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Abstract 

In this dissertation we define a nc,.,,· attribute grammar system - fodexicnl Attribut~ Gram­

mars (L.\G). In IAG we define attrihutc.-s m·cr ctn implicit intlcxicnl context .<>pace. The 

indcxical contc..xt space is a multidimensiox:al space which is the product of a tree di­

mension, a. ro;1ltitime dimension. and an id<"ntifi<'r dim<'nsion. Attributes on the indcxical 

contc..'i:t space a.re intensions, whose •<i.lucs \'ary o\·cr different. contexts: nodes of a parse 

tree. multitiPle points. and symbols. Indexical attrihutc grammars with denotational 

semantics form a new class of attribute grammars. 

Indcxical attribute grammars allow non-local at.tribute dependencies by using node 

switching opera.tors. The use of commnnkation aurihutcs can therefore ht- reduced sub­

stantially in indexical attribute grammars. 

Inde."<ical attribute grammars can define attrihutcs based on iterative algorithms. The 

value of an attribute at a node on a gh·cn parse tree can be defined as a. data stream (or a 

nested data stream for~ nested iteration) O\'cr the multitimc dimension. The value of an 

attribute.at a. time point can be viewed as the \"allll" of the attribute at a particular step of 

"' the iteration. The attributes defined by itcrat.h·c algorithms are temporal attributes, vary­

: ing ~ver the multitime dimension~ Circular attributes whose C\et\uation can be terminated 
- - -- -

can b,e d~fined as non-circular but temporal attributes using time switching operators. 
- -- -

In indexical attribute grammars, we ca.n define an aggregate attribute a.t a node on 

a given parse tree as a collection oh-alnes. ga.t~lcrccl from other nodes, which varies O\·er 

the identifier dimension. The information about identifiers can be collect~d as clements at 

the co)esponding identifier points in the aggregate attribute. An aggregated value in the 

identifier dimension is not monolithic, its 1ndividu<tl clements can be referred to by other : 

attribute_ definitions through contc.'\1: switching operators. 

The attribute evaluation of indexical attrihutc grammars is based on t11c tagged 
-

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



I ll

form a  dataflow graph. The e\"alualioii of tlic ati rihiites on the tree is ttie cv'ahiation of 

the corresponding dataflow graph. Following liie demand-driven method, only the \-aIucs 

th a t are demanded a t certain contexts are eraliiated.
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Chapter 1

INTRODUCTION

In this dissertation w t define anew  attribute grammar system - Indexical Attribute Gram­

mars (LA.G). In lAG we define attributes over an implicit indexical context space. The 

indexical context space is a  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 x'alncs vary over different contexts: nodes of a  parse 

tree, multitime points, and symbols. We show that the indexical approach enriches and 

improves conventional AG systems.

1.1 A ttribute Grammars

Before attribute grammars were introduced, there existed a  simple, elegant and formal 

method for describing the syntax of programming languages - namely context-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 write procedures 

to  check the semantic correctness of programs. People found out tha t for some simple 

languages, such as arithmetic expressions, the meaning (for example, the compiled code) 

of a  given expression can be synthesized in a. straightlbrward way by recursively building 

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 tho semantic information of a laiigimgc into its syntactic definition.

Unfortunately, most programming languages arc context-dependent. For example, the 

type information for variables in Pascal is context-sensitive.

beg in
var x: integer;
X = y;

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 typo information in its own subtrees.

In 1967, Knuth introduced a  now formalism - attribute gmmmam  [KnuOS][Knu7l] for 

defining programming languages. An attribute grammar can define not only the sjTitax 

of a  programming language, but also the context-sensitive semantics, a t the same time, in 

a  declarative way.

An attribute grammar is a  context-free grammar with attribute definition rules. In 

attribute grammars, we associate a  sot of attribute symbols with each non-terminal gram­

mar symbol. For a  node labeled by a  non-terminal symbol in a  given parse tree, there is a  

corresponding set of attribute instances. The \*aliios of the attribute instances a t the node 

represent the semantics of the node. For example, consider the following production wliich 

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

s ta tem en t -> - id e n t i f i e r  "=" ex p ressio n

We associate an attribute symbol type.with the grammar symbols i d e n t i f i e r  and e : ^ r -  

e ss io n . We also associate an attribute symbol match, with tho grammar symbol s ta tem en t. 

The value of a  ty p e  instance a t a  node labeled by an id e n t i f i e r  indicates the type of 

the identifier. The value of a  match instance a t a  node labeled bv a  s ta tem en t describes 

whether the statement is semantically correct.
■* - /V

A ttribute definitions specify how to  compute the values of certain attribu te 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 n a tch  with the production winch specifies the structure of an assignment 

sentence:

s ta tem en t -> i d e n t i f i e r  "=" exp ress ion
sta tem en t.m atch  = id e n t i f i e r . t y p e  eq ex p re ss io n .ty p e ;

Here we use symbol.attribut.e to represent a  grammar symbol with an attached attribute 

symbol, which we call an attribute occvrrcncc. According to the definition, in a  given 

parse tree (Figure 1.1), the node labeled by the non-terminal symbol s ta tem en t will have 

a  value of match. The value of match depends on the values of ty p e  a t its first and 

third child nodes in its subtree. The dependencies are indicated by the arcs. If the two 

values are equal, then the value of match will be true. That means tha t the assignment 

statement is semantically correct. Otherwise, the \-aIue of match is false and the statement 

is semantically incorrect, though it is correct syntactically.

match

type typeidentifier expression

statment

Figure 1.1; parse tree with attributes

There are two im portant kinds of attributes in attribute grammars: synthesized a t­

tributes and inherited attributes. Inherited attributes are introduced to describe the 

context-sensitive semantics of a  language. In a  given parse tree, a  synthesized attribute 

instance a t a  node depends on the attribute \-alues in its subtree. An inherited attribute 

instance depends on the attribute values on its parent node. Synthesized attributes are 

evaluated bottom-up and inherited attributes are evaluated top-down. Knowing if an a t­

tribute is synthesized or inherited helps us to determine how to evaluate the values of the 

attribu te over a  given parse tree, for example, in a  top-down or bottom-up manner.

Since attribute grammars allow us to  specify both the syntax and semantics of a  lan­

guage, attribu te grammars are an ideal formal specification tool for defining programming 

languages. A ttribute grammars have been applied to many areas, sudi as compilation 

[Far84], control and data  flow analysis [BJ7S][CRSS]. code generation [GFS2], tex t editing
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[TRSl][RepS4][HKS6], database systems [Pla.SG][Mtic'<ô]. and VLSI design [JSS6]. They 

have proved to be a  useful formalism for specifying context, sensitive semantics of pro­

gramming languages and other systems.

1.2 E xisting Problem s

There are some problems with existing at.lril)ute grammar systems. One problem is the 

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

tribute definitions with production rules. There is a restriction on these attribute defini­

tions: an attribute occurrence in a  production rule can only bo defined in terms of the 

attribute occurrences in the same product ion rule. In ot her words, we only allow attributes 

to be defined loca//y within a  production. Tor example, in the following attribu te  grammar 

we can associate an attribute ty p e jta b le  wit h the grammar symbol decl_block.

program -> d e c l.b lo c k  s t m t . l i s t  
d e c l.b lo c k  -> —

d e c l .b lo c k .ty p e .ta b le  = . . .  
s t m t . I i s t  -> s ta tem en t s t m t . l i s t  
s ta tem en t -> id  exp ression  

s ta tem en t.m atch  = id . ty p e  eq e x p re ss io n .ty p e ;

In a  given parse tree, there is an attribute instance of ty p e .ta b le  a t a  node labeled 

by dec l.b lock . The value of 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 

ty p e_ tab le  as a  symbol table in a conventional compiler. Conversely, to  evaluate the 

value of ty p e  a t a  node labeled by id  in a given parse tree, we have to know the type 

of the identifier declared in the declaration part. To do so, a t a  node labeled by id  in 

the s tm t_ lis t  structure, we need to access the \-aluc of ty p e .ta b le  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, wo may have to  introduce 

communication attributes in some productions to  bridge the gap. These communication
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attributes serve no purpose other than passing on desired \-alucs. For example, we can 

attach the attribute symbol ta b le  to non-terminal symbols s tm t_ lis t ,  s ta tem en t, and 

expression . Then the attribute definitions in the corresponding production rules can be 

defined as followings:

program -> d e c l.b lo c k  s t m t . l i s t
s t m t . l i s t , t a b l e  = d e c l .b lo c k .ty p e .ta b le ;  

d ec l.b lo ck  -> —
d e c l .b lo c k .ty p e .ta b le  = . . .  

s t m t . l i s t  -> s ta tem en t s t m t . l i s t  
s ta te m e n t .ta b le  = s tm t . l i s tO . ta b le  ; 
s t m t . l i s t 1 .ta b le  = s tm t . l i s tO .ta b le ;  

s ta tem en t -> id  "=" expression
sta tem ent.m atch  = id .ty p e  eq e x p re s s io n .ty p e ; 
id .ty p e  = g e t . ty p e ( id . l e x ,  s ta te m e n t . t a b le ) ; 
e x p re s s io n .ta b le  = s ta te m e n t.ta b le ;

Here s tm tJ-istO  indicates the grammar symbol s tm tJL is t occurred on the left hand 

side of the production rule and s t m t j . i s t l  indicates the grammar symbol s tm t J . i s t  

occurred on the right hand side of the production rule, g e t.ty p e  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. Moreover, it may also require a  

large amount of storage space for duplicate values, especially when the attributes have 

complex values. ^

Another problem related to the locality of attribute definitions is tha t of the so-called 

aggregate attributes. To analyze the semantics of a  program, we usually need a  symbol 

table to  store the information 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 elements in a  parse tree 

directly. To aggregate attribute values on a  parse ty^D, 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 tha t of incremental evalxi-
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ation. The value of an aggregate attribute consists of many elements, such as entries 

of a  symbol table. Conventionally, an aggregate attribute is considered as a  monolithic 

structure. Changing any of its individual elements results in the entire structure being 

updated. Thus, even those attributes that depend only on unchanged elements have to 

be re-evaluated. This makes incremental evaluation iuefTicient.

Another problem with attribute grammars is that of circula,'- 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 a t eraluation time will 

yield an undefined \-alue. However, since recursive and iterative methods are natural 

for solving many problems, it seems that allowing circularly defined attribute grammars 

is unavoidable. Examples arc the denotational semantics of a  xckile 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 grammars lack the power to specify attribute definitions based on 

iterative or recursive algorithms.

::r=i^^5mc^^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 needs 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 attribu te values in a  given parse 

tree, we need a  multipass evaluator to  guarantee tha t all the attribute values are evaluated 

in correct order. Multipass evaluation is time inefficient. To avoid multipass evaluation, 

people impose restrictions on attribute definitions so tha t the attribute values in a  given 

parse tree can be evaluated within one pass of tree walking. However, the restrictions
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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 arc copy rule chains [H0 0 S6], remote attributes [RMTS6], global attributes [RTS6], 

successive approximation evaluation [FarSG]. gate attributes [WJSS], incremental evalua­

tion [CRS8][AlbS9][Jon90], action event-driven évaluation [KaiS9], and so on. Also, some 

new kinds of attribute grammars have boon introduced, such as coupled attribute gram­

mars [GGS4][GieSS][RPJ9d] and higher order attribute grammars [VSK89][TC90]. How­

ever most of these systems and approaches solve the problems a t the attribute evaluation 

lej^l. They are implementation-dependent. In this dissertation, we try  to solve the prob­

lems a t a  higher level. Wo introduce indexical semantics into attribu te grammars. Using 

indexical semantics, the above problems can be solved a t the attribu te definition level. 

We claim tha t 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 [WA85] 

[vanSS]. An expression over a  context space is an intension. An intension is a  function 

which maps the expression from the context space to its value domain. The value of an 

expression a t a  context is also called an extension.

This type of logic was originally developed to help understand natural languages 

[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 depends 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 meaning depends only on time and place, we can construct a  context space 

for the language. The context space is two dimensional. One dimension is the time and
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the other one is the place. The coordinates of tlic lime dimension could be measured in 

days, and the coordinates of place dimension could be specified as cities. A context (d, c) 

in the context space consists of a  time point dand  a place point c.

A language expression over the context space is an intension. For example, the mean­

ing o f the expression Today's sunset is 5 minutes earlier than yesterday's sunset can be 

expressed as a  formula t = yestcrday{tj - 5. In the formula, t. 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 yesterday. 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, c) is the sunset time of one day before d a t the same city 

c. If the current sunset equals to  yesterday's sunset minus 5 minutes, then tho sentence 

is true a t (d .c), otherwise the sentence is false.

Conversely, the above expression cannot be true a t 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 a t the north pole or in the 

tropics. We say tha t the value of an expression trarics over the context space. The value 

of the expression may be different in different contexts.

Through the study of attribute grammars, we see that in a  given parse tree, an attribute 

may have different values a t 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 a t the definition Icveh We 

tend to  think of those attribute instances as different, though they may share the same 

attribute name. The problem can be solved naturally with indexical semantics. For 

example, we can define the nodes of an arbitrary tree as ou r context space. T hat means 

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

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

attribute dependences over the context space a t the definition level.
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1.4 Overview of Indexical A ttribute Grammars

In an TAG, attributes arc intensions over a context space which is a  product of a tree 

dimension, a  muUitime dimension, and an identifier dimension. A tree point, a  lime 

point, and an identifier point constitute a context , or a possible world. To manipulate the 

values of intensions, we use indexical operators to switch context from one to another.

For a  given parse tree, wo consider it as a  sulilrce of the tree dimension. Attributes 

of the parse tree are defined in an I.-\C as intensions whose values \-ary over the tree 

dimension. The values of an attribute a t 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 communicat ion attributes 

can be reduced substantially in an I AG.

As an intension, the value of an lAG attribute at. a  node of a  given parse tree may also 

vary over the multitime dimension. Thus the %*alue of an attribute at a  node is a  (possibly 

nested) da ta  stream, whose elements are indexed by time points. When an attribute is 

varying in time, we call it a  temjioml nttribntc. The value of a temporal attribute a t a  time 

point can be defined in terms of its \-alues a t other time points by using time switching 

operators. This kind of “self-depotidcncy“ docs not create undefined values, as long as 

they refer to defined values a t different time points. .‘Vs 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 attributes which can be described by recursive or iterative algorithms, in 

an lAG, we can define them as temporal attributes, or functions of time. We explicitly 

describe the required Initial values and the termination condition for a  temporal attribute. 

At evaluation time, the  evaluation order of temporal attributes is decided by the time 

switching operators. When the same initial values arc given to a  circular attribute, the 

evaluation always yields the same result. -

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

In other words, the value of an aggregate attribute can vary a t different identifier points.
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For example, we can cleRtic an attrihiHe hiprjahlf to record the types of ttleiitifiers in a 

block stnicltirc. For a  given parse tree, at a node which denotes a block st ruct tire, the 

value of at t, rib nte at each identifier point is the type Information for the identifier

in the block. Using identifier switching operators, attribntr's can aggregate values from 

a parse tree, so that the intermediate attributes which record partially aggregated vaines 

are eliminated. Each element in an aggregate value at a node has its own identifier index. 

Using identifier switching operators, an element 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 l.\G grammar which defines t he same type informa­

tion as the one in section 2 .

program -> d e c l.b lo c k  s tm t .l is t :  
ty p e .ta b le  = c h i ld ( ty p e . ta b le ,  0 ) ;  

d e c l.b lo c k  -> —  
ty p e .ta b le  = . . .  

s t m t . l i s t  -> s ta tem en t s t m t . l i s t  
s ta tem en t -> id  expression

match = c h i ld ( ty p e , 0 ) eq c h i ld ( ty p e , 1) 
ty p e  = a t i ( l e x ,  u p a s a ( ty p e .ta b le ) ) ;

Here c h i ld  and upasa arc node swilching operators, a t i  is an identifier switching 

operator, and le x  is an attribntc symbol whose value at, a node labeled by an identifier 

is the identifier's lexical value. The operator upasa allows us to refer to the first valid 

required attribute value on the path from the current node to the root no<le. The op­

erator a t i  returns the clement from an aggregate value at a  given identifier point. In 

lAG, the attribute instances attached to the nodes labeled by stm t JL is t. s ta tem en t, and 

ex p ress io n  arc eliminated.

In this dissertation, we also define an indexical functional language named IFADL. 

IFADL is the attribute definition language for an l.\G . The indexical operators of an D\G 

arc implemented as the functions in an IFADL. .Attributos in an LAG can be viewed as 

variables in IFADL, and attribute definitions are expressions in IF.ADL. Tho e\a.luator of 

an LAG is an interpreter for IF.ADL. Therefore, by using IFADL as the attribute defining
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language. \vc make I,-\G grammars c.\eciitaltlo.

The craiiiation of intensions can be based on a tlciitaixl-drimi computation mclhoci. 

Using this tnelhod. the c\’alualion order among the values of intensions is automatically 

decided a t evaluation time. Consetjuentially, there is no need to divide attributes into 

synthesixed or inherited attributes in !.\Gs. The value of an intension in a given context 

is eraluated only when the \-alue is demanded. Therefore, only the required \alues are 

evaluated.

Since our proposed e\tvIuator of an l.\G system uses a demand-driven evalttation 

method, there is no need for restrictions on an l.\G . The evaluator of an I.\G system 

does not need special facilities to solve conventional evaluation problems, such as sharing 

attribute \-alues. attaching dependent lists to elements of aggregated xTilues, detecting cir­

cularities. or supporting fixed-poinl. linding algorithms, because they arc either handled 

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

1.5 Overview of the D issertation

In Chapter 2 , we first introduce some background on convent ional attribute grammars. We 

also discuss some problems with conventional att ribute grammars such as communication 

attributes, circular attributes, and aggregate at.triinites. And we outline some related 

work for solving the problems.

In Chapter 3, we describe the attribute definition language IR-VDL. IF.*\.DL is developed 

from the functional programming language I SWIM. In this chajitcr we define an extension 

of I SWIM'S semantics with indcxical semantics based on a  multi-dimensional context 

space. We also define primitive indexical operators in IF.\DL 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 rallies using the identifier dimension.

In Chapter 5, we define indexical attribute grammars. We use IFADL expressions to
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specify attribute (iefiiiition rules. In this rlinpier. we define parse trees as siibtrc'es of the 

general tree dimension and at (rl bn tes as variables whose values at nodes of the

trees may also vary in the time and identifier dimensions. We define the distribution of a t­

tribute definitions over the nodes of a parse t ree as an intension, and give I he dénotât ional 

semantics of attributes on the tree.

In Chapter 6 . we show the expressive power of indexical at t ribute grammars. We show 

how communication attributes can be retnoved by using node switching operators. We 

show how to use titne switching operators to define attributes as temporal objects, and 

how to specify circular attributes explicitly as non-circular attributes with stream \-alues. 

Finally, we also show how to define at tributes by using identifier switching operators to 

manipulate aggregate attribute \-alues on a parser t ree.

In Chapter 7, we describe an implement a lion strategy' for evaluating att ribute wducs in 

indcxical attribute grammars. We also give the st rategv* for Imilding compiler generators 

based on indcxical attribute grammars.

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

future work.
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Chapter 2

BACKGROUND

2.1 A ttribute Grammars

Attribute grammars are a  formalism for specifying 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 those constructs.

The basic idea of attribute grammars is tha t 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. The 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 language can be defined 

together with the syntax of the language. In this section, our introduction to  attribute 

grammars is based on [Knu68][Knu7lj[D.TLSS].

An attribute grammar is a  triple AG  =  (G. A .D ). G  =  (T, jV ,5 ,P ) is the underlying 

context-free grammar with T  the set of terminals. N  the set of nonterminals, 5/-€ N  the 

s ta rt symbol, and P  the set of productions. A production j; 6  P  in a  context-free grammar 

has the form

IP . I . . .  Tip—t
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where >  0, A' € and A'fc € T  U A’ for 0 <  A: <  :ip -  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 atlribvtc occurrence of the pro­

duction rule.

