple_expr relation_op simple_expr
type = checktyperel(child(type,0), child(lex,1),
: child(type,2));

simple_expr : sign_opt term
type = checktypeopl(child(op,0), child(type,1));
-] simple_expr add_-operator term
type = checktypeop2(child(type,0), child(lex,1),
child(type,2));

sign_opt : - :

op = NON_OP;
| sign_op > -
op = child(lex,0);

| term mul_operator factor . o
type = checktypeop2(child(type,0), child(lex,1),
child(type,2));

factor . : mimber;-
' | ident - ‘ ‘
type = child(id,0) upasa typetable;
-1 string. o .. :
type = STRING; -
l n(n expr "w .
.1 “NOT" factor
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type = if child(id,0) eq BOOLEAN
then-BOOLEAN
else Err;

designator : ident
type = child(id,0) upasa typetable;

ident : identifier
id = ¢hild{lex,0);

number : integer
type = INTEGER;
| real
type = REAL;

142
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