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

occurrence o in a  production p has the form

A’.«

where A* is a  nonterminal grammar symbol in p and « is an attribute symbol.

T hm ast component D  = <  Dp >pçp is an indexed family of sots of attribute definition 

rules. Each production p  has a sc t of attribute definition rules Dp. 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 a t each node that 

corresponds to  the grammar symbol occurrence in the production. For a  given production 

p  €  P  (with k  grammar symbols). Dp is a  set of attribute definition rules associated with 

p. An attribute definition rule has the form

Oj  "  C(Oo« . . . ,  0 | .  . . . .  Offi )

where oi € Op are attribute occurrences associated with the production p, and

c(Oq. . . . .  Of» . . .  « Offi )

is an expression with oq? • • • ? o ,,. . . ,  o„i as free variables. For example, suppose production 

p  has the form

p i  X  — Y  Z  

and A  =  {a, 6}. The attribute definition rule

X .a  =  Y.b -h Z.b
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defines the value of the attribute occurrence X .a  to  be the sum of the values of attribute 

occurrence V.Ù and attribute occurrence

An attribute definition rule defines the value of a particular attribute occurrence as a 

function of other attribute occurrences in t he 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

Gp =  {(o£, Oj)I Oj occurs in a  definition of o,- in Dp}

The local dependency graph of production p has the attribute occurrences in Dp as vertices 

and their data  dependencies as arcs. We say that in production p. an attribute occurrence 

o; depends on attribute occurrence oj if oj appears in the definition of o;. In this case, 

there will be an arc from o; to oj in the local dependency graph Gp.

A context-free grammar generates a  unique tree structure (called a jxirsc tree) for each 

of its sentences (if the grammar is not ambiguous). A node n. of the tree is labeled by the 

grammar symbol A' which occurs on the left hand side of the rule associated with n. An 

attribute symbol a together with a  node v is called an attribute instance which is a  pair 

(a, n). The semantics of the sentence is the value of a  distinguished attribute instance a t 

the root node of the parse tree.

A derivation tree is a  parse tree together \vith 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 deriv-ation tree is used to determine the evaluation 

order of attribute instances on the tree.

For example, the following is an attribute grammar tliat defines a  language whose 

sentences arc binary numbers [Knu68][Knu71]. -

Example 2.1 (Converting binary strings to  decimal values)

A =  {value, length, scale} 
p i:  N ^  L L

N .value =  Li .value -{- Lg .value
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Li .scale =  0 
Lg.scalc — — Lo-length 

p2: N ^  L
N.value =  L.\'al«e 
L.length = 0 

p3z L —*■ L B
Lo .value =  Lj .value +  B.\*aluc 
Lo-length =  Li .length +  1 
Li .scale =  L^.scale + 1  
B.sc<de =  Lo .scale +  I 

p4: L — B
L.value =  B.valuo 
L.length =  1 
B.scale =  L .scale 

p5r B — 1
B.x’alue =  

p6 : B -* 0
B .value =  0

In the above example, the attribute vnh/c 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 

example are shown in Figure 2 .1.

In the local dependency graphs, the vertices are grouped with their grammar symbols. 

For a  production p : .Y — A'c.Yi the attribute, associated with the grammar

symbol A” in p  is a t the top of Gp and the attributes associated with grammar symbols 

in p, 0 <  I <  Ttp — 1 are placed a t the bottom of Gp. The derivation tree for the binary 

^  number “10.01” generated from the grammar is shown in Figure 2.2.

At a  node of a  particular parse tree of the above attribute grammar, the attribute 

instance of value is a  rational decimal \alue computed from attribu te instances in the 

subtree rooted by the node. The value of length a t a  node is an integer tha t is the length . 

of the substring represented by the subtree rooted by the node. The value of scale a t a  

node is an integer tha t is the scale of the' node. The attribute value associated with the 

s ta rt symbol N  a t the root node denotes the semantics of the sentence.

The semantics of a  sentence is obtained by evaluating attribu te instances on the
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Figure 2.1: Local dependency graphs for Example 2.1
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1 0

Figure 2.2: The <lori%*at.ion tree for st ring “10.01“

derivation tree. There are basically two kinds of attribute evaluation methods: tree-walk 

[KS76][Boc76][KatS4][KosS5]pohS7] and lazy c\"alnation [Tao$7][Fro92]. In tree-walk eval* 

nation, an evaluation plan has to bo determined before the evaluation starts. The plan 

tells the evaluator how to scan a  derivation tree in one or more passes and which attribute 

instances on the tree are evaluated a t each pass. In lazy evaluation, the evaluator initially 

evaluates the attribute instances that constitute the semantics of the derivation tree. If 

a  required attribute instance does not have a  value yet, the evaluator will evaluate other 

attribute Instances tha t are needed to compute the attribute instance. The evaluator re­

peats the process until all the required values are satisfied. In lazy evaluation, only the 

required'attribute instances are evaluated.

2.2 R elated  Work

2.2 .1  G lobal A ttr ib u tes

According to  the definition of attribute grammars, an attribute occurrence in a  production 

rule can only be defined by the attribute occurrences th a t are in the same production rule. 

Because of the locality restriction of attribute definitions, if an attribute instance a t a  node 

in a  parse tree refers to  an attribute instance a t another node whidi is not a  parent, child, 

or sibling of the former, some communication attributes have to  be defined a t  those nodes
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tha t fonn a  path to pass the required \"alue 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 \-aIues. some techniques such as copy n ie s  

[H0086] arc introduced into attribute grammars. .A.n attribitte 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 follows {where a  copy rule is indicated 

by =e).

A =  {value, length, scale}
N — L .L

N.value =  Li .value +  L^.value 
Li .scale =  0 
Lg .scale =  — Lg .length 

N — L
N.value =c L.value 
LJength =  0 

L -  L B
Lo .value =  L] .value +  B.value 
Lo .length =  Li.length +  1 
Li .scale =  Lo.scalc +  1 
B .scale =  Lo.scale +  1 

L -  B
L.value —c B.value 
L.length =  1 
B.scale =c L.scale 

B —* 1
B.value =

B — 0
B.value =  0 ,

Some efforts have also been made to extend the attribute grammar formalism by 

allowing nonlocal depcndcndes. In [JFS-I], 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]plMTS6]. In their notation, an
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upward remote reference has tlie form

(where A';.o, denotes an attribute occurrence)

For each A',-.a,-, it refers to  the first attribute instance in tlie sequence of attribute instances, 

(<%:, rti), (a,-, (a,-, n t) , on the patii from the point of reference (a node) to the root of

the parse tree where n j( l  < j  < k) is labeled by A';. Using this concept, the communication 

attributes can be removed from attribute grammars. The following is an example in [RT86] 

with upward remote references.

Example 2.2 (Using upward rem ote references)

Program — Block 
Block.env =  ç  

Block — DeclList StatList 
DeclListi — DeclList: Dec!
DeclList — Decl 
Dec! — Id Block

Block.env =  ProcDecl(up(Block.env). spclling(Id)): 
up(Block.env) =  ProcDecl(up(Block.env). spelling(Id));

D ed — Idi Id:
up(Block.cnv) =  VarDecI(up( Block.env). spelling(Idi ), spelling(ld:)); 

StatListi StatList: S tat 
StatList — Stat 
S tat —- Id

CheckUse(up(Block.cnv), spclling(Id)):
S tat — Block

The above is a  type checking example. In a  program of the language defined by the 

above attribute grammar, the value of an attribute cnr is associated with each node labeled 

by th e  grammar ^rmbol 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 enuassodated 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 aggregate attributes problem. The aggre­

gate attribu te in this example is env, a  symbol table which contains the type information 

about identifiers. Instead of collecting the elements of env from each node labded by
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Block, the upward remote reference function up  also allows the elements of env directly to 

be “written” into the attribute value of env 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 A ttr ib u te  G ram m ars

The dependencies of attribute instances in a  deri\"ation tree not only raise the evaluation 

order problem, but also raise the circularity problem, tha t is, an attribute in an attribute 

grammar may depend on itself directly or indirectly through attribute definitions. If an 

attribu te instance recursively depends on itself in a  derivation tree generated by an a t­

tribute grammar, then the attribute is called a  circtilar attribvtc. When a  circularly defined 

attribute instance is evaluated, the computation cannot terminate. In the definition of 

attribute grammars given by [Knu6S][Knu71], those circularities arc viewed as errors, since 

they yield undefined values. But there arc 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 a t­

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 

th a t if an attribute grammar has circuW, but well-defined attribute definitions, a  Fixed- 

Point-Finding evaluator can evaluate the circular attribute instances using a  successive 

approximation approach. A well-defined attribute grammar requires th a t for the  values of 

circular attribute instances, their definitions must be monotonie and satisfy an ascending 

chain condition. In the evaluation, initially all the attribute instances are assigned the 

value J_. A drcularly defined attribute instance may be evaluated several times until the 

value stops changing. The evaluation terminates when all the attribute  instances have 

stable values.
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Example 2.3 given by [FarSG] shows an attribute grammar fragment for computing live 

variable information in the dataflow analysis of programs. The solution of the example is, 

for each statement, the set of identifiers tha t arc alive on entry to tha t statement. A ttribute 

instances of live constitute this solution. The circularity in the attribute grammar is caused 

by the definition of attribute live associated willi the production for while-statcm ents, 

where stmt.live depends indirectly on stmls.livc winch indirectly depends on itself.

E x am p le  2.3

stm t —̂ id “■=” exp
stm t .live = (stmt.out -  id) U cxp.in 

stm t —k “while” exp “do” stmts
stmt.live = stm t.out (J (stmts.live U cxp.in) 
stmts.out =  stm t.out (J (stmts.live (J cxp.in) 

stm ts — stm t stmts
stmtso-livc =  stmt.live 
stm t.out =  stmts%.live 
stm tsi.out =  stmtso.out 

stm ts —*•.
stmts.live =  stmts.out

There are also some natural functions tha t arc not defined as above but whose so­

lutions are computable [WJ88]. For example, to simulate the denotational semantics of 

a  programming language that involves w h ile  statements, we can define attributes init 

and final for the statements which specify the initial and final states. Since the attribute 

final of a  w hile  statement depends on the value of inU. of the w hile  statem ent, the a t­

tribute grammar of the language involves circularities. Although this kind of circularity 

does have least dixed-points, the semantic function of the attribute final does not satisfy 

the monotonie and ascending chain conditions. The termination of evaluating this circular 

definition depends on a  default value of the conditional expression of the w h ile  statement.

One solution for this kind of circular attributes is to  add a  gate a ttribu te  to  a  cycle 

[WJ88]. An attribute instance in a  cj'cle has a  sequence of values. The e'wduation for 

a ttribu te  instances in a  cycle is iterative. The gate attribute is the key of the cycle. The 

gate a ttribu te  initially picks up a  value from outside of the cycle to s tart-the evaluation,
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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 \<Uues 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 does not 

handle nested loops.

Several papers also point out that circular attributes can be e\*aluatcd by using in­

cremental algorithms or tree transformations [.•\lb$9][SEl'RS9][TWS9][Jon90]. In [KaiS9]. 

circular attributes are defined by jjrojmgatcd cqitaiions as hisitorics 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 equation.^. The corresponding attribute 

evaluator adopts an event driven method. For a  cycle in a  derivation tree, the evalu­

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 a t the same 

time a  formal system based on indexical semantics [FWSG]. In an indcxical program, 

the value of an expression is an intension -  a  map from a  universe of possible words, 

also called a context 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 [WA85] 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 expression. An expression can be a  vvhere-clause, 

consisting of a  subject expression and a  set of equations (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 da ta  items instead of a  single one. The context 

space of Lucid consists of time points represented by natural numbers; each da ta  item in 

a stream is indexed by a  time point.
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In Lucid, llic original ISWIM operators are extended in a pnint.wise way: t hey perform 

the same operations on their operands at each time point. For example, consider the 

following expression

a + l>.

Let a bo the infinite stream <  1 .3 ,5 .7___ > and b !>e the infinite stream < 2 ,-i.6 ,S___ >.

The operator "+" is extended point wise on time ])oints. so tiie result of the expression 

is the infinite stream < 3 .7 .1 1 .1 5 .... > which is the infinite stream of the sums of the 

corresponding \-alncs of a and b at. encii ])oint in time.

Lucid has three primitive indcxical operators for context swiicliing: f irs t, n ex t, and 

fby.

The unary operator f irs t takes the first element from its operand stream and produces

a constant stream. For example, let x be stream < 1.2.3___> . then f i r s t  x is

< 1, 1.

The unary operator n ex t removes the first element from its operand stream. For 

example, let x be stream < 1 .2 .3___> . then nex t x is < 2.3. I >

The binary operator fby (for “followed by” ) takes t.lie 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.G—  > . then x fby y is <  1.2 .4 . 6 ____>.

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

X
where

X = 1 fby  X + 1
end.

This program defines x (the output ) to be the stream < 1 .2 ,3___ > . The first argu-

m cnt'of fby  is the initial value of the stream from which successive future values arc to 

be generated. Note th a t since Lucid, as a  functional language, is rcferentially transparent, 

the variable x denotes the same stream everywhere 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 a t  time point 0 and 1 is defined to
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be 1 a t time point 0 . x’s v’aluc at. time point 1. wliirh is 2 , ran be ])ro(iticcd according to 

the definition from x + 1. and so on.

A Lucid program as a set of erinat ions is really a text nal form of a  directed graph, 

which is called a  dataflow graph or net work. The nodes in the graph are tlie operations 

in the text and arcs are \-ariables or expressions. For example, t he following program

f ib
where

f ib  = 1 fby 1 fby f ib  + next f ib
end.

is the textual form of the dataflow network in Figure 2.5.

1 I

next

fib

Figure 2.5: .\ dataflow net work

Tims, every Lncid program has a nnitpie representation as a  network of operators. 

[A.1S6] has termed such dataflow networks corresponding to Lncid programs o]>erator neLs.

The evaluation of Lucid programs is based on a computation model called cduclion 

or tagged demand driven dalajloxv [F\V9G][.\FIIS5]. Unlike data driven dataflow [DcnSO], 

eduction can be thought of as a  form of dataflow with two-way traffic in communication 

lines. D ata 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  arc tagged with the stream indices or titne points.

The computation of a  Lucid program is demand driven: the value of the program’s 

output, or the value of the defining expression, is evaluated a t 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 variai)lc values at time points dilferent from the 

time point associated with the original demand.

In the next cliaptcr, we define a new indexical functional langttage. which is also based 

on ISWIM, as an attribute definition language for attrilm te granttnars.



Chapter 3

An Attribute Definition Language

3.1 Syntax

The indexical functional attribute definition Utnguttÿc IFADL is a  semantic enrichment of 

the functional language ISWIM [LanGG]. 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 IF.ADL program without indcxical operators is syntactically an ISWIM 

program. The syntax of IFADL is given in .‘\ppcndix k .

3.2 T he Context Space

IFADL enriches ISWIM with indexical semantics. IFADL programs are defined on an 

implidt context space C. The context space C is the product of a  tree dimension, a  

multitime dimension, and an identifier dimension.

3.2 .1  T h e  tree  d im ension

The tree dimension T  consists of all the nodes of an infinitely brandling tree.
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D efin ition  3.1 ( tre e  d im ension) The tree dimension T  is the set o f all lists o f natural 

numbers, i.e.

T = U

where w is the set o f natural numbers and ij ' the Cartesian product o f i eopies o f a?.

For the tree dimension T ,  the ordering of the nodes in T  is defined as follows.

D efin ition  3.2 (T h e  o rd e rin g  o f  node  indices) Let i . j  Ç .T. i C j  i f  i #  j  and

1. I =  [ ] or

2. last(i) < last{j) or

S. last{i) =  last{j) A nolast(i) C nolasl[j)

where nolast(list) = reversc(tail[rciwrsc{lisl))).

Where [ ] is the empty list and last, nolasl. rercrsc, and tail are functions. _ last takes a  

list I as its argument and returns the last element of /. tail takes a  list I as its argument 

and returns I with the first element of / is removed, reverse takes a  list I as its argument 

and returns a  new list j .  Here j  has the same elements as I except tha t the elements are 

in reverse order. The above definition defines the depth-first ordering among nodes of T .

Given a  tree -  th a t is a  conventional ordered tree, we relate nodes of ~ to  elements of 

T  as follows.

1. The root node of r  corresponds to  [ ] € 7*.

2. Let n  be a  non-root node of ” , m  be the parent node of n in r .  and n  be the 

child node of m, K corresponds to c o ^ { i.s )  where m corresponds to  s 6  T .

~ 3. Tr is the set of corresponding elements of tt defined in 1 and 2.

where cons{i, s) is a  function with two arguments. The argument i is a  natural number. 

The function .returns a  list which is the list s tha t results by inserting i  a t the beginning 

of s. *
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D efin ition  3.3 (In d ex  tre e )  A subset S  Ç T  is an index tree i f  and only if

1. n  € 5  A Vi e  5  i #  [ ] — tai!{i) 6  S.

2. Vi E T  Vt € w cons{k, i) € S — Vc <  k cons(e. i) E 5

R e m a rk  3.1 is on index free i f  and only i f ^ S Ç T  A  T~ =  S  and S  is an index 

tree.

The above definition states tha t: an index tree TV must have a t least one node -  the 

root node and the indices of the child nodes must, bo consecutive, i.e.

VO <  i <  A: — 1, cons(i.n) E A Vi > k  cons(i,7i) 0  TV

For example. Figure .3.1 shows the index tree corresponding to the parse tree for the 

binary string “10.01” , whose grammar is defined in Example 2.1.

11

[0 01

[0001

[00001

[0 0 2 1 0  [0 1 2 1 0

[0 0021 ©
Figure .3.1: An indexed tree

3 .2 .2  T h e  M u ltitim e  D im ension

D efin ition  3 .4  (M u ltitim e  d im ension ) The mnltilime dimension is the set

the Cartesian product o f  w copies o f the set w o f natural numbers.
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Each time dimension consists of a sequence of lime points which are represented by 

natural numbers. The multitime dimension is the sot of all infinite sequences of natural 

numbers.

3 .2 .3  T h e  Id e n t i f ie r  D im e n s io n

The identifier dimension I  is the set of all identifiers. By an identifier we mean a  string 

of characters tha t denotes a  variable name in a  program. In the identifier dimension, an 

identifier is called an identifier jjoint.

D efin ition  3.5 (iden tifie r d im ension) The idcjilifier dimension X is defined by

i = U - '
!Çu) '

where E is a predetermined set o f chamctcrs.

3 .2 .4  T h e  C o n te x t  S p a c e

The tree dimension T , the multitime dimension and the identifier dimension I  deter­

mine the context space C.

D efin itio n  3.6 (co n tex t space) The context, sjmcc C is defined as

C =  T x u ' ^ x l .

A context (n ,t ,i )  in the context space C therefore consists of a  node n € T , an infinite 

'Sequence of time points t  = < toyt\ > €  and an identifier point i  £ X .

3.3 Functional Sem antics W ithout Indexical Operators

IFADL extends the functional semantics of ISWIhf with indcxical semantics based on the 

context space C. The value of an IFADL expression is not a  single value, it combines the 

values of the expression a t all the contexts in C. More precisely, an IFADL expression is 

a  function from node n € T , time point t € u?", and identifier i  € I  to  the basic data



CHAPTER 3. A N  ATTRIBU TE DEFINITION LANGUAGE  31

domain. Sometimes it may not be appropriate for an expression to liave a  value on all 

the contexts. IFADL provides a  data \-aluc eod for those contexts a t which no “real” data 

value is appropriate.

r In IFADL, the context space is infinite. If a  variable a is defined to  have the value 5 

at all the nodes of 7*, to demand the value of n, an IF.\DL interpreter, will produce an 

infinite outputZ However, practically, we may only need the values of a  variable a t certain 

nodes. For example, we may need the values of a  a t the nodes which are the first and 

second child of their parent nodes, and where the lengths of the indices arc less then 3. In 

other words, we need the values of a a t nodes: [ ], [0], [1]. [00]. [10], [01], [11]. To limit the 

evaluation to  the above nodes, we define a  to have the special data  value cod a t the rest 

of nodes in T . When the interpreter evaluates a  a t a  node v  and detects th a t the value

of a  is eod, the interpreter will stop c\"aluation a t all the nodes in the subtree rooted a t n.
-

The special data  value eod is very im portant for 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 eod and “ordinary” data.

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 D+ be D  extended with the 

special da ta  object eod. The semantics of an expression in IF.^DL is an intension defined 

as follows.

D efin ition  3 .7  (In ten sio n ) An intension is a Jnnction from T  x X  to D+.

In the following descriptions, we use ID (for “Intensional Domain”) to  denote the set 

of all intensions, i.e. T  xu f ^  x X  — Z?+.

In the definition 3.1, T  specifies the largest possible index tree. If an intension (or 

an IFADL expression) has non-cod values a t all the nodes of T , a t a  time point t  6  w'*' 

and an identifier point * € Z, we say tha t the intension has a  fu ll tree shape a t  (i, i). In 

practice, however, an intension in IFADL may only have non-cod values a t  a  subset of T .
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We say that the set of nodes with non-cod v’alucs of an intension on T  forms the shape of 

the intension a t (t, i).

D efin ition  3.8 (S h ap e  o f  a n  in tension) Given an intension x  € ID, a time point i € 

and an identifier i Ç J ,  the shape T , o f x  at (/.. i). Ç T , is defined by

=  {n € T  I x { n ./.i)  ^  cod}

where =  An 6 T .x (n .ï ,i) .

D efin ition  3.9 (T ree  sh ap e ) Given an intension x  €  ID. a time point, t €  u?", and an 

identifier i  £ 2 ,  x  has tree shape at {t. i) i f  and only ifTr^t,.^ on index tree as defined 

by Definition 3.3.

The non-cod values of an intension may not always form a tree shape. For example, if 

the value of an intension a t the root node of a  tree is defined as eod, but there arc values 

which are not eod elsewhere, then the intension will not have tree shape.

IFADL extends the semantics of ISWIM functions in D^' — D (A: >  1) to  functions in 

ID* ID in a  pointwise way. In an intension, a  pointwise ISWIM function applies to  the 

value of the intension a t every node, every time point, and every 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 tha t are functionally sequential 

[Yag84] to the extended 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 D+ is simple. By a  strict function we mean 

th a t it evaluates all its arguments. In other words, as long as one of the arguments of 

the function has a  value J_, the function has the value J_. eod is defined in a  similar way 

as J. in a  strict function. That means tha t if one of the arguments of the function has 

a  value cod, the function has the value cod, unless there is an argument with a  value J.. 

For non-strict functions, however, the extension will not be straightforward. For example, 

if the condition operand of the if-ihen-elsc operator has value tm e, the result value only
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depends on the \-alue of the then operand no matter what \-aIue the else operand has. even 

if it is ± .

Before we extend ISWIM functions, first let us look a t some examples of strict and 

non-strict functions.

The first example is r  4- y. -H is a strict function defined by:

+ ( z .y ) =  ^
x + y [ x ^ ± ) A { , y ^ ± )  

J. otherwise

The second example is or(z,y). which is a non-strict function. or(z.ÿ) evaluates its 

arguments sequentially, or is defined by:

or(z .y ) = <

true X = true 

trve  (x =  false) A (y:= true)

fa lse  (x =  false) A  (y =  false) 

±  otherwise

From the definition we see tha t, if the value of t  (the first argument) is (rue, the result 

of the function is true. The result does not depend on the value of y. even if y  is J_. The 

function depends on the \aluo of y only if x is false. On the other hand, if the \alue of x  

is ± , the result is also ±  independently of the value of y. Functions of this kind are called 

functionally sequential functions.

The third example is /wror(x,y), which is also a  non-strict function, but its arguments 

are evaluated in parallel, pororis defined by:

paror(x, y) =  <

true (x = true) V  (y =  true)

fa lse  (x =  false) A (y =  false) 

±  r otherwise

The two arguments of poror(x, y) are evaluated in parallel. As long as one of the argu­

ments has a  true value, the result of the function is true even if the other argument is 

_L. paror(x, y) is not functionally sequential because a  inte  value of either argument can 

determine the result of the function.
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The following definitions extend ISWIM functions witli fc > 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 tha t the no»strict case can he handled, in the following we first 

generalize the definition of what is called a A*-ary function. In the definition, we consider 

th a t k  is not necessarily a  natural number. Instead, it denotes any set of mathematical 

objects, such as natural numbers. Each argument of a  A'-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 subset of arguments.

D efin ition  3.10 (K -a ry  fu n c tio n ) For noy .«ct k. a K-ary function is o map from  

to D where =  {r | r  : k  — Z?}

Assume D  =  {(, / ,  X} and k  =  {I. 2}. then

{ < (l.t)(2.t)>.< (1-0(2./) >.< (1.0(2.1) >,
< ( l . / ) ( 2 . 0 > . <  ( l . / ) ( 2 . / ) > . <  ( l . / ) ( 2 . 1 ) > .

< (1. 1 )(2 .0  > <  (1. 1 )(2 . / )  > . <  (1. 1 )(2. 1 ) >}

For a  fc-aiy function, a  subset of its arguments can be formally defined as follows.

D efin ition  3.11 (P a r tia l  e lem en ts  o f  /?*■') Gircn x  g  and m  Ç k. the restriction 

x \m  o f X to m  is defined by

=  {(i.ÿ) 6  I  I » € m}

Given a  fc-ary function /  and a  t-indcxed set of arguments, the result of the function 

application f ( x )  may depend on a  subset of the arguments and be independent of others. 

In the following, we define a  family of subsets of A*, each of whicli determines a  subset of 

X suffident to  determine the value of /(x ) .

D efin ition  3.12 (F u n c tio n a l D ep en d en cy  S e t) Given a k~ary function f  : — D

and X 6 D ^, the functional dependency set o f f  at x  is a family o f sets o f indices defined

i>y

F D S ifix )  =  {J  C k  I Vx' € ((x|7) =  (x '|7)) -  / (x )  =  /(x ')}
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The above definition says tiiat a  subset of k  is a  dependency set -  a  subset of the 

arguments tha t determine the result of the function application -  if all the other arguments 

which are not in the dependency set arc irrelc\"ant to the result.

The following arc some of the functional dependency sets for or and paror.

FJ55Cor,< (1 .0 (2 ,0  »  =  {{1}{1,2}}
F D 5 (o r.<  ( l , / ) ( 2 ,0  >) =  {{1.2}}
F D S(or,<  ( l .X ) (2 ./ )  >) =  {{1}{1,2}}
/ ’Z?5(pnror,< (1 .0 (2 ,/)  > ) =  {{1}{2}{1,2}}
/ 'i? 5 (p a ro r,<  ( l , / ) ( 2 . / )  »  =  {{2}{1,2}}
FZ?5(p«ror.< (1 .1 ) (2 . / )  »  =  {{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 o f /  at i )  Given a k^ary 

function f  : — D and x  6 D^, the jninitmmi functional dependency set o f f  at x  is

defined by

pF D $i f .x )= fl I  
içFDSu-x]

Notice tha t ftF D S{f,x) is not necessarily in F D Slf.x ).

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

pFD .9(or,<  ( l ./ ) (2 ,/ )  »  =  {1} 
p F D 5 (o r,<  ( l , / ) ( 2 , / )  »  =  {1,2} 
fiFD S{or,<  ( l .± ){ 2 ,/ )  »  =  {1} 
pFD S(paror,<  ( l , /) (2 ,/ )  > ) =  {} 
pFDSlparor, < ( 1, /) (2, /) > ) = {2} 
p F D S (p aro r.<  (1 ,X )(2 ,/)  »  =  {1,2}

The minimum dependency sets defined above are argument-dependent, th a t is, their 

constituents depend on a  particular sot 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 sets for all possible sets of arguments.

Definition 3.14 (Minimum functional dependency set o f  / )  Given a k-ary func-
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tion f  : — D, the minimum functional dcjicndcnry set o f f  is defined by

mFDS( f ) =  P  (tFDS{,f,x)
a-€D*A/(x)^X

The following arc the minimum functional dependency sots of or and jmror.

mFDS[or)  ={1}  
mFDS{pa.ror) =  {}

If m FD S(f) is not empty, each of its element s indicat es an index of the argument list of 

the function such tha t the computation of the function does not converge if an argument 

a t tha t index is not available. In other words, if the argument a t tha t index is j_. the 

function must have value X.

The following is the definition of what is called a  partial function application, that 

\s, a  function applied to  a  subset of its argument, list. The result of a  partial function 

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

D efin ition  3.15 (P a r t ia l  func tion  ap p lica tio n ) Given a k^ary function f , m C  k, 

and z  6 D"*, ike partial application /[c] o f f  to z  is defined by

/ [ ; ]  : £)*•-”' -  D

/[ r]  =  Ax . / ( r U x )

L em m a 3.1

V / € D Vm C t  Vx €

/(:r)  =  /[x |m ](x |(6 -  m.))

P ro o f: Directly from the definition. □

In the following, we define what is a  functionally sequential function in terms of the 

minimum functional dependency set and partial function applications. The definition is 

equivalent to  the  definition given in [YagSd]. The functional sequentiality property of a  

function guarantees tha t the function is computable.

r
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Definition 3.16 (Functionally sequential function) Given a k-ary Jnnciion / .  /  is 

functionally seqjtential if  and only if

•  f  is constant, or

•  m P D ^ f )  <f> and'^x € D*’’ f { x )  ^  ±  — f[x\mFDS{f)] is functionally sequential.

In the following, \vc complete the first step of the poiiuwise extension oflSW IM  func­

tions by extending the functions over the extended data domain JD+ with the special \’alue 

eod.

Definition 3.17 (Extension o f ISWIM functions) Let f  : — D be a k-ary func­

tionally sequential function, the extended function /+  : — D+ is defined by

/ ({ ( i ,  ± )li € t} ) f  is con.stant

JL 3i € 7nFDS{f) x(i) =  JL

/+ (* ) =  eod 3 i €  mFDSi f )  x (i) =  cod

and Vj 6 tnFDS{f) x[j )  ^  ±  

(/[xImFD5(/)])+(x|{fc — othenvi se

Proposition 3.1 Let f  : — D be a functionally sequential ftmction. Then, the ex­

tended function  /+  : (D+)^ — D+ o f f  is functionally sequential.

Finally, we complete the second stop of the pointwisc extension of ISWIM functions 

by giving them indexical semantics.

Definition 3.18 (Interpretation o f ISW IM  operators in IFADL) be the

interpretation o f the language /5lF/il/. The semantics o f a pointwisc operator 9 in. IFADL 

is a function

%«,«(») : -  ID

such that

Vu7€C   =  (/£j.^-„i(0))+(ci(tn),...,ejt(«t))
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The above definition states that at a context in the context space, the result of a  

pointwise operation in IF.ADL is the result of the (extended) original ISWIM operation 

on the values of its operands a t tha t cont ext.

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. each context as the constant in 

ISWIM's data domain D. Tlie definition of the semantics of a constant symbol in IF.A.DL 

is given as follows.

Definition 3.19 Let c 6c « ronsiant sipuM  in both /5117.U nml IFADL

The semantics: o f c in IFA DL is the intatsion

^ifadl^^) : r  X X I  — £)

such that

Vn e  T  V/. € V/ e  X I;f„f{l(c)[v.t.i) =

By the above definitions of general intensions and constants, there arc two classes of 

intensions in IFADL. One is intensions that rary on the context space, and the other is 

constants tha t do not vary on the context; space. By an intension having dimensionality 

we mean tha t there is a  non-cod value of the intension a t one context which is different 

from a  non-cod value a t another context in a  dimension.

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

intensions in the two classes.

D efin ition  3.20 (D im en sio n a lity /C o n stan cy ) For x  € ID ,

1. X has dimensionality in the tree dimension T  i f  and only if

3n ,n f € T  €  w" 6 1  ^  r  cod A #  eod

oihenoise x  has constancy in T .
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2. X has dimcnsionaUty itt the uuiliithnr dhnensiov ü,’’*' ij  and only if

3n € r  3/,/.' 6 ü;"' 3/ € I  A ^  cod A #  cod

oihcncisc x  has constancy in

3. X has dimensionality in a time dimension k  6 iJ if  and OJ}ly if

3n € T  3 /./ ' € 3/ € I  (Vj € w* [j ^  k) — {Ij = Ij)) A

r  •'•(«./'.;) A 5̂  ewl A Z ( „ ^  cod

othemnse x  has constancy in the time dimension k  o f the list o f time dimensions 

w"'.

f .  X has dimensionality in the identifier dimension X if and only if

3ji € T  3/ € ii;" 3/. i' € X A cod A  ^  eod

othenvise x  has constancy in T .

5. X has dimensionality in C if  and only if

• X has dimcnsionnlitij in the tree dimension T . or

•  X has dimensionality in the time dinicnsioits or

•  I  has dimensionality in the identifier dimetision X.

otherwise x  has coTistancy in C.

3.4 Sem antics o f 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 four classes: node switcliing 

operators, time switcliing operators, and identifier switching operators. The operators in 

each class manipulate the values of intensions in one dimension.
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3 .4 .1  N o d e  S w itc h in g  O p e ra to r s

There exist one indexical variable hxlcjr and four primitive node switching ojieralors in 

IF.'VDL: root, jmrcrit, ncxisib. and child. In the following delinitions. given an intension 

X e  ID. a  node n € T . a  lime point ! Ç w'*'. and an identifier point. / Ç J .  we use the 

notation ar(n.£.j) to denote the \ahtc of x  at context [ n J J ) .

At context (n .t .i ) ,  the \alne of index  is t he index of node v € T . which is a list. The 

semantics of index is defined as follows.

D efin ition  3.21 The indcxic<d t'aritddc index

index'. ID

is defined by:

index = A (» ././). »

The unary operator ro o t switches context from any node n € T  to the root node of 

T . Let X be an intension, ^^'-mcaning of mot x  at all contexts is the value of x  a t the 

root node a t the same time poitits and identifier point. The semantics of root is defined 

as follows.

D efin ition  3.22 The operator root denote.'^ a function

root : ID — ID

defined by:

root =  A3tA(m././). .T([ ,)

The unary operator p a re n t switches context from a node to its parent node. Let r  be 

an intension. The meaning of jmrent. x  a t ( t; ./ ./)  is the N’alite of x  a t n's parent node a t 

the same time points and identifier point. The semantics of jmreni. is defined as follows.

D efin ition  3 .23 The operator p a re n t denotes a fimetion

parent. : ID — ID
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defined by

parent =  Ar A (T j  J .

where

J [] '/» = []xipnodc\n) =  <
I laU{n) othcrxpisc

The unary operator nex tsib  switches context from a node to its next sibling node. Let 

I  be an intension, the meaning of ncxisib x  a t (n. t . i)  is the \-alue of x  a t n ’s next sibling 

node a t the same time points and identifier point. The semantics of nextsib is defined as 

follows.

D efin ition  3.24 The operator n ex tsib  denotes a fimetion

nextsib: ID — ID

defined by

nextsib =  AxÀ(?)./. 

where m  =  cons{h€ad{n) +  1, tfli7(n))

The binary operator child switches context from a  node to one of its child nodes. 

Let X and k  be intensions where k  has integer type, the meaning of child(x.fc) a t context 

(n , i, i) is the value of x a t the cldld of n a t the same time points and identifier point. 

The semantics of child is defined as follows.

D efin ition  3-25 The operator child denotes a function *

child z ID X ID ID

defined by:

child =  AiAL*ACn./,7).X(cons(t-(„.t..).«).‘.0
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3 .4 .2  T im e Sw itch ing O perators

The time switching operators of IFADL are extensions of the operators of Lucid [W.AS5]. 

IF.A.DL has five primitive time switching operators: yirsL next. Jby, branchy and conlemp. 

Time switching operators switch a context (n .<  to . t i , . . .  > .f)  to  another context ( n ,< 

> ,t)- The functions of the operators are the same as in Lucid except tha t they 

work only in the first time dimension of the context space C.

The unary operator f irs t switches context from any time point <  . .  >  to the

time point <  0, t i , . . .  >  in the first time dimension, at a  node n Ç T . a t an identifier point 

i  € Z. Given an intension x  E TD, the result of Jtrst x  a t context (n ,<  ( o . > , i )

returns the value of x  a t time points < O ./j > a t the same node and identifier point.

The formal semantics of first is defined as follows.

D efin ition  3.26 The operator f ir s t dcnoles a fvnction

first : ID  — ID -

defined by:

first =  /q .f ) . . . .

The unary operator next switches context from a  time point-<  the time

point <  to +  . >  a t a  node n at an identifier point i. Given an intension x  £  ID ,

the result of next x  a t context (n, <  • >  *) returns the \-alue of x  a t a rtim e  points

<  to +  l , t i , . . .  >  a t the same node and identifier point. The, formal semantics of next is 

defined as follows.

Definition 3.27 The operator next denotes a function

X next : ID — ID

defined by:

next ~  AiA{ti,<  t o . . . . .  > ,t) .
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At a  node n and an identifier point /. the binary operator fby has two operands, say 

X and y. which are sequences of data \alucs indexed by time points.

The result of x f b y  y at a  node n. at an identifier j  returns a  sequence of ■values:

•• •* ^ and Î, The formal

semantics of fby is defined as follows.

Definition 3.28 The operator fby denote.^ a function

f b y :  ID X ID — ID

defined by:

„ Z \ \ M , , <0 = 0
fby =  AzAyA(n.< io-<i_> - ') - s

[ <0 > 0

In order to switch context in the multitimc dimension, we define two more time switch­

ing operators in IFADL. branch, and contcmp. ~

The unary operator branch is the combination of Lucid operators active and current 

{branch x = current active x  ). The formal semantics of branch is defined as follows.

Definition 3.29 The operator branch denotes a function

branch : ID — ID

defined by:

branch =  AzA(n. < tg. t ; . . . .  ^ .  f).

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

X =< Xo ,X i .X2 . . , .>0



X
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branch x  returns a new data stream x ' in lime dimension 1

X ^  • • •  ^  ^ 2 *  ■ • • ^ 0 *  * * • ^  X

where the \-alue of x* a t each time point i in time dimension 1 is a constant data stream 

of X; in time dimension 0.

The formal semantics of the unar>' operator con tem p is defined as follows.

D efin ition  3.30 The operator co n tem p  denotes o function

contcmp'. ID — ID

defined by:

contemp — AxA(tj.< tQ . t i . . . . > . i).

The operator contemp can also be understood In terms of double streams. Informally 

speaking, it collapses a  double sequence into a single stream by diagonalizalion. Consid­

ering X to be a  double stream in time dimension 1 (outer) and 0 (inner)

X — ̂ O n ,  (Xx- ̂ 2 -... ^0- &Q. . b^.. . .  ^Q. ̂  cq. cx, c^,. . .  . . .

The operation contemp x reduces x into a  single data stream in time dimension 0

<  O Q .6 x .c 2 .  —  > 0  .

3 .4 .3  Identifier Sw itch ing O perators

To manipulate aggregate \-alues in the identifier dimension. IF.\DL defines one indexical 

variable idindex and one primitive indexical operator atL

At a  context (n, t, i). the value of id in d ex  is the identifier index i, which is a  character 

string. The formal semantics of idindex is defined as follows.

D efin itio n  3.31 The indexical variable id in d ex

idindex: ID

is defined by:

idindex — A (n.t, x). x
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The binarj’ identifier switching operator a t i  ( for at identifier) switches context from an 

identifier point to  another in the identifier dimension. At a  context (n, f.f). the operator 

X ati y switches to  the context whose identifier point is the same as the \-alne of y  a t the 

current context and returns the \"alue of x a t that context. The formal semantics of ati is 

defined as follows.

D efin ition  3.32 The operator a t i  denotes a function

ati: fD  X ID ~  ID

defined by:

ati = Ax.Aÿ.A(;j.f./). X(„,(.,<)

where i ' -  y(n.t.i)-

The function of the operator a ti can be thought as selecting an element from a symbol 

table.

3.5 N on-prim itive 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.

Given two intensions x  and n where v  has list type and is constant in T , the binary 

node switching operator x  a tn  n switches context from any node to  the node whose index 

is equal to  n. The operator returns the \"alue of x a t n. atn docs not switch context, in 

the time dimension or the identifier dimension. The following is the definition of atn in 

terms of the primitive node switching operators.

X atn a = root move(x, n) 
where

moveCx, n) = i f  n eq n i l  then x
e lse  child(move(x, n o la s t(n )) , la s t(n ))  f i ;

end;

^  ;
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Note that the constancy requirement for v is to guarantee that the level-by-lcvel 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  — ID

where TN = T  x u'*' x I  — T .

atn = X x\yX (n .t,i) .

where n ' =

When n is constant in the tree dimension, the expression x atn n has the same value 

a t ever}' node at some time and identifier points: it is equal to x"s \-alne a t node n a t the 

times and identifier. In other words, if n is constant, in T .  so is x atn n.

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

primitive indexical operators.

isroot — index cq [ ]: 

ischild{k) =  bead{index) eq k: 

sibling(x^k) =  parent child{x.k):

The binary operator sib ling  switches context, from a  node to one of its sibling node 

and returns the value of x  at tha t node. Given two nodes n . m ^ T  where m  is n ’s parent 

node, an intension x, and an integer k. siblingfx, k) returns the \alue of x  a t m ’s child 

node,

_ In the following, we define a  non-primitive time switcliing, operator asa'. Given two 

intensions x and y, a t time points i = <  - >  the binary time switdiing operator

X asa y  switches context to  the time point / ' = <  . >  at which y  has the first true

value since the initial time (time 0) in the time dimension 0. The operator returns the  

value of X a t or JL if there is no such asa does not switch context in the  tree and 

identifier dimensions. The following is the definition of asa in terms of the primitive time 

swtching operators.
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X asa  y = i f  f i r s t  y

then f i r s t  x

e ls e  ( (n e x t x) asa  (next y ) ) ;

To complote, wc also give the formal semantics of ns«.

asa : ID X IB — ID 

where IB =  T  x w" x  T  — {true, false, cod}.

asa =  AxAÿA(n.</o-ti > ./) .

.„>.«) G a; —>.i)

±  otherwise

where

i'o =  m i l ) { to  €  ^  |

A given boolean expression with \-alne over T  may have a  tree shape a t a  given time 

and identifier point. Sometimes we need to know whether the expression's value is true 

a t each point on the tree shape. In the following, we define a  special indexical operator 

globally . The operator returns true if the \’alue of its argument x  is true a t each point on 

the tree shape. Otherwise the operator retnrns false. I t is defined in terms of the primitive 

node switching operators.

g lo b a lly (x )  = (x eq t ru e )  and
c h i ld ( ( (x  eq eod) o r  (g lo b a lly (x ) eq t r u e ) )  and 
( (n ex ts ib (x ) eq eod) o r  (g lo b a l ly (n e x ts ib (x ) ) eq t r u e ) ) , : 0 ) ;

Using operator globally , we can define a  node-time switching operator ta s a  (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  iasa y returns the value of z  a t each node a t the time a t which y first time 

has true value a t every node on its own tree shape. Externally tasa only switches context 

in the time:dimcnsion, but internally it also switches context in the tree dimension to  

, aggregate local conditions a t nodes.

The operator tasa can be defined as j
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X tasa  p = X asa g lobally  p

Notice tha t fase actually defines a  “local” global termination condition for each subtree 

of an index tree.

Finally, we define a  nodc-idcntifier switching operator agg  (for cggrcgnic). Given an 

intension x. an identifier intension id  that is constant in the identifier dimension, and an 

intension y  tha t gives a  tree shape, a t context (w./, i) where n is in the index tree Tj,(t.i), 

the function agg{x ,id ,y )  scans the subtree rooted by n in the depth-first order. It returns 

the value of x  at context(7t'./../) where n' is the first node encountered in the search such 

th a t a t c o n t c x t ( n ' , t h e  identifier point i is equal to  the %*alue of id  at the same context. 

The agg is a  function with type

agg: ID  x L E X  x ID  — ID

where L E X  =  T  x w'*' x T  — £ . agg is defined by the primitive indexical operators as 

follows.

aggCx, id , tree) = element 
where
element = i f  iseod(tree) then eod

e ls e i f  idindex eq id  then a  

e ls e i f  not iseod(k) then k 
e lse  childCelement, headCindex)+l) 
f i
where

k = childCelement,0); 
end;

end;

The formal indexical semantics of agg  is

I i  oihervnse

where

n ' =  6 i J,,) =  i}

where m in  is based oh the ordering of nodes in T  defined in Definition 3.2.
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At a  node on the index tree of Ttrrr^ tlie N’allie of an intension defined by agg(x. id, 

tree) can be thought as a  symbol table, where id denotes a  table entry, x denotes the 

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

3.6 D enotational Sem antics o f IFADL

To define denotational semantics of IF.<\DL. we first, define the environment of IFADL. 

The environment cnr in IFADL is defined as

env: Env =  V '-  j J ( I D ^ '- I D )
/tew

where V  is the set of \’ariablc symbols in the program.

The semantic function [ |  from expressions to  their values has the typo

Exp — Env — ID

In the following denotational semantics. 0; is an ?-ary pointwisc operator. For simplic­

ity, we assume tha t all user-defined functions are unary.

[<  constant > |  env =  A(n,#..r). /;fad](< constant >)

[<  identifier > ] env ' =  A(n, i). env(< identifier i)

<  exp > ] env =  A ( n , r . , f ) . c.xp >] env) (n ./ . i )

î<  expi >  02 <  cxp2 > ] env =

A(7i,i,t)./;f_^^(02){(l<cxPi >1 cnv),C[<c.xp2 >] env)) (n ,t,z )

|if  <  expo >  then <  exp^ >  else <  expj > fi| env =

A(n, t, i). if [< cxpo >] env (n, t. i]

then f<  expi > |  env (n ./.z) 

else [<  expg > |  env (n ,t ,i )

(case <  expo >  of <  constant^, > . .  < constantly > :<  expi

<  constant^, >  . . . <  constantly > :<  cxp^. > ; . . . ;  

default :< exp > ; cnd| env =

A(n, t, i).if (<  expo >1 cnv^n.t. ?) =  ^Cdal^"^ constant;^ > ) 

then (<  c-xpj- >J env (n j . . i )
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else [< exp >1 env (tj./.j) 

pndex| env = X(n, U i). n
[root < exp >] env = [< exp > | env ([ ] ,/./)

[parent < exp >] env = A(n,<,f). |<  exp > | env (upno<]o(7j),t.?)

[] il*” =  []
tail(n) otherwise 

[nextsib < exp >] env = A(n,f,f). [< exp > | env (nextnodo(7i),t,i)

where nextnodc{n) = cons(head(n)+l. tail(n))

[child( < expi > < expj >)] env =

A(n,t,i). |<  expi > | env (cons(([< cxp  ̂>] env

[first < exp >1 env = A(n. < to. f t-> . / ) .[<  exp > | env (n ,<  O.f  ̂ > . 0

[next < exp >] env = A(n, < fg j ,----- > ./) . |<  exp > | env (n. < io  +  l , t i ----- >,t)

[< expi > fby < cxp2  >J env =
[< oxpi >1 env (7>. < 0.  > . i) tr= 0

[< exp2  >I env (:).< to -  l . f i  > . »') £ > 0
[6rancA < exp > | env =  A(n. <  fq. .[< exp >] env (n, < , tg,. . .  > ,

[contemp < c x p > ]c n »  =  A(7j. <£o. / j___ >.7’).

[<  exp >] env  (tj.<  to*̂ o*h - - ** > .f)

pdindexj env =  X ( n , L i ) , i

[< expi > ati <  exp2  >j env =  .

A(7i,f,t).[<e\pi >1 env (77..£.([< cxp; > | env (77.£.7’)))

where p = <  exp >  env.

[< identifier > <  exp >J env =  ' ‘ '

; A(ji,t,i). (([< identifier >] env)([< exp >1 env)) {î?.,t.,î)

[< exp >  w here...;/; = <  cxp; > ; . . . ; /,(x ) = <  expj > ; . . . ; end| env =

A(n,t,t). [<  exp >] env' { nJ y i )

where env' = [ ... [< exp; >[ env'//; . . .  Ax.|< cxp_̂  > | env' / f j  ...] env.

In the above semantic definitions, the notation [r/x]cnv denotes an environment in 

Eîivjust like env except that for the \-ariablc symbol x it returns the intension v. N

In the next chapter, we describe how to use IFADL for programming.
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C hapter 4

Programming in IFADL

In this Chapter, wc trea t IFADL as an independent indexical fimclional iangnage and 

show how to program in IFADL. throngh examples. Since the identifier dimension and 

its associated context switching operators are specially designed for expressing aggregate 

attributes, wc will leave the discussion about iiow to program in tite identifier dimension 

to  later chapters. o

4.1 Pointw ise Operations

An IFADL program is an IFADL expression. .\n  IF.-\DL expression without indexical 

operators performs the same operations at, all points in the context space C. 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 arc given two input \-ariablcs, A and B , which are constant in the multitime 

dimension u "  and identifier dimension X. Let. the values of A and B  have tree shapes Ta 

and Tb  shown in Figure 4.1, that; it follows from the semantics given in chapter 3.

The value of the IFADL expression

A "h V)

has the shape of the intersection of tree T,\ and t ree Tg. T hat is, the expression A i?
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10.01

II

Figure -LI: The \7iluos of .1 ;hk1 H

has a Iroe shape which is a  siihtrcc and 7'h. For example, given t wo variables .-I and 

B  which have the input \-aliies shown in Figure -LI. the ontpnt of the expression .1 -f is 

an indextrec which is the intersection of f.% and 7^.

Since A and Ji both have non-cw/ values at. t he n o d e  [ ], when the \-alne of /I -f 7? is 

demanded, the IFADL interpreter performs an addition operation and returns the value 

3 a t [ ]. Similarly, the expression .-I + H will have values 7 and 13 at the nodes [0] and 

[l], respectively. At the nodes [0,0] and [O.l], since one of the operands has an rwl value, 

according to the semantics of + , the expression .-I -f II will htive axl values a t both of the 

nodes. Since A and H have cod \7vlues at the rest of the nodes in 7". the results of A + 13 

will be corf at these nodes if their \*a1ucs are demanded. The result of the expression .-I -f 13 

for the given inputs of ,-1 and 13 is shown in Figure 1.2.

I

- Figure 1.2: The value of A + 77

For the same inputs of A and 13, the following expression has the tree shape of the 
* *union of tree Tj\ and tree Tg, with the sum of the values of .4 and 77 a t each common 

node.

if (not iseod(A)) and (not iseod(B)) then A + B
elseif (not iseod(A)^ then A ' ^
else B fi. '

The operation +  is only performed a t the nodes on which both .4 and B  liave non-corf 

values. For the nodes on which there is only one non-cw7 vtiluc, the expression a t the
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nodes will simply be a copy of the non-t nd waUio. The result of the above expression is 

shown in Figure 4.3.

Figure 4.3: The uniou-troe version of .-I 4- B

4.2 Expressing Algorithm s Operating on Trees

rs in g  indexical operators, algorithms which operate on trees can be expressed in IFADL. 

In the following, we give three program examples 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 ail the nodes in T . .-\t the root node, the 

program reads the input list and keeps the first element of the list at the root node. The 

program also divides the list into two sublists /f.ss and gttnfer. The sublist /ess contains 

all the elements in the list which are smaller than or equal to the first element. The sublist 

greater contains all the elements in the list which are greater than the first element. At 

the remaining nodes, if a. node is its parent's first child, it will get the /ess list from its 

parent node if /ess 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 whdch are 

the first or second child of their parent will perform the same operation as they performed 

a t the root node. If a node is neither first child nor second child, it will get an eod as its 

input. After the e\"aluation. the expression has a tree shape, which is a  binary search tree.

In the program, we define two variables bsfree and jxirtial-HsL The value of partial-list 

a t the root node is the Input list. The x'alue of partinl-lû^t at a left or right child node is a  

sublist of its parent's partial list that contains those elements smaller or greater than the 

head of the partial list a t its parent node. The value of bstree a t cadi node is the head of
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the partial list at that node.

E xam ple  4.1 (B in a ry  search  tree )

bstree
where

bstree -  i f  p a r t ia l - l i s t  eq n i l  then eod 
e ls e  h e a d (p a r t ia l- l is t )  f i ;

p a r t ia l - l i s t  = i f  isro o t then in p u t - l is t
e l s e i f  parent p a r t ia l - l i s t  eq n i l  then n i l  
e l s e i f  i s lc h i ld  then le ss(p a ren t b stree ,

ta il(p a r e n t  p a r t ia l - l i s t ) )  
e l s e i f  is r c h ild  then greater(parent b stree ,

ta il(p a r e n t p a r t ia l - l i s t ) )
e ls e  n i l  f i ;

' l e s s ( i ,  l i s t )  = i f  l i s t  eq n i l  then n i l  
e l s e i f  X >= h e a d (lis t )

then c o n s(h e a d (lis t) ,  l e s s ( x ,  t a i l ( l i s t ) ) )  
e lse  le s s ( x ,  t a i l ( l i s t ) )  f i ;

g rea ter (x , l i s t )  = i f  l i s t  eq n i l  then n i l
e l s e i f  X < h e a d (lis t )  then c o n s (h e a d d is t ) ,

g rea ter(x , t a i l ( l i s t ) ) )  
e ls e  g rea ter(x , t a i l ( l i s t ) )  f i ;

i s lc h i ld  = isch ild (O )  
is r c h ild  = i s c h i ld ( l )

end.

Figure 4.4 shows the binary search tree with the \aliie of part{nl-lL<t at each node, 

when input-li>t =  [5 2 7 3 6 9 S 1 4]. The \-aIues of b.<tn:c are shown inside each node and 

pi means partial-lisL

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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I]

p l= I5 2 7 3 6 9 S I4 I

10 01 10111101 11 I]

pl=[l] n 101 (0111

pt=(4I pl=(81

Figure 4.4: The biifary searcii t ree for input list [5 2 T 3 6 9 S 1 4] 

E xam ple  4.2 (Q u ickso rt)

root s o r te d - l is t  
where

bstree  = i f  p a r t ia l - l i s t  eq n i l  then eod 
e ls e  h e a d (p a r t ia l- l is t )  f i ;

p a r t ia l - l i s t  = i f  isr o o t  then in p u t - l is t
e l s e i f  parent p a r t ia l - l i s t  eq n i l  then n i l  
e l s e i f  i s lc h i ld  then le ss(p a ren t b str ee ,

ta il(p a r e n t  p a r t i a l - l i s t ) ) 
e l s e i f  is r c h ild  then greater(parent b str ee ,

ta il(p a r e n t p a r t ia l - l i s t ) )
e ls e  n i l  f i ;

s o r te d - l is t  = i f  iseod (b stree) then n i l
e ls e  a p p e n d d c h ild (so r te d - lis t ) ,

con s(b stree , r c h i ld ( s o r te d - l is t ) ) )  f i ;

le s s ( x ,  l i s t )  = i f  l i s t  êq n i l  then n i l  
e l s e i f  X >= h e a d ( lis t )

then c o n s (h e a d (lis t ) , l e s s ( x ,  t a i l ( l i s t ) ) )  
e ls e  le s s ( x ,  t a i l ( l i s t ) )  f i ;

grea ter (x , l i s t )  = i f  l i s t  eq n i l  then n i l
e l s e i f  X < h e a d ( lis t )  then c o n s (h e a d ( lis t ) ,

g rea ter (x , t a i l ( l i s t ) ) )



CHAPTER 4. PROGRAMMISG I S  IFADL 56

e ls e  g rea ter(x , t a i l ( l i s t ) )  f i ;

i s lc h i ld  = is c h i ld (0) 
is r c h ild  = i s c h i ld ( l )
IchildCx) = c h ild (x , 0 ); 
rch ild (x ) = c h ild (x , 1);

end.

The above programs built binarj* search trees from inputs. Wc can also define an 

IFADL program on a  given tree. The following example evaluates the decimal value of 

the binarv" number “10.01". The program is defined on the index tree (Figure .3.1) which 

corresponds to  the parse tree of the binary string “10.01“ . The \ariables in the program 

can be understood as the attributes defined in Example 2.1 in Chapter 2. The decimal 

value of ‘̂ 10.01'̂  is the value of the \ariable rn/uc a t the root node.

Example 4.3 (Binary string;

root value  
where

value = case index of
□  : c h ild  (v a lu e , 0) + c h ild  (v a lu e , 2 );
Co], [2],: ch ild  (va lu e, 0) + ch ild  (va lu e, 1);
[0 0 ] ,[ 0  2 ]:  ch ild  (va lu e, 0 ); - 

- [1 2] , [0 0 0] : 2 ** sc a le ;  -
[0 2],[0  0 2]:  0; 
d efa u lt: eod; 
end;

sc a le  -  case index of 
CO]: 0;
C l]: -1 ; ^
Co 0] : (parent sca le )  + 1 ;
Cl 2 ] , Co 0 0 ]: parent sc a le ;  -
d efau lt: eod;
end; r

lengtli~= case index of
:'C2]: ch ild (len g th , 0) + 1; -

Co 2 ]:  1; :
" d efa u lt:  eod;

end; .
end.
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The above program is not easy to  understand since there are many indices in the case 

expressions. In the next two chapters, we will see how the problem can be solved by using 

IFADL to define attributes in indexical attribute grammars.

4.3 Expressing Iterative Algorithm s Operating on Trees

We can express iterative algorithms on trees in IFADL using the multitime dimension to 

define sequences of trees. If an IFADL \"anabic is sensitive to time, or it is a temporal 

variable, then the x’ariable is not a constant over the multitimc dimension. In this case, 

the variable a t different time points may have different values. The values of the variable 

may form a  tree shape a t a particular time point. We can consider an intension in IFADL 

as a  '.equence of trees indexed by time points.^

Given an iterative algorithm, wo let each iteration step correspond to a  time point 

in the first time dimension; the initial step corresponds to  time 0. Note tha t here we 

only^onsider the first time dimension and assume that in all other time dimensions the 

intension is constant. At the initial iteration step, wc 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 a t previous steps (time points). The iteration ends a t a  time point a t which the 

current tree satisfies the termination condition described in the algorithm. The final value 

of the iteration is the tree a t the ending time point.

For example, F i^ r e  4.5 shows a  graph and a  recursive algoritlim for calculating the 

values on the nodes of the graph [WJSS]. The evaluation starts by giving an initial value 

to  each node, and terminates, when all the values of g.a.,U, and c become stable.

The above problem can be easily translated into an IFADL program. First, 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. 6, and c indexed by {!], [2], a.nd [3j, respectively.' 

The following IFADL program specifies the recursive data  dependency among the nodes 

of the tree. The termination condition is also specified explicitly in the program.



CHAPTER 4. PROGRAMMING IN IFA DL 58

g =  (c +  20)/2  

a =  g -  ÎO

Q \i> -jà
c  =  a -  b

Figure 4.5: A circular dependency graph

n

[2] Q -n i 13]

Figure 4.6: A tree-structured circular dependency graph

Example 4.4

ro o t (a  a s a  ending) 
where

a  = case  index of
[  ] :  i n i t  fby  ( c h i ld ( a ,  2) + 2 0 )/2 ;
[0 ] : i n i t  fby  ((p a re n t a) -  10);
[1 ] :  i n i t  fby (10 -  p a re n t a ) ;

- [2 ] :  i n i t  fby ( s ib l in g ( a ,  0) -  s ib l in g ( a ,  1 ) ) ;
d e f a u l t :  eod;

end; :

ending = p a tn  □  and p a tn  [0?  ̂ and p a tn  [1] and p a tn  [2]
. where p = a  eq n ex t a ; v

end. ; i  '

In  the  above'pTOgrajn, thé variab le 'a  defined a t nodes-[ ]. [0], [1], and'[2] is constant 

in the identifier dimension. At these nodes! « is circularly defined if the time dimension- 

is ignored and there are no initial \*ahies for n a t the nodes. By using the above iterative
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algorithm, based on given initial values, the fixcd-point solution for a can b r  found. The 

termination condition of the iteration in the program is explicitly expressed by the defi­

nition of the ^•ariable endiitg. The semantics of the program is the value of a a t the time 

point a t which a has the stable value at each node in the tree. Table 4.1 shows the value 

of a a t each node n a t time points 0 and 1 when the input variable init has value 20 at 

the root node.

time
0 1

''11 20 20
«[0] 10 10

«[11 -10 -10
«[21 20 20

Table 4.1; 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 local termination 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 a t the local node and is independent of values of other nodes. In expressing a  local 

termination condition, we can use the operator x  asn p where the value of p a t a  node 

is a  sequence of boolean values that is defined locally by values of other variables a t the 

same node. In other words, p may have different value sequences a t different nodes. For 

example, in the above program, a  local termination condition can be simply defined as (a 

eq next a). '

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

of an iteration may depend on the global stability of all the elements concerned, which we 

call a  global termination condition. In our case, it is the s ta b i li tv ^ th e  affected values a t 

all the nodes in a  tree. A global termination condition is usually an aggregate value formed 

from values a t various nodes. For example, in the above program, the global termination 

condition is expressed by the definition of the variable ending.
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In the following, we rewrite the program in Example 1.4 using the temporal operator

tasa. It defines that a has the final \%lue at the root, when a t every node on the tree the

two consecutive values of a in the time dimension are the same.

ro o t (a  t a s a  (a  eq n ex t a ) )  
where

a  = case  index of
0  : i n i t  fby  CCchildCa, 2) + 2 0 ) /2 ) ;
[0 ] : i n i t  fby  ( (p a ren t a) -  10);
[1 ] : i n i t  fby  (10 -  p a ren t a ) ;
[21: i n i t  fby  (s ib lin g C a , 0) -  s ib l in g ( a ,  1 ) ) ;  
d e f a u l t :  eod;

end;
end.

4.4 Evaluation o f  IFADL Expressions

The semantics of IF-A.DL expressions are defined over the infinite conte>:t space C. However, 

it is impossible to  evaluate an expression a t all contexts in C. Actually, what we are 

really concerned with are those contexts a t which the expression has a  non-eod value. In 

other words, the evaluation for an expression will only be performed on the shape of the 

expression a t 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 n a t node [1,1] has 

an eod value.

n

«=2 »=5

10.0] 10.1] 11.1]
s=3 *=6

Figure 4.7: A non-tree shape example 

One posâbility 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  a t 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 C is infinite, the evaluation 

must have some kind of evaluation order on C. No m atter whether the depth-first or the 

breadth-first evaluation order is used, after we find an ew/value when we search child nodes 

or sibling nodes, the evaluation has to be stopped in that direction, since we cannot be sure 

tha t there are any more non-cod values at the contexts in tha t direction. Therefore, only 

the values a t the contexts whicli form the tree shape of the expression will be evaluated.

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

use IFADL to define attributes.
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C hapter 5

THE DEFINITION OF lAG

In this chapter, wo show how IFADL expressions can be used to specify attribute definition 

rules in attribute grammars. The semantics of att ributes defined by IFADL expressions 

can be interpreted by the indcxical semantics of IFADL. Wo call such attribute grammars 

indcxical attribute grammars.

5-1 T he D efinition ^

To specify attributes in attribute grammars as IFADL \-ariablcs, we need to  give attribute 

occurrences a  new form. In the following we first redefine attribu te  occurrences.

Definition 5.1 (Attribute Occurrence) Given an ntlribvle grammar ((T ,N ,S,P), A, 

D), and a production p ^  P  o f the form p : X  — where

X i (P < i  < Up) are non-terminal symbols and t; (0 < : <  Up) are terminal symbols. A n  

occurrence o o f an attribute symbol a € A together icith a grammar symbol X  in p is

a whcri a is with X

a$i when a is rcith A',-

where 0 < i <  n .̂

Defim tion 5.2 (Indexical A ttribute Grammar) An indcxical attribute grammar is a 

5-tuple lA G  =  (G, A , E, GD, LD)_:
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• C is a context~fnc grammar G = (T. N. S. P).

• A is a set of attribute symbols.

• E  is an IFADL exjiression in which only attribute symbols in A can appear as free

variables. The vabie o f E  for a given parse tree denotes the semantics of the parse

tree.

•  GD is a set of attribute definition rules (the “global" dcfinitionsj. An attribute 

definition rule in GD is an IFADL definition a = exj) irhcrc a Ç .4 i.s an attribute 

symbol and exp is an IFADL exj>ression in which only altribut'crsymbols in A can 

appear as free variables. Each attribute symUA in .4 can have at most one definition 

in GD.

• LD =  {LDp}pcp if an indexed fam ily of sets o f attribute definition rules, where each 

LDp is a set of attribute definitions fo r  a subset o f the attribute occuiTences (defined 

in 5.1) associated with production p Ç P . .'In attribute definition rule in LDp is an 

IFADL definition o = exp where o is an attribute occurrence a.ssocialcd with p and 

exp is an IFADL expression in which only attribute syml>oLs in  .4 can appear as free 

variables. Each of the attribute occurrences a.s.sociat.cd unt.li p can have at most one 

definition in LDp.

The following is an example of an TAG. Here the meaning of the example Is not 

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

ro o t  c h i ld (b , 0)
7.7. ■ _
a  = 5;

. 7.7.
X -> Y Z

a  = c h i ld ( a ,  0) + c h i ld ( a ,  1 ); 
b$0 = p a re n t 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 represenis the son ton cc. Using indcxical operators, we can refer to  any values 

in a  parse tree as the semantics of the language sentence represented by the parse tree.

In the above example, according to the defining expression roox c h i ld (b ,  0 ), the 

semantics of a  language sentence defined by the above grammar is the value of b a t node 

. [0] in the corresponding parse tree. The lAG has one global definition for attribute a 

which is a  = S. The global definition defines the value of a to be 5 a t ail the nodes in a  

parse tree generated by the I.A.G unless it is overridden by the local definitions for a. The 

first local definition a  = ch ildC a, 0) + ch ildC a, 1) says tha t the value of attribute a 

a t a  node labeled by X is equal to the sum of its vjilues a t its first child and second child 

nodes. In the second local definition bSO = p a re n t a, the b$0 at the left hand side of 

the definition denotes an attribute occurrence. The definition defines the value of b a t the 

nodes labeled by Y to be the value of a  a t 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.

a=10

a= S

Figure 5.1: A parse tree with attribute values

In this dissertation and without any loss of generality, we associate attributes only with 

non-terminal grammar symbols. Therefore, for a  given parse tree, we are only interested 

in those nodes th a t arc labeled by production rules. For simplicity, in the following 

descriptions, we remove all the leaf nodes that arc labeled by terminal gram m ar symbols 

in parse trees, and refer to parse trees in the simplified version.

A conventional parse tree -  is a  labeled tree structure. The root node of t  is labeled 

by a  production rule p whose loft hand side is the s ta rt symbol 5  of G. The non-leaf nodes 

in ff are labeled by production rules and the leaf nodes are labeled by terminal symbols. 

If  a  non-leaf node of % is labeled by a  production p i  X  ^  io X o iiX ii i . .  .tnp-iJCnp-ifn,,

b=m
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the node has Up child nodes. If its child node is aLso a non-leaf node, the child node 

is labeled by a  production p' in which .V, is the left hand side grammar symbol of ; / .  If 

its child node is a  leaf node, the child node is labeled by the grammar symbol A',-. 

As we described in 3.2, a  parse tree ~ corresponds to an index tree T~ Ç T .

D efinition 5.3 (P ro d u c tio n -tre e )  T/tc prwluc/ion free V-~ o f a parse free % generated 

by an lA C  is an intension

r .  : T -

u'hcre = P  -h {eod) is the exf ended donuthi o f prexturfiori ntles P £ G in the I  AG ivitb 

the special value cexl. 

is defined by

7>.(n) =  4
p p is the prrxluetion nftnehed to the node t>f ~ eorresjxmding to n 

eod n docs not. eorresjnnd to a node o f  «

D efin ition  5.4 (A ttr ib u te  occu rrence  defin ition  t r e e  C?) Given a jxirsc tree ~ gen­

erated by an lA G, O- is the intension

O - i  T -  L D ^

is defined by

I  eod othenvise

The attribute occurrence definition tree O- for a  given parse tree -  is an intension, 

tha t is, the value of O - a t a  node n € T  is the set of attribute occurrence definitions 

associated with the production p £  P\x\ the attribute grammar, where p is the t.'alue o fP -  

a t the same node n. In other words, we can also think tliat the attribute definition rules 

in L\G 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 a  se t 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 nttribntes ni a ;>articu!ar node may be associated with different 

production rules. For example, for a parse tree generated by the following fragment of an 

attribute grammar, the definitions for attributes a and 6 at a node labeled by the grammar 

symbol B come from production rules pi and p2 respectively.

(lAG v ers io n ) (C onventional v e rs io n )
p i :  A -> B C p i :  A -> B C

aSO = s ib l in g ( a ,  1 ); B .a = C .a;
p2: B -> D p2: B D

b = c h i ld (b . C): B.b = D.b;

Figure ô.'2 shows the values of attributes a and b on a parse tre*.' with four nodes 

labeled by A, B, C. and D. The dashed lines indicate the dat:i dependencies among the 

attribute values on the parse tree.

Figure Ô.2: Dependencies wiiiiout conflicts

It is possible that an attribute at a node in a parse tree has more than one definition. 

For example, tiic following attribute grammar fragment gives two definitions to a  a t a 

node labeled by a  grammar symbol B in a parse tree (Figure .6.3). In this case, we say 

that the definition for a is inconsistent.

CIAG v ers io n ) (C onventional v e rs io n )
p i :  A ->  B C p i :  A -> B C

aSO = p a re n t a ; B .a  = A .a;
p2: B -> D p2; B -> D '

a  = ch ildC a, 0 ) ; B .a  = D .a;

D efin ition  5.5 (C onsis tency  o f  O) Given a jjarse tree r  generated by an IAG and pro­

duction tree O - is consistent i f  and only if

Vn € 2’--'(3a  € A (9(a. czp) € 0 - ( n )  A 3((a, i), crp) € Oritail{n}) A kead{n) =  i))
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Fiĵ uiv Dl'pcikIc'ucîc'S witli coitflicls
In iudcxic;d attribulcgraiiiiiuirs, tliv doliiiilioits of attributes arc not limited by locality 

as they are in conventional aitribule grammars. On a  parse tree, a ttribute  definitions can 

directly access attribute vaines at nodes on uther parts of tie* tree tjiiiugh IFADL node 

SKu7c/ji«</operators. For e.xample. : It" following at tribute definition

a  = r o o t  b

at a node u of ;i ptirse tree, defines the attribute « at node n to bave tlie^value of the 

attribute 6 at the root node of the tree.

In convcnl.ioiml attribute grammars, there :ire usually many idenlictil attribute defini­

tion rules associated" with dill'eivni productions. If these duplicate definition rules could 

be replaced by a  single definition, tit tribute grammars would look much simpler. Since 

attributes in indexical attribute grammars are intensions over the tree dimension T , it 

should be possible to define tiitribules by glob.al definitions. -

The global definition of tin attribute a is an expression valid a t all the nodes of all 

the possible parse trees genertiied from the I.A.C. If an attribute has a  global definition, it 

means tha t a t any node of ti p:irs<* tree, the attribute has the same definition, although 

its value a t different nodes may in- différent. For example, a  global attribute definition

a = c h i ld (b , 0) + ch ildC b, 1)

says that for a  given prCrse tree r ,  the value of ii. a t any node n € T„, is the sum of the 

vWues of 6 a t n's first and second child nodes. The attribute a may.have dimensionality 

since its value may differ at different nodes on ÏV, if t ’s value has dimensionality on 7^.

An attribute defined by a global definition may also be constant. For example, a  global 

attribute definition
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a = ro o t env

dcfirics l.lial I.I10 alt,ribtit.o « li:is llio sam e value al ali t lie nodes o f T .  as ihe  value o f t.lic 

a ttr ih u l e r.uv al. llic root, iiodo.

Toc\7Üuatc an atlribiite a l a  node, we Hrst. nee<i to find (be definition for Uie allribule 

at lliat node. The local definition of an attribute at a node at a given parse tree % 

may be associated witlt eit Iter the same node or the parent, node in the corresponding 

attribute occurrence definition tree (0_. Also, in some altributit grammars, an attribute 

may itave tfie same definition at. ail but few nodes of a parse tr«s\ We may still define 

sue!: attribtitcsusing global definitions, and meanwhile kee;* the local définirions for the 

exceptional nodes. When an attribute has bot b global and local definitions a t a node, 

the loctil definition of the attribute overrides its global definition. The following definition 

formalizes this convention.

D efin ition  5 .6  (A ttr ib u te  defin ition  tr e e  'D) C'irrii a pnrsf Ira: r gnirrn ta ! by an 

IAG  rrhosc O-r is consislatl. is tin inlcnslMi

T?~ : T  — (.-I —

inhcrr Exp is Ike set. n f nil IFA 01, cxpirssioiis with allribittc symbols in A as free variables. 

Vj. is tlefmed by

2>_{w) =  An. exp'

mhcre

exp' =  if{{a,ex])) Ç: Or{a) )or[v  ^  [] ami {{a'^lif:ail(ti).exp) £ Or(lail{n)))

then cxj}

else i f  ((a  =  exji) € GO) then exp 

else cod

Given a  parse tree tr, llic corresponding intension V~ specifies the definitions of a t­

tributes on 7T. The value of at a  node » on -  is the set of the definitions of attributes 

a t n. Each of the definitions defines the value of an attribute symbol a t n.
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For a  parse tree, the defining expression E  in I.\G denotes the semantics of the cor­

responding language string. By indexical semantics, the \7i]iie of E  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 tha t E  has a  single value, however, if its \-aluc has 

constancy, tha t is, it has the same value at ever}' node.

5.2 Syntax o f Indexical A ttribute Grammars

An indexical attribute grammar has three parts. The first part is the expression E  which 

defines the semantics of a  language 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 following is simplified syntax of indexical attribute 

grammars.

iag — result globaLdef locaLdef
resitU — cxjtrcssion
globaLdef — dcfinitioiUist
locaLdef — prodnction^def locaLdef

I production^def
production.(ief — production definit.ion.list
production — nonterminal “ — “ symbols
symbols — symbol symbols
symbol — terminal

1 nonterminal
definitionJisl — definition definitionjist
definition — nttr.occur “ = “ expression
oUr_occur — at.tribute.sym bol

1 att.ribute.symbol “S" num

In the. above syntax, expression and num  are defined in the sjritnx of IFADL. The 

following example shows what an indcxical attribute grammar looks like.

E x am p le  5.1 . '

% the defining expression E. r
(root zero) div (root one) - '

% tho context-free grarai^ and lo ca l d efin itio n
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A -> B A
zero = c h ild (zero, 0) + c h ild (zero, 1); 
one = c h ild (one, 0) + c h ild (one, 1);
I B
zero = c h ild (zero, 0); 
one = c h ild (one, 0);

B -> '!>
zero = 0; 
one = 1;
I ' 0 ' ^

'.-^ ^ e ro  = iZ';
- one = 0;

In the above context-free grammar, there are two nonterminals jY =  {.4. and 

two terminals T  =  {‘1% ‘0”}. The sentences in the defined language are sequences of 

characters ‘1’ and ‘O’. There are two attribute symbols zero and one. In the example, all 

the definitions of attributes are associated with the left hand side grammar symbols of 

the productions. For a  string of the language, the wilue of the attribute zero a t 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 a t n. The \aluc of the attribute one a t a  node n 

specifies the total number of leaf nodes which are labeled by character T ’ in the subtree 

rooted a t n.

The expression E  =  (root zero) dw (root one) denotes the semantics of the language 

sentences. The semantics of a  given sentence is the \aluc of the attribute zero a t the root 

node divided by the value of the attru 'u te  one also a t the root node of the corresponding 

parse tree. I t is the ratio between the numbers o f ‘O' and ‘I’ in the sentence. For example, 

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

E = (root zero) div (root one)
= 2 ;div 2 

. =  1
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5.3 D enotationai Sem antics o f Indexical A ttribute 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 component G  of IAG; its 

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

tree - ,  hence of the sentence s , is the \-alue of the defining expression £  of IAG. The value 

of E  depends on attribute values attached to the index tree T~ corresponding to

A ttribute definitions of a  finite parse tree -  generated from an IAG directly correspond 

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

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

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

•  JS in the IAG is the subject of PT.

•  In the where clause of PT, we define each attribute symbol a € .4 of the IAG by a  

case expression on the indexical variable int/ex. In the expression, a  is defined by 

P_(n)(a) for each index n Ç T -.

In general, we can conclude the following. For all languages defined by indexical a t­

tribute grammars, the semantics of their finite sentences can be defined by the denotationai 

semantics of their corresponding IFADL programs. For example. Example 5.2 is the cor­

responding IFADL program of the parse tree of string “0011” generated by the indexical 

attribute grammar defined in Example 5.1.

Example 5.2

(root zero) div (root one) 
where

zero = case index of
□  : ch ild  (zero, 0) + ch ild  (zero, 1);
CO]: 1;
[1]: ch ild (zero , 0) + ch ild (zero , 1);
[0 0]: eod;
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[0 1] :  1;
Cl 1]: ch ild (zero, 0) + ch ild (zero, 1);
[0 0 l ] : eod;
[ O i l ] :  0;
[ 1 1 1 ] :  ch ild (zero , 0); -  ̂ ,
[ 0 0 1 1 ] :  eod;
[0 1 1 1] :  0 ;
[ 0 0 1 1 1 ] :  eod; 
default: eod;

one = case index of
- □ :  child(one, 0] + ch ild  (one, 1);

[0] : 0;
[1]: child(one, 0) + child(one, 1);
[0 0] : eod;
[0 1]:  0 ;
[1 1]: child(one, 0) + child(one, 1);
[0 0 1]: eod;
[ O i l ] :  1;
[ 1 1  1]: ch ild (one, 0);
[0 0 1 1]: eod;
[0 1 1 1] :  1;
[ 0 0 1 1 1 ] :  eod; 

defau lt: eod; 
end.

However, the above transformation approach is ad-hoc. In general, we can define the 

denotationai semantics of parse trees generated by indcxical attribute grammars directly 

as follows.

Definition 5.7 (Attribute value tree V) Given a parse tree ~ generated by an IAG, 

is an intension

W :  T x w “ x 2 : - ( . 4 - D + )

Vx is the least solution o f the folloxning equation ^  :

Hr =  A(n,<,i)Aa.|î>,,(7i)(«)]

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

of an IAG. For any language string defined by an IAG, there is a  corresponding parse



CHAPTER .5. THE DEFINITION OF IAG 73

tree The values of attributes on x represent the semantics of the string. For a  given 

node in x and an attribute symbol, the attribute definition tree î>p(n)(a) returns an 

attribute definition (or an expression of IFADL) for the attribute a a t the node n. V- is 

the environment for e\’aluating the denotationai semantics of the expressions returned by 

7?-. For a  ÿven context (n .t .i )  and an attribute symbol a, the value of a t is

updated by evaluating a a t according to its definition from 2?-(n)(a). In different

contexts and for different attribute symbols, the expressions from D .  may be different. 

The evaluation for the denotationai semantics of these expressions cumulatively updates 

Vr until it reaches a  fixed point. That means that there are no more values of attributes 

on Vr tha t can be updated by further e\-aluation.

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 a t  the nodes 

to  which they are attached.

For a  given parse tree x, there may bo more than one attribute value trees >''«■ tha t 

satisfies the above equation. The least solution is the a ttribu te  value tree V- such that for 

all solutions VI,

Vn e  TYt € € T V« € .4 V _(n ,fJ)(a) Ç V :(n ,t,f)(a )

in the domain D+.

D efin ition  5.8 (T h e  sem an tics o f  language s tr in g s)  For a given. IAG, the semantics 

o f each o f its generated language strings represented by parse tree x  is defined by

[<  def .e x p  >1 V- 

where de f^exp  is the defining expression o f the I  A G.

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

attribute grammars.
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C hapter 6

EXPRESSIVE POWER OF IAG

6.1 Noncircular A ttribute Grammars

Indexical attribute grammars have a t least the same expressive power as conventional a t­

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

Using inde^dcal attribute grammars, we can define conventional noncircular attribute 

grammars by implicitly specifying dependencies among attribute instances using node 

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

conventional attribute gramm ar given by Knuth [Knii6S].

Example 6.1 (Converting binary strings to  decimal values)

% The defining expression E 
root value;
7, The context-free grammar and lo ca l attrib u te d efin itio n s  
N -> L . L

value = ch ild (va lue, 0) + ch ild (value, 1); 
scale$0 = 0;, 
sca le$ l = -length;

1 L .  :
value = ch ild (va lue, 0); 
scale$0 = 0 ;

L -> L B
value = child(value^^5..i,chiid<vS7ue, 1);
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length = ch ild (length , 0) + 1;
scale$0 = parent scale + 1;
sca le$ l = parent scale;

I B
valne = ch ild  (valu e, 0 );
length = 1;
scale$0 = parent sca le;

B “> 1
value = 2 ** sca le;

I 0
value = 0;

The defining expression E , root vfihtc, in tiie above indexical attributc^grammar denotes 

the semantics (value) for a  given binary number. Since the attribute definition rules do not 

involve any time or identifier switching operators, E  is constant in the time and identifier 

dimensions. Therefore, we can just tiiink of £  as the single value of the attribute value a t 

th e jo o t node.

One advantage of indcxical attribute gra mmars 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 \alucs a t 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 indcxical attribute grammars.

In indexical attribute grammars, the value of an attribute may be constant in the tree 

dimension - we call these constant aitribiUes. In other words, theoretically speaking, the 

value of a  constant attribute is broadcast to all nodes a t a  value tree V ,, so th a t other 

attributes can directly use the value of the constant attribute.

Example 6.2 is an indcxical attribute grammar for type checking. In the example, use 

global definitions to  reduce the number of attribute definition rules associated with the 

production rules.

For simplicity, here we omit some of the production rules and terminal symbols. The 

purpose of the attribute grammar is to  report the existence of a  type error but not the 

location or nature of the error. -
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E x am p le  6.2 (G lobal references using  node  sw itch ing  o p e ra to rs )

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

7. The global attribute d efin itio n s
type = i f  (ch ild (typ e, 0) eq child (type, 1)) 

then ch ild (typ e , 0 )  
e lse  Err f i ;

% The context-free grammar and the lo ca l attribute d efin ition s  
Prog -> DeclList StatL ist

type-table = c h ild (ty p e - l is t ,  0);

DeclList -> Decl DeclList
ty p e - lis t  = cons(child(type, 0 ) , c h ild ( ty p e - l is t ,  1 ));
I .
ty p e - lis t  = n i l ;  v

Decl -> Id Id
type = m akepair(child(lex, 0 ) , ch ild (le x , 1 ));

S ta tL ist -> Stat StatL ist
no-error = child(no-error, 0) and child (no-error, 1);
I Stat
no-error = child (no-error, 0);

Stat -> Id "=" Expr
no-error = g etty p e(ch ild (lex , 0 ) , root type-table) 

eq ch ild (type, l ) ;

Expr -> Expr + Expr r
I Expr -  Expr 
1 Id
type = g etty p e(ch ild (lex , 0 ) , root typ e-tab le); '

There are five attribute symbols in Example 6.2. A ttribute type-table is defined a t the 

root node only. From any node on a  parse tree \vc can directly switcli to  the  root node to 

refer to  the value of type-table by the node switching operation. The value of type-table 

is a  list of pairs which can be viewed as a  symbol table. The attribu te type-list contains 

partial type information a t the nodes labeled by grammar symbols D ec lL is t and Decl.



CHAPTER 6. EXPRESSnŒ POWER OF IAG 77

The attribu te no-error has boolean \-alnc a t nodes associated with grammar symbols Expr, 

S ta tL is t  and S ta t ,  which denotes whether there is a  type error in the subtree rooted by 

the node. Attribute type a t a  node denotes the type of the node. Err  is a  special data 

value which denotes a  type error. Since the definitions of attribute type 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 a t 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 a t the nodes labeled by Expr, the value of type a t other nodes of the 

tree is irrelevant, or the definition of type a t other nodes never affects the semantics of 

the language string. Note that an attribute defined 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 aijove attribute grammar

a : in t  
b : char

a = b ;

the attribute dependencies for the above program fragment on the corresponding attribute 

value (derivation) tree is illustrated in Fig 6.1.

The evaluation is started by demanding the value of no-error a t node [I]. This demand 

then produces new demands for other attributes a t other nodes according to  the data 

dependencies. When a  demand for the value of ty p e  readies’̂ t node labeled by Expr and 

the only child of the node is labeled by id , the value returned is the type of the identifier 

from type-table a t the root node [ ], accessed directly by using the node switching operator 

root
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iypc-njt=I(ajm)(b,char)...l
V > .

type-ll5t=[(a.intXb,char)_I [ DeclUw ]  (  S u tüM  ^

iype-list=I (« jm)(b.char)._l

typc-lisu:l(b.char)_l Sue
DedJ

, 2 ^  lypc=I(b,cha01

Type

b char lca=chsr

Figure 6.1: An attribute \-aluc tree

Thus, a t e\’aIuation time, the v-ahio of typc-lnblc does not have to  be passed to each 

node in the subtree rooted at a  node labeled by the grammar symbol S ta tL is t .  The 

attributes in the  tree which depend on the value of type^table can directly refer to  the 

value of iype-iable through the node switching operator root., so not even the address of 

type-table has to  be passed node 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 copying 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, a  program in the defined language does not have nested scopes. 

Therefore, the value of attribute type-table can be obtained from all the nodes in the-^ 

corresponding attribute value tree. In general, however, a  language may allow nested 

scopes. In this-case, attribute instances in dificrcnt subtrees which represent different 

scopes, may depend on the values of attributes a t 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 iiavc iiigher priority. If a  \-ariable 

is declared only in the outer block, the \-ariable 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 a  unary node switching operator upasa (for “wp ns soon os"). The operator 

upasa applied to z , a t a node n, searches n's ancestor nodes to find the first ancestor at 

which the attribute instance of x  has an non-cof/ raliie. then returns the value of.x at that 

node.

The operator upasa is defined by

upasa(x) = i f  i s r o o t  th en  eod
e ls e i f  iseod(parent x) then upasa(parent x)

e lse  parent x

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.
y:'

E x am p le  6.3 (G lobal references on n es ted  scopes)

7. The d e fin in g  exp ression  E _
ro o t c h i ld (n o -e r ro r ,0)

% The g lo b a l a t t r i b u t e  d e f in i t io n s
ty p e  = i f  ( c h ild ( ty p e , 0) eq c h i ld ( ty p e ,  1)) 

th e n  c h i ld ( ty p e ,0 ); 
e l s e  E rr f i ;  

n o -e rro r  = t r u e ;

% The c o n te x t- f re e  grammar and lo c a l  a t t r i b u t e  d e f in i t io n s  
Prog -> "block" Block

ty p e - ta b le  = [ ] ;

Block -> D eclL is t S ta tL is t
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no-error = child(no-error, 0) and child(no-error, 1); 
type-table = sco p e-ty p e(ch ild (ty p e-list, 0 ) ,

upasa(type-tab le));

DeclList -> Decl DeclList
no-error = child(no-error, 0) and child(no-error, 1); 
ty p e - lis t  = cons(child(type, 0 ) , c h ild (ty p e - l is t ,  1 ));
1 Decl
ty p e - lis t  = NIL;

Decl -> "block" Block
no-error = child (no-error, 1);
I Id Id
type = m akepair(child(lex, 0 ) , ch ild (le x , 1 ));

S tatL ist -> Stat StatL ist
no-error = child(no-error, 0) and child(no-error, 1);

S ta t  -> Id  "='* Expr
n o -e rro r  = g e t ty p e (c h i ld ( le x ,  0 ) ,  u p a s a ( ty p e - ta b le ) )  eq 

c h i ld ( ty p e , 1);

Expr -> Expr + Expr
I Expr -  Expr
I Id  "
ty p e  = g e t ty p e (c h i ld ( le x ,  0 ) ,  u p ^ s a ( ty p e - ta b le ) ) ;

In Example 6.3, the declarations of \‘ariablos in difTcrcnt blocks arc 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 sco]>e-ty]>c compares the type-table a t the current block 

and the type-table at the first outer block and adds the proper type information of \-ariables 

to the type-table a t the current block.

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

dependencies on the corresponding attribute \-alue tree are illustrated in Fig 6.2.

block 
a : char

block
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a : i n t  
b : i n t

a = b ;

6.2 Circular A ttribute Grammars

IAG allows attribute \-alucs to be data streams. Using time switching operators, circular 

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

data  streams, as long as the iteration for computing these ''circithriy~ defined attribute 

values terminates.

6.2.1 Classification of C ircular A ttrib u te  G ram m ars

In an indcxical attribute grammar, it is also possible that attribute definitions a t dif­

ferent nodes of a  parse tree contain circularities. The circularities are < used by using 

node switcliing operators. Generally speaking, circular attribute grammars can be clas­

sified into three categories. The first, kind of circular attribute grammars are defined as 

erroneous due to a  mistake by the user. In this case, the semantics of circularly defined 

attributes is i .  (denoting non-terminating computation). We call this kind of circularity 

deadlock. A ttribute definitions tha t cause deadlock are also errors in indexical attribute 

grammars. Deadlock occurs in an indcxical attribute grammar when there exists a  parse 

tree generated from the grammar, such tha t an attribute instance defined by an IFADL 

expression a t a  node on the tree indirectly'depends on its own value a t 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 attribute definition using the 

method given in [KnuGS] [KnuTl]- The second step is to detect whether there is deadlock 

in the corresponding IFADL program. For the circularities found in the first step, we 

collect the corresponding attribute definitions. Using these attribu te definitions we form 

an IFADL program. Then the approach givetfl^vV adSl] can be used to  detect some
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no-ciTor=mjc [Block iypc-iablc=l (a.char)...]

(^atLlst ] \
''np-crroi^truc

typc-list=[(a.char)...;

no-crror=truc

typc-lKt=[(a.char)_J^ [ p ^ i y s t  ] no-crror^truc

Dccl,

[ DoclLlst ] no-crror=iruc

Dcclno-crror=tnic

l>TX:-lablc=l(a.mt)(b.ml)...]no-crror=truc [Block
typc-list=[(a,mO(b.ini)...;

no-crronsiruc

typc-list=[ (a.inO(b.inl)...

DcclLisi

uo-ciTorstruc
Stat

[  DeclList]Dccl,

typc=I(b.int)]

Type.
b lcx=b

b int

Figure 6.2: An attribute \<iluc tree witli nested structure
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instances of possible deadlocks.

The second kind of circular attribute grammars are the so called xvcll-dcjincd circular 

attribute grammars with Jîxcd-point .'iolutions, and the fi.xed-point solutions can be com­

puted by a  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 th a t attribute values 

must be in chain partial order and monotonicity of semantics functions [FarSC]. Applica­

tions of this kind of attribute grammars include instruction selection for code generation 

[GFS2], control and data  flow analysis [FarSG], and VLSI design problems [JSS6].

The third kind of circular attribute grammars is more general. Such attribute gram­

mars 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 e\’aluation of a  cycle of circularly defined attributes starts.and when 

the evaluation terminates [WJSS].

Indexical attribute grammars have the ability to handle non-dcadlocked circular a t­

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 a t a  time point can 

depend on its and other attributes' values a t previous time points; and the attribute has 

an initial value, a t time 0. Using time switching and other indcxical operators, we can 

define circular attributes as non-circular but temporal attributes. We call this kind of 

attribute definitions temporal attribute definitions.

6.2.2 C ircular A ttrib u tes  via Tem poral A ttribu tes

Conventional attribute grammars have no expressive power to specify circular attribute 

definitions except those tha t can be solved by the successive approximation fixed-point 

finding approach. For example,- the definition of an attribute x  which is circularly defined 

would have the form: :

A .X  =  . . .  B . y . . .

where B .y  directly or indirectly depends on the t'alue of A.x.

y V
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An attribute definition that would be rirciiiariy 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. :

For an IAG, we say that there is a  set of circular definitions of attribute occurrences, 

if there is a  parse tree generated by the TAG such that on the tree the \-alues of the 

attribute instances defined by the attribute occurrence definitions in the set depend on 

each other. Given an IAG with circular altriiuilc occurrence definitions, for each set of 

circular definitions of attribute occurrences, we first find the key définition in the set. In 

an attribute occurrence definition (o.cx;;) € A Dp. o is an attribute occurrence associated 

with production p having the form b G .4 or {b.i) € .4 x ij .  and exp is an IFADL expression

with attribute symbols as free \-ariables. of the form e(«t-«2___«fc)- In the following we

also write the definition in the form

o = c ( n , .«2-----

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

definition of the set if the following conditions are satisfied.

# For each node n of each parse tree generated by the I.\G a t which the attribute 

instance 6„ of the attribute symbol b in o is defined by (o.czp). 6» must always be 

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

•  By giving 6„ an initial value, the attribute instances in the cycle can be evaluated 

iteratively until their values arc consistent with their definitions.

For a  set of circular definitions of attribute occurrences in an LAG, with the key deL 

inition (o,exp), we can rewrite the key definition as a temporal definition by redefining 

exp using the following IFADL expression, whose value a t a  node of a  parse tree is a  data  

stream

o =  initial fb y  c (a i, «2___   a^)
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where Initial is an IFADL expression wliose \-aIne can be a  constant or a  combination of 

the values of attribute instances outside the cycle. .-\t a  node n on a  parse tree at which 

the attribute instance bn is defined by the above definition, where b is in o, the initial 

value of bn a t time point 0 in the first time dimension is the value of initial a t node n at 

the same time point. Since the time switching operator fby switches a  time point to >  0

to the previous time point to — L at time point to > 0 the expression  .a t )  is

evaluated a t to — 1, which depends on the values of attributes a i .n o . u t a t to — 1. In

other words, by the above definition, the value of 6„ at each time point to >  0 depends 

on the value of itself, directly or indirectly defined in the original circular definitions, at 

time point to — 1. Since 6„ a t time 0 has the defined \-alue. at. all time points the \alue of 

bn is computable. Thus the circular dependency is broken into the non-circular temporal 

dependency. Also, by the above definition, since the \alue of bn is a  data  stream, the 

values of all'other attribute instances on the parse tree tliat depend on are also data 

streams.

The second step is to  reduce the ■values of attribute instances in a  cycle tha t 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 each attribute occurrence definition {o.exp) tha t defines such an 

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

new attribu te symbol M and its occurrence definition (o'.ea:;/) th a t has the form

o' = b asa ending

or

. o' =  6 la^a ending

where ending is a  boolean expression"in IFADL with attribute symbols as free variables.

ending, whose value varies in the time dimension, defines the termination condition of
■Ï - .

the iteration. H the termination is determined locally' a t a  node and only depends on the 

attribute values a t the.-node, the operator asa is used. If the termination is determined 

globally and depends on 'the attribute values a t nodes on a  subtree or the whole tree, the
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operator tasa is used. The operators asa and Umt reduce the temporal dimensionality of 

the t’aluc 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 programming 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
a = b + c ; 
b = c + 1; 
c = 100;

the compiler has to  traverse the parse tree three times in order to compute the values 

of constant identifiers n,6, and c. During the first pass, a  can not be assigned any value 

since both the \alues of b and c are unknown. Similarly, b can not be assigned any value 

during the the first pass. Only 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)

DefHodule -> ConstDecls ^
env = ch ildC env,0 ) ;

ConstDecls. -> ConstDecl ConstDecls
'  env = adddeclC childC def,0 ) ,  c h ild C e n v ,! ) ) ;

I . '
env = C ] ;

ConstDecl -> Id  "=" Expr ^
d e f = m a k e p a ir(c h ild ( le x ,0 ) ,  c h i l d ( v a l , l ) ) ;

Expr -> Expr "+" Expr
v a l  = c h i ld (v a l ,0 )  + c h i l d ( v a l . l ) ;
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I Expr Expr
val = c h ild (v a l,0) -  c h i ld (v a l , l ) ;
I Id
vai = g e tv a l(ch ild (lex ,0 ) ,  root env);
I Nnm
val = c h ild (v a l,0 );

The circular definition is caused by the definition a t the first production rule. The 

\‘aluc of env a t the root node depends on the \-aIue of env a t node [0] which indirectly 

depends on the value of env a t 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 arc treated as definitions, 

which can be defined in any order.

Example 6.5 (Evaluation using demand-driven approach)

root finalenv

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

(child(env.O) eq next c h ild (e v t ,0 ));  
env = [ ] fby child(env.O );

ConstDecls -> ConstDecl ConstDecls
env = adddecl(child(def,0 ) ,  c h ild (e n v ,l)) ;
1 •
env = [ ] ;

ConstDecl -> Id "=" Expr
def = m akepair(child(lex,0 ) c h ild (v a l,1 ));

Expr -> Expr "+" Expr
val = c h ild (v a l,0) + c h ild (v a l,1);
1 5qpr Bq>r
va l = c h ild (v a l,0) -  c h ild (v a l,1); -
I Id :
va l = g e tv a l(c h ild (le x ,0 ) , root env);
I Num
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v a l = c h i ld ( v a l ,0 ) ;

For a  given constant declaration, its semantics is the \'alne of attribute  ̂ na /cn r which 

is a  list associated with the root node of the corresponding attribute \-aluc tree. The 

list consists of pairs tha t denote the values of constant identifiers. Besides finalenv, the 

attribute grammar has other two attributes env and val. The \-alue of env is a list of pairs. 

A pair consists of a  constant identifier and its \-alue. The wdue of val is an integer. The 

function fldddcc/ (for ^add declaration") has two parameters, one is a  pair and the other 

is a  list, adddecl inserts the pair into the list. Before the insertion, adddecl checks the 

list to see if the identifier in the pair has already had a  \-alue in the list. If the identifier 

has no entrv" in the list, then the pair is inserted: otherwise, it updates its value with the 

value in the pair. The function getval gets the wdue of an identifier from the attribute 

env associated with the root node. If an identifier has no entry in the list, the getval will 

return an eod %-alue.

The temporal attribute definition

env = [ ] fby  c b i ld (e n v ,0 ) ;

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

to  an empty list. The value of env a t its first child is the aggregation x'alue from the nodes 

in the subtree rooted a t the first child node. Consequently, all the identifiers which request 

values from env wiU have eod value initially. After time 0, the \-alue of env a t the root is

gradually updated until the value of env a t a  time point is equal to  the value a t the next

time point.

For example, for the following constant definitions 

a  = b + c ;
b = c + 1; 4
c = 100; r ' -

the attribute value trees .at different time points arc shown in Fig 6.3 -  6.6.

The evaluation starts  from demanding the value of finalenv At the root node [ ] a t time 

point 0 which requires the value of env a t node [0] a t  time 0 and time 1. The demands
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[I
CpecModuj tindcvn» 
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1.0.1.01 
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.1.1.0.1.01c 10.0.0,0.1. 
valaeod

VtlalOO

10.1.0.1.1.01
valalOO

Figure 6.3: The attribiitc value tree a t time 0

are then sent out to  the appropriate nodes in the tree. At time 0, the value of env has 

the initial value [ ] a t the root node. The value of val a t the node [1,0,0] has an.corf value 

since the constant identifiers a and b have no entry in the environment tablé -  the value 

of en» a t the root node. The value of val a t node [l,0.1,0] is also equal to eod since a t time 

0 the constant identifier b has an corf value. Therefore, env a t nodes [0], [1,0] has partial 

values including corf values for the constant identifiers a and 6.

At time 1, the value of en» a t the root is equal to [(o, eod ), (6. eod), (c, 100)] which is 

the value of en» a t node [0] a t  time 0. The value of val a t node [1,0,0] still has an corf 

value since the constant identifiers a and b have no non-corf value in the environment table. 

The value of val a t node [1,0,1,0] has the non-corf value 101 since a t time 1 the constant 

identifier c has value 100 a t  the environment table. The attribute env a t  the nodes [0], 

[1,0] therefore has the updated values shown in Fig 6.4.

At. time 2, aU th e  attributes env and val have obtained the complete values. Hence 

a t  time 3, the value of en» a t the root node is the same as its value a t  time 2. Since the
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llrwIcvRB
tnv»I(a,cod),(b,cod).(c,ltX)) ]

cnvM[(«,cod).<b,l01),(c.!00)]

P s J  env»K«.cod)l DccIk cnv-I(b.l01).<c.l00)]

P ee J çnv«l(b,]01;l

DccJ cnvM((c,100)l

valnlOO I S S S ^  V.I.J val-100

iiHS) v«l«100ZiHSl vmIwJ

1001c

Figure 6.4: The attribute \*aluc tree a t time 1

finilcvnB

enva[(«,cod),(b,]01),(c,t00) ]

Deck env«IW Ol).(b.l01),(c.l0O)I

env-K̂ OOl cnvm{(b,101),(c,lX)l

D ec] cnv»I(b.l01)l

vïI-lOO
ExprJ DecJ env»[(c.lOO)î

valalOO

1 100c

Figure 6.5: The attribute value tree a t time 2
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■value of env a t time 2 is equal to its value a t time 3. finally, fmalcnv has a  constant value 

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

nnalcvn-

env-((O 0î).(b .t01).(c .l00)l

c n « K « ^ 01).(b.lOl).(c,J00)lDccis

env[(«aOI)l cnvM[(b.t01).<c.l00)l

D ec] env«l(b.JOJ)J

Dee J cnVM[{c,tOO)]Expr)

Num] Num]

! 100c

Figure 6.6: The attribute \-aluc 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 a t run time. In the following we show tha t, using temporal attribute 

definitions, p a rt of this kind of t^'pe checking can also be performed a t 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 three basic types -

- integer, char, and list. To perform type checking, we associate, an attribu te  type with
(3 %

every node. The purpose of assodating attribute type even with nodes labeled by grammar 

symbols D efL is t and Def is to make type have the same tree shape as the attrilyice value 

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

value of type a t every node in a  gven parse tree does not change along the time dimension.
'  J' i4

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

root (type tasa  (type eq next type))
‘/.Global d efin ition s

type = i f  ch ild  (type,0) eq " in f  and 
child  (type, 1) eq " in f  
then " in f  
e lse  Err

i f ;

'/Productions and lo ca l d efin ition s  
Prog -> Expr

ty p e - l is t  = [ ] ;  
type = ch ild (typ e ,0);
1 Expr "where" DefList "end" 
ty p e - l is t  = [ ] fby c h ild (ty p e - l is t ,1); 
type = ch ild (typ e ,0);

DefList -> Def DefList :
ty p e - l is t  = in sert-typ e-list(ch ild (n ew typ e,0 ),

c h i ld ( t y p e - l i s t , l ) ) ;
type = "Def";
I .
ty p e - l is t  = C 3 ;
type = "Def"; -

Def -> ID Expr 
type = "Def";
newtype = makepair (ch ild  ( le x , 0) ,ch ild (ty p e ,D ) ;

Expr -> expr "+" expr
1 expr expr 
1 expr "fby" expr 
type = i f  ch ild (ty p e ,1) eq eod. 

then child  (type, 0) 
e l s e i f  ch ild (typ e ,0) eq ch il(i(ty p e ,l)  

then child (type,0) 
e lse  Err

f i ;  ^
I ID V
type = g e t(c h ild (le x ,0 ) ,root ty p e - l is t ) ;
I NUM
type = " in f ;  '
1 CHAR
type = "char";
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For example, given an expression with the form: 

a
where

a  = b fby c ;
b = S; ^
c = ’A’ fby  c ; 

end;

The expression will yield a  type error since b has the type 'int* and c has the type 

’char’. Figures G.T-6.9 show the attribute t o Ii i c  trees a t time 0. 1. and. 2.

The evaluation process is similar to  Example G.5. ’At time 1. the \-alues of attribute
■S V

type a t all the nodes on the tree become non»cod \-alues. Therefore at time 2, the seman­

tic expression of the tree has the type information [(a.Err),(b.int),(c.char)], which is the 

aggregated value of type at the root node at time 2.

6.2.3 N ested C ircularities via M ultiple T im e Dim ensions

The temporal attribute definitions described in the last section do not involve multiple 

time dimensions. In other words, the values of attributes a t all time points other than 

the first one, /q, have constancy. In this case, we can simply think that there is only one 

time dimension -  to- However, many programming languages support nested structures. 

When a  temporal attribute definition is associated with a  nested grammar structure, 

switching contexts only in the first time dimension to k  not enough to  specify the values 

of temporal attributes a t different nested structures. To specify temporal attributes on 

nested structures, multi-time dimensions are required to represent different nesting levels.

The example below, which specifies the dcnotational semantics of a  programitiing lan­

guage with whiVe-statements, involves nested temporal definitions. In the example, the 

two attributes init and final specify the  states before and after a  statement is executed, 

respectively. A t nodes labeled by the non-terminal symbols S ta t  and S ta tL is t ,  the a t­

tributes 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 a t a  node labeled by Exp 

or I n t  represents the value th a t expression denotes. A t nodes other than those labeled by
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_^ypc-lki=r(b,înt),{c.char)] 

[1.11

DetLLsi j^tvpc-lis:=r(bjnri.fc.char)l

[Ul.H
f' „  „  .—  ̂typc=dcf 
L J typc-list=[{c,char)]

UCfULSt

t>-pc=dcf 
typc-lisl=[(b.mt)l

[0.1.1,11 
typc=dcf
typc-list=I(c,char)l

typc=int

[1.0.1.11

0.1.0.1.11[0.0.1.0.11 [0.1.1.0.11 .

[0.1.0.1.1.11

[0.0.1.0.1.1.1] [0.0.1.0.1.1.11

[1.0.1.1.11 
J  type=char

Figure 6.7: The attribute value tree a t time 0
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typc=prog
typc-I»i=[(b,inO,(c.char) 1Prog

typc=dcf
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Figure 6.8: The attribute \-alue tree a t time 1
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typc=pro5

typc-lLct= r(b.int).(c,char)]Prog

typc=dcf
typc-Hst=[(a.Err),(b.int),tc,char)lExpr J typc=Err

iypc=dcf 
5 s L J  typc-lL<ît=f(a.En-))
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typc=dcf
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D c f J  typc.lisb=[(c.char)]Expr J typ<^inl Expr

Num Expr J typ^char
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Char

A c

Figure 6.9: The attribute \-aluc tree a t time 2
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Exp or I n t ,  val will have an eod \-aluc. Tlic attril)utc lex represents the lexical %'alues of 

identifiers a t a  node labeled by Id,

The function makepair takes two arguments, an identifier and the \"alue of the identifier, 

and makes a  pair from them. The function addcnv adds a  pair into a  list. If an identifier 

already has a  %’alue pair in the list, addcnr 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 c h ild (f in a l, 0);

% The context-free grammar and lo ca l attrib ute d efin ition s;
Program -> StatL ist

in it$ 0  = [ ] ;

S tatL ist -> Stat S tatL ist
fineJ. = ch ild  (f in a l ; 
in it$ 0  = parent in i t ;  
in i t$ l  = s ib lin g ( f in a l , 0);

I .
f in a l = in it ;

Stat -> "while" Exp "do" StatL ist.
f in a l  = contemp (c h ild (f in a l, 1) asa

(not next c h ild (v a l, 0 ) ) ) ;  
in it$ 0  = s ib l in g ( in i t ,1); 
in i t $ l  = branch ((parent in i t )  fby f in a l) ;  ■

1 Id en tif ier  "=" Exp 
f in a l-= addenv(m akepair(child(lex,0), c h ild (v a l,1 ) ) ,  in i t ) ;

_Exp -> Exp "+" Exp
va l = ch ild (v a l, 0) + ch ild (v a l, 1);

I Expr Exp 
va l = ch ild (v a l, 0) -  ch ild (v a l, 1);

I Id
-v a l = lookup(child(lex, 0 ) , u p a sa ( in it) );
1 Int , 

v a l = ch ild (v a l, 0);
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In the above attribute grammar, if we ignore the indexical operators contemp and 

branch, we can see that the circularity is involved by the attribute definition rule for 

in the production for u?Ai7ostatcment. The (init,!) first gets the initial value from 

its parent node a t time 0 then it gets the value of final a t the same node after time 0. 

The difference is that the operator branch also branches a  new time dimension /q for init 

and shifts the original time dimensions from < - >  to  < tQ .io .t i , ,. .  > . The new

time dimension represents a  new nested iteration level. The termination of the evaluation 

depends on the \-alue of val associated with the node labeled by the grammar symbol 

Exp in the same production. When the \*aluc of val becomes false a t time point t of the 

new time dimension tg, the operator contemp reduces the time dimension Iq of final and 

obtains its value a t time 0 o f  the original time dimension to-

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

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

a  = 2;
w hile a  > 0 do 

b = 2;
w hile b >0 do 

b = b -  1; 
end;
a  = a  -  1;

end;

At the first u?fti7e-statement, the branch operator at. node [1.0,1,0] brandies the time 

dimension from <  t >  to  <  t ', t >  and a t the second io/«7e-statement, the branch operator 

a t node [1,0,1,1,0,1,0] branches the time dimension from <  i', t>  to  < i", t  > . ,  .

Note th a t the value of final a t node n =  [0,1,1,0,1,0] a t time (0,0) depends on the 

value of final a t time (t,0 ,0 ) a t n's second child node [1,0,1,1,0,1,0], when the'value of
I c

W  becomes false a t time {i -h 1 ,0 ,0) a t n 's first child node [0,0,1,1,0,1,0]. Therefore the 

attribute values, which final a t n  depends on. a t the nodes in the subtree rooted a t n  must 

be evaluated first.

A t time (2 ,0 ,0), the inner iteration is stopped when val a t  node [0,0,1,1,0,1,0] has 

a  false value. After the first inner iteration is finished, the attribute evaluation for the
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Figure 6.10: Branching new time dimensions for nested iterations
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Si l ]  init(0)=I<a2>]

ini((0.0)=r<a2>]
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Figure 6.11: Reducing a  time dimension when the inner iteration is finished^
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S t )
I final(0)=[<a2>]

final(0.0)=[<a.l>.<b.0>]ExpInt]

init(1.0)=I<a.l>.<b.0>]
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init(1.0)=I<a.I>.<b.2>]
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StL
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Figure 6.12: Increasing a  time point for outer nested iteration
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attribute a t the outer irhi/c-statomont which depends on the %'alues of the inner while- 

statemcnt will be started. Since a t time (1.0) the value of rnf a t node [0,D,1,0] is still true, 

the second iteration for the inner loop is started. Similarly, a t time (2 ,1 ,0), the inner 

iteration is finished and a t time (2,0) the value of val a t node [0,0,1,0] becomes false. 

Eventually, the value of finalenv hus its value [(a,0),(6,0)] a t time (0).

6-3 D efining A ggregate A ttributes

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 elements directly. Using I.-VG, we can define the elements of an ag­

gregate attribute as a  sequence of values 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 consists of four basic phases: lexical analyzer, syntax analyzer, 

semantic analyzer, and code generator [ASUSS], There is also another very im portant 

component -  symbol-table manager, which is a  component of the semantic analyzer. An 

essential function of a  compiler is to record identifiers used in <he 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 description languages, the structure 

of a  compiler is slightly different. That is, the symbol-table manager is eliminated since 

attribute grammars do not allow global attributes. Symbol-tables in attribute grammars 

can only be defined as aggregate attributes whose values are monolithic da ta  structures 

such as lists, which is what we did in the previous exam ples.. =
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SiL J final(0)=[<3i.0>,<b,0>]

StL J  final(0)=l<a.0>.<b,0>]

final(0)s[<a.0>,<b,0>]
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Figure 6.13: Reducing tame dimensions when ail the nested iterations are finished
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6.3.1 Aggregating A ttribu tes from an A ttribu te  Value Tree

By using identifier switching operators, indexical attribute grammars can define aggregate 

attributes such as symbol tables directly. Tn the following we first define a  special attribute 

pnrsetree whose tree shape is the reflection of a  given parse tree. Then we use the indexical 

function agg defined in Chapter 3 to  aggregate values according to the tree shape of 

parsetree.

D efin ition  6.1 (Special a t t r ib u te  p a rse tre e )  parsetree fs a special attribute symbol 

in TAG- The value o f parsetree is an intension

^  parsetree : T  x x Î  — {true, cod}.

Given an I  AG, let ~ be a jxirsc tree generated by the fA G  and T,, be the index tree o f 

TV, parsetree is defined by

parsetrcc{n ,t,i) =
true i f  n Ç T ~  

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, wo 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 lAG with aggregate attribute typetable:

E x am p le  6 .8  (A ggregating  e lem en ts  using  iden tifie r sw itch ing  o p e ra to rs )

root child(no-error ̂  1);
% Global d efin itio n s

type = i f  ch ild (type, 0) eq ch ild (type, 1) 
then ch ild (type, 0) 
e lse  Err -

f i ;

% Productions and lo ca l d efin itio n s  
Program -> DeclList StatL ist

typetable = child(agg(type, id , p arsetree),0);
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DeclList -> Decl DeclList 
I .

Decl -> Id Id
type = ch ild (lex , 1); 
id  = ch ild (lex , 0);

StatL ist -> Stat StatL ist
no-error = child(no-error, 0) and child(no-error, 1);

I .
no-error = true;

Stat -> Id Exp
no-error = child (type, 1) eq

(ch ild (id , 0) ati- (root typ etab le));

Exp -> Exp "+" Exp
I Exp Exp 
I Id
type = ch ild (id , 0) a t i  (root typetable);

1 Num
type = "int";

I 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 following program fragment in the language defined- by 

the above lAG.

a : in t;  
b : char;

a = 5; 
b = A*;

The attribu te evaluation starts from demanding the value of no-error at node [1]. 

When the demands are sent to  node [0,1] and [0,1,1], the evaluations for no-error a t these
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typctablc(a)=ini ^  
lypctabl^)=char ^

Program

DdUst StatList f  no-crroisiun: \

[1.11

——̂  id=a
[ DclUst ] (  StatList Jgjjjj j no-crror=turc no.eiK)r=ture

 ̂ [0.1.1] _  
typc=int [ Stat

V " \  typ^ljar
lcx=int C ^E L J w=b \

no<iTot=niTC

typc=char

Figure 6.1*1: An attribute \-aluo tree with aggregate v^alttcs

two nodes will send demands to tyjjcttihlc a t the root node Tor the \”alue of typetable at 

the identifier points a and i», respectively. Consequently, the aggregation for the type 

information in the declaration part of the tree is started.

From Figure 6.14 we can see that there are no partial \-alucs of typetable stored in the 

subtree of the declaration part of the program (Example 6.2 does) and no complete values 

of typetable arc passed in the subtree of the statement part of the program.

The another advantage of defining aggregate mine as non-monolithic values is th a t 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 typetable 

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

which depend on the type of a will be rce\’aluated.
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6.3.2 Aggregating A ttribu te  Values from an A ttrib u te  Value Tree w ith 

N ested S truc tu re

Since some programming languages allow nested blocks in their 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 arc 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. 

Instead, the inner block should inherit the information in the outer block(s).

Block

Block

Figure 6.15: Nested structure of a  program

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

“‘aggregate in scope”). The function agg$copc only collects the values of elements from the 

current block, but not inner block(s).

aggscope is a  4-ary function aggscope(x,y, tree, scope). The first three arguments are 

the same as the arguments of agg. The last argument is an intension tha t 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 where scope has a  non-cod value a t 

the node.

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

aggscope(x, id , tr e e , scope) = childCelement, 0)
«here

element = i f  iseod (tree) or not iseod(scope) then eod 
e l s e i f  idindex eq id  then x 
e l s e i f  not iseod(k) then k
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e ls e i f  child(elem ent, head(index)+l) 
f i
where k = childCelement, 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 d efin ition s
type = i f  ch ild (typ e,0) eq ch ild (ty p e .l)  

then ch ild (type, 0) 
e lse  Err

f i ;
no-error = true;

% context-free grammar and lo ca l attribute d efin itio n s  
Program -> Block

Block -> DeclList S tatL ist
no-error = child(no-error,0) and ch ild (no-error,1); 
ty p e lis t  = union(aggscope(type, id , parsetree, ty p e l i s t ) ,  

upasa t y p e l i s t ) ;

DeclList -> DeclList Decl
no-error = ch ild (no-error,0) and ch ild (n o -e r ro r ,l);

1 .

Decl -> Id Block ">"
no-error = ch ild (no-error,1);
type = "block"; 
id  = ch ild (lex , 0);

I Id Id 
type = childClex, 1); 
id  = childClex, 0);

S tatL ist -> StatL ist Stat
no-error = ch ild (no-error,0) and ch ild (no-error, 1);
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I .

Stat -> Id "=" Exp
no-error = (childC lex,0) a t i

(upasa ty p e lis t ) )  eq ch ild (typ e ,1);

Exp -> Exp "+" Exp
1 Exp Exp 
I Id
type = ch ild (lex , 0) a t i  (root typ etab le);

I Num
type = Num;

I CHAR
type = CHAR;

In the extended attribute grammar, the grammar symbol Block denotes a  nested 

structure. The attribute typelist a t a node associated with Block includes the information 

collected from its own scope and the information from its outer block. The function 

union{x,y) combines the two aggregate attributes z  and y at every identifier point over 

the identifier dimension. If the clement x; has a non-cor/ \‘aluc, union returns the \’alue 

of x,‘, otherwise union returns the value of ÿ; a t the identifier point £. 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 lyjK is aggregated from the corresponding scope, not 

from the entire parse tree.

In the parse tree of a  program generated by tlic above grammar, the attribute type, 

which depends on the value of tyj>elist a t a  node, will have the \alue of typelist a t its first 

ancestor node on which the typelist has a non-corf value.

Figure 6.16 illustrates how the type information in difièrent scopes is aggregated for 

the following program fiagment, and how the identifiers obtain their type information 

from the corresponding scopes in 'the language defined by the above L\G .

a : in t;
b : char;

a = b;
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nest { 
b : in t;

a = b;

In Figure 6.16, the value of typelist is not a  list of pairs. The type information of 

identifiers is stored as \-alucs at different identifier points in the identifier dimension of 

typelist a t the node [0] and [s]. At node [0], tyjKlist aggregates the \"aluc of type from the 

subtree rooted at node [0] except for the nodes in the subtree rooted a t node [s] which 

denotes a  nested block structure. At node [^]. typelist aggregates the value of type from 

the subtree rooted a t [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 Tem poral Aggregate A ttrib u te  Values

The combination of the tree, time, and identifier dimensions and their associated node, 

time and identifier switching operators makes indexical attribute grammars more condse 

and expressive. The following example is a version of Example 6.3. In this example, the 

values of identifiers tha t denote constants are not stored a t the root node as a  list. The 

temporal definition is involved by.the definition of the aggregate attribute env a t the root 

node. A t time 0, the values of cnr at the root node are initialized as eod a t all the identifier 

points. At time t where t > 0, the values of env are the values of the constant identifiers 

aggregated a t time t  — 1. When the values of env do not change in tilde, the iterative 

aggregation terminates.

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

root finalenv

DefHodule -> ConstDecls
finalenv = env asa Cenv eq next env);
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DcclList V i

Q?pc=mi

id=bXId lcx=ini
typc=char

lcxt=b t Id

iypclisi(a)=ini >  
^j^,-typclisi(b)=char
" 4* ,typclisi(ncsi)=block

Icx=a lid

\ \  ( DcclUsl ). \

Icx=b Id

DcclList J

n rT  -id=ncst
typc=blockIcxschaj"

typclisi(a)=mi
lcx=ncxi[ld] (Block)  ̂ typclisi(b)=char '

DcclList )  [stalList ]

D tyl j . Jd=b
typc^nt

Id 1 Icx=int

Figure 6.16: The nested structure of a  program
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env = eod fby aggCid, v a l, parsetree);

ConstDecls -> ConstDecl ConstDecls 
I .

ConstDecl -> Id "=” Expr
val = ch ild (v a l, 1); 
id  = c h ild (lex . 0);

Expr -> Expr Expr
val = ch ild (v a l,0) + c h ild (v a l,1)
1 Expr Expr
val = ch ild (v a l,0) -  c h ild (v a l,1)
1 Id
val = c h ild (le x ,0) a t i  (root env)
I Num
val = ch ild (v a l,0);

For the same program fragment;

a = b + c; 
b = c + 1; 
c = 100;

in the following, we show the attribute value trees and the attribute dependencies a t 

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

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

A t time 0, the aggregate values of env a t the root node are all initialized as eod. 

Consequently, the attribute val a t the nodes which depend on 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, which is 100.

At time 1, the env a t the root node aggregates the values o f val a t time 0 from these 

nodes on which the value of id is not eod and stores the values a t different identifier points 

according to  their id values. Also, since the value of identifier c a t time 0 is 100, a t time 1, 

the value of env a t identifier point c is 100. The attribute val a t the nodes which depend 

on env a t  identifier point c  will have the value 100 also. Consequently, the value for the 

identifier b, which is 101, is evaluated.
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cnv(a)=cod.env(b)=cod^v(c)=ood

Dccls

id=a ( dm I  val(0)=coi Dccls

id=b [DccJ' val(0)=oo<l

Icx=bl Id

val(0)=cod (̂ ExprJ vol=l val=100

■ÎÎÜ2) val=100

Figure 6,17: The aggregation a t time 0

env (I j»)=cod, env0.b)=eod,env(l.c)=100

Declj.

id=a r “< T  
>ÔQ(0)=eod [DecJ val)[2):%d Dccls

^  id=b /  / ___-

/  y  /  [Pcc^ valO)=101lcx=a (id

r=^val=100

Figure 6.18: The aggregation a t time 1
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 cnv(2^)=cod. cnv(2.b)=101,cnv(2,c)=100

Dcclj.

id=a ^  f —  
val(l)=co<l y jiK 2^1 Dccls

Expq __val(2)=10j i4=c X 
1- ^  val=100

.^2 9  val=100val=l

val=100

Figure 6.19: The aggregation a t time 2

Similarly, a t time 2, the enuat the root node aggregates the values of val a t time 1 from 

these nodes a t which the value of id is not eod and stores the values a t different identifier 

points according to  their id values. Also, since the value of identifier b a t time 1 is 101, at 

time 2, the value of env a t identifier point b is 101. The attribute val a t the nodes which 

depend on env a t identifier point b will have the \aluc 101 also. Consequently, the value 

for the identifier a, which is 201, is evaluated.

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

have noiL-eod values. After time 3, the \’alue of env will not change. Therefore, the final 

value for finalenv is obtained, which has three non-cod values:

<  201([ j.a.o)» 10l(^ ].3.5)t 100^  ].3,c)? —  >  •

In the next chapter, we describe an implementation strategy for evaluating indencal 

attribute grammars:
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cnv(3 j)=201. cnv(3.b)=î 01 ,cnv(3.c)=l 00

vaia)=201 v jl< 5 ^ 1 Dccls

Dec>J val(3)=101

val=100

ÜÏÏ2) val=100

Figure 6.20: The aggregation a t time 3
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C hapter 7

AN IMPLEMENTATION 

STRATEGY

In this chapter wc describe an implementation stratcgj* for an indcxical attribute grammar 

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

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

7.1 T he D em and-D riven D ataflow  C om putation M odel

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 demand-driven dataflow model, the evaluation for a  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 \alues required for performing the operation are 

available. I f  there is a  demand for an operation bu t some of its operands are not ready 

on the incoming arcs, then demands for the data  items wûU be sent o u t along thé reverse 

direction o f the incoming arcs.

Let us see how the demand-driven method works through a  simple Lucid program

/
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example.

R
where

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

end;

Here all the \‘ariablcs are constant in lime.

The corresponding data How network for the above program is shown in Figure 7.1. At 

the initial time, all the arcs are empty, except the two input arcs labeled by X and Y. The 

evaluation starts with the demand for the output R. To compute R. the operation node 

needs two inputs - Q and S. Since Q and S have no \alid values yet. two demands are sent 

out to request the values of Q and S. In turn, demands for P arc sent out. The operation 

for P can be executed immediately, as ils input data items are already a\"aHablc. After 

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

performed.

X Y

Figure 7.1: Demand driven computation on a  dataflow network

In a  demand-driven dataflow network, there arc two kinds o f information flow in op­

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

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

The demand-driven dataflow compuiation.lias two distinct characteristics. First, there
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is no static evaluation order required. The e\aluation order is created dynamically a t eval­

uation time. Secondly, an operation is performed only if it is required; no unnecessary 

operations arc performed in this model. Tiic.se two properties of the demand-driven ap- 

proaclt strongly support attribute end nation.

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 ch ild (b , 0)
7.7.
a = 5
7.7.
X -> Y Z

a = ch ild (a , 0) + childCa, 1); 
b$0 -  parent a;

If we consider a parse tree with only three nodes labeled by X, Y and Z, wc can 

construct a  corresponding dattdlow net work shown in Figure 7.2.

• ni• 1 0 1

Figure 7.2: A dataflow network for the attribute instances in a  parse tree

Here the dashed rectatiglcs denote the itodes in the parse tree. The arcs represent 

the d a ta  dependencies among the attribute values. Sitice the node switching operators 

do not perform any computation other than switching contexts (or describing the data 

dependencies), node switching operators are not treated as operation nodes in a  dataflow 

network. The evaluation for the attribu te values on the network starts  by demanding the 

value of the defining expression ro o r  ch ildC b, 0 ). Suppose a  demand arrives for the 

value of b a t [0]. the definition of b a t [0] is found, which is p a re n t a. The node operator



C H A P T E R  T. A N  IM PLEM ENTATION S T R A T E G Y  119

p a re n t switches the context from [0] to [ ]. Then the value of a  a t [ ] is required. To 

evaluate a  a t [ ], the values of a  a t [0] and [1] are demanded. Since a  a t [0] and [1] has 

value S, the operation for a  a t [ ] is performed. Then the result flows out of the network 

a t [0].

7,2 Structure o f ÏAGCG

Using the demand driven approach, we can build a  com piler generator I.A.GCG (for Index- 

ical A ttribute Grammar Compiler Generator) for languages defined by indcxical attribute 

grammars. The inputs to  lAGCG are language specifications, i.e. indcxical attribute 

grammars, and the outputs are compilers for the languages defined.

LAGCG consists of two parts: an indexed jxime tree generator and a  définition ware­

house generator. The parser generator generates a  parser for a  given indcxical attribute

grammar. The definition warehouse generator builds a  definition warehouse for attribute
;\

definitions and the subject expression.

A compiler generated by the lAGCG consists of four components:

•  a  parser to  generate parse trees for input language strings,

•  a  definition warehouse DW^

•  an attribu te value warehouse .411'', and

•  an eductive attribute evaluator EAE  th a t 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) has four fields: (index, pnumber, firsichild. nextsibling). The firstchild 

and nextsibHng axe pointers to  link the first child and the next sibling of the node respec­

tively. The pnumber contains an integer to  indicate the production associated with the 

node, which can be obtained a t parse tree building time. The number is used to  find the

local definition for an attribute instance a t  a  node a t evaluation time. After a  parse tree
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language strings

Parser

Warehouse

Demand Driven 
Evaluator

Node Register

Time Register

Identifier Register

Definition

Warehouse

atrributc values

Figure 7.3: The structure of a compiler generated by LA.GCG

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-treeCTn: a parse tree rooted by node n. i :  index of n)
St: node;
] :  integer; 
begin

assign index i  to  n
for  a l l  ch ild  nodes m of n do

index-tree(Tm, c o n s (j .i) )  where m i s  n ’s jth  child
end

. ^
The indexing starts from the root node of a given parse tree. 

mainO-
T: root node of the parse tree; 
begin

index-treeCT, □ ) ;  "
end

The attribute definitions are stored in the definition warehouse DW. The definition
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warehouse consists of three parts:

•  a  defining expression warehouse DEW.

• a  global definition warehouse GDW. and

a local definition warehouse LDW.

The DEW has only one cell that stores the defining expression whose \-alue is the 

semantics of a  given parse tree.

The GDW stores global attribute definitions for an indcxical 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 indcxical 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 therefore consists of three elements: an attribute 

symbol a, a  production number p. and a  position number of the non-terminal symbol x  

in the production p.

There is also an attribute value warehouse (AW) which stores the \"alues of attributes. 

For a  given parse tree z ,  the AW can also be viewed as implementing the attribute -value 

tree V^. At initial time, all the cells of the AW are initialized with \alue ± .  The tag 

associated with each cell of the AW consists of four components: {attribute symboL node, 

time, identifier) where time is a  sequence of integers tha t represent the relevant time 

points in the multi-time dimensions. When a  cell of AW has a  non-J_ value, the value is 

not allowed to  be changed.

7.3 T he E ductive A ttrib u te Evaluator EAE

EAE is the heart of LA.GCG. The evaluation for a  given parse tree starts by evaluating the 

defining expression E , whose value is the semantics of the language string corresponding
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Figure 7.-I: A clalaflow network

to the tree. The followtiig is ;nt nlgorit lim for ewiiiiating a parse tree, where we assume 

that the E  is evaluated only at context ([]. Ü. " “ ).

The evaluation oF attrihuic instances on a  given parse tree ~ is considered as the 

evaluation of llie corresponding value tree V-- Since attribute occurrence definitions of 

an attribute grammar are stored in the definition warehouse with tags, the occurrence 

definition tree O- and the attribute definition tree do not have to be built. To obtain 

the definition For an attribute instance, we first give proper tags to the local definition 

warehouse LDW. IF there is no definition stored with the given tags, then we look a t the 

global definition warehouse UDW.

Consider an attribute a  at a  ])rodiiciion that is defined by 

X -> Y Z
a  = i f  ( c h ild (b , 0 ) eq c h ild  (b , 1) )  

th e n  c h i ld (a , 0 ) 
e ls e  c h i l d ( a . l ) ;

We also assume that, a  is a  constant in lime. The definition can also be viewed as a  

dataflow network {Figure 7.-I).

When the value oF a is dciuatided a t a  context (n .t .  i) and the definition of a  a t n is 

the above i f  expression, a  demand to its first operand (or a  demand to  the output of the 

operator eq) is issued. Since eq is a  strict operator, two demands for evaluating b a t the 

contexts CCcons(head(n.)+l) , t a i l ( n ) ) , x , i )  and ((con.s(head(n)+2 ) .fa i lC ii) )  , f , i )  

are sent out. IF the result of the first operand of the i f  expressioiT is true, the demand for
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the \’alue of a  a t the context (C cons(head(n)+ l) , t a i l ( n ) )  , t , i )  is send out. Otherwise, 

the demand for the \*alue of a at the context C(con.s(head(n)+2 ) , t a i l ( n ) )  , t , i )  is 

issued.

The EAE will repeat the process until the \*ahio of the defining expression is ev'aluatcd.
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C hapter 8

CONCLUSIONS

8.1 Sum m ary

This dissertation defines an attribute grammar system -  Indcxical Attribute Grammars 

(LAG), based on the indcxical programming paradigm.

In LAG, an attribute is an intension -  a  function from the indcxical context space to 

the domain of da ta  values. The indcxical context space is defined as

C : T  X X %

where 7* is the tree dimension, w" is the multitime dimension, and I  is the identifier 

dimension. Wc say tha t attributes in LAG vary over the indcxical context space C. They 

may have different values a t different contexts.

An attribu te grammar in LAG is defined in three parts: a  defining expression tha t 

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 on the context space C, LAG provides 

a  set of primitive indcxical or context switching operators. The operators can be divided 

into four subsets: node switching operators, time switching operators, identifier switching 

operators, and multidimension switching operators. There are also operators which switch
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contexts into different dimensions.

Node svntcking operators allow the user to define non-local attributes, in terms of the 

values of attributes a t 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 a t different time points. If a  temporal attribu te is 

defined by an iterative algorithm, the value of the attribute a t different time points can 

be viewed as the value a t different stops in the iteration.

Identifier switching opQTzXors, 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 part 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 tree.

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 th e  tree. To compute the initially 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 C ontributions and A dvantages

* Denotational semantics
y

The first advantage of LAG is that it has clearly defined denotational semantics based 

on least fixed point theory. The formal semantics of an attribute grammar in LAG 

is the  denotation of each parse tree x  generated by the grammar, th a t is, the least 

-  fixed point of the function tha t maps the intension V,, (the attribute value tree) to  

itself.

• AG-independent attribute definition language

IFADL is designed to  be an attribute definition language. A ttributes defined by
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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 lAG directly corresponds to  the 

IFADL program formed by the attribute definitions of lAG. Thus the denotational 

semantics of lAG 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 .\G-independcnt 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 I AG. Secondly, it makes I.\G executable. T hat is, given 

a  parse tree generated from an AG. its attribute definitions determine an executable 

IFADL program. Thirdly, the expressive power of I.\G  increases as IFADL evolves. 

On other the hand, TAG provides an important type of application for IFADL, so 

th a t the language can be developed and specialized according to  the needs of lAG.

• 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. lAG relaxes the locality 

restriction of attribute definitions by introducing indexical semantics to  a t­

tributes. Using indexical operators (in particular, node-switching operators) 

to  specify attribute definitions, an attribute can directly depend on other a t­

tributes. Meanwhile, we still keep the declarative property of attribute defini­

tions and give them precise denotational semantics.

By eliminating communication attributes, we can also improve the space effi­

ciency, since there is no need to store duplicated attribute values.

_ — Solution for the aggregate attribute problem

We solve the aggregate attribute problem within the declarative semantics and 

without introducing side-eflccts in the attribute grammar definition level. We, 

consider tha t an  aggregate attribute value is distributed, th a t is, its elements 

can be collected and rrferred to individually. Thus, both conceptually and
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practically, wc do not need to carry the entire aggregate structure around the 

parse tree.

— Tim e varying attributes

As a  formal specification tool, lAG can specify systems whose values involve 

data  streams. LAG can specify a  system with the structure of a tree o f data 

streams. T hat is, given a  parse tree generated by an attribute grammar in LAG, 

the tree structure is fixed and does not change with time, but the attribute 

values a t nodes of the tree change with time.

Using the time varying attributes, LAG allows the user to  define the circular 

attributes in conventional AGs non-circularly. Such definitions are independent 

of the underlying implementation.

LAG can also specify a  system with the structure of a stream o f trees. That is, 

we can define attributes in LAG to associate their tree-shapes to the structure 

of the system. At different times, the attributes may have different tree-shapes. 

The tree-shapes of one or a  union of a  set of attributes a t all the time points 

constitute a  stream of trees.

• Parallel a ttribute evaluation

AGs have great potential for parallel execution since an attribute dependency graph 

is a  special instance of a  dataflow graph [FarS3][KG92]. The LAG system can be 

implemented based on the eduction model -  a  parallel implementation model for 

indexical languages and systems. In this implementation, no other special parallel 

a ttribute evaluation method is needed, besides eduction which is suited to  handle 

flne-grained parallelism. The correctness of the parallel evaluation of LAG is guaran­

teed by the model, no m atter what order attributes, arc evaluated, because of their 

declarative sem ^tics without side effect. Also, because of elimination of commu­

nication attributes and .monolithic aggregate attributes, these parallel evaluations 
" r

could be effldent. " '
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8.3 Future Work

• Incremental evaluation

By adding a  version dimension in lAG, we can consider tlie \’alue 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 a t certain nodes by the modification, 

will have the updated values a t these nodes a t the version point corresponding to 

the modification. Such I.AGs will not only allow incremental evaluations, but will 

also have the power to simultaneoTisly represent different versions of a  program. In 

particular, the history of the modifications to  a  program can be represented 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 lAG by adding an ex tra tree dimension 

to  the context space in lAG 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 ofI.AG is to allow attributes a t nodes to  have 

function values of arbitrarily high orders. There arc two kinds of possible function 

values for attribute instances a t nodes. The first is pointwise functions th a t are 

pure higher order functions in terms of functional languages without any indexical 

operators and context switching involved. The second is so-called syndironic func­

tions whose meaning depends on the underlying context but which do not involve 

any context switching operations. Since Wadge has solved the problem of evaluat­

ing higher order functions in Lucid-like indexical languages [Wad91], the two kinds 

of higher order attributes can be implemented in liigher order indexical attribute 

grammars using the same scheme. To allow attribute values to  be general index­

ical functions th a t involve context switching, we need further, to  investigate their 

semantics and implementation strategies. If  sudi 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 \-aIucs of these functions a t different nodes.

♦ Extendible expressive power with customized context space

The context space of L\G with the associated context-switching operators can be 

designed according to  the application. Thus, there is only one base dimension in 

all lAG, th a t is, the tree dimension. Other user-defined dimensions with certain 

structures of I AG can be introduced into the context space, according to  the problem 

it solves.

♦ Natural language processing

In Montague Grammars [DWPSO], the meaning of a  natural language sentence is 

a  truth-value th a t is determined under certain conditions. These conditions may 

depend on the sentence in various possible states of affairs, a t various times, in 

various places, for various speakers, and so on.

It is natural to  think tha t we may be able to specify Montague grammars in terms 

of LAG, because both are based on possible world semantics. To do so, we need 

to  extend or generalize LAG 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, a t least, all the 

dimensions th a t are required by Montague grammars plus the general tree dimension. 

We also need to  allow attributes a t nodes of a  structure tree generated by a  Montague 

grammar to  have function values. Using sudi lAGs, we may be able to  build an 

interpreter th a t could evaluate the semantics of natural languages sentences based 

on Montague grammars.
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Appendix 1 

Syntax of IFADL

program

expr

- > expr

> constant
id e n tif ie r  
”('• expr
expr in fix -op  expr 
prefix-op expr 
l is t-e x p r  
if-exp r  
case-expr 
fu n -ca ll 
w-clause 
"eod"
"error"

if-ex p r  -> "if" expr "then" expr 
1 "else" expr "fi"

ceise-expr -> "case" expr "of" cbody "end"

cbody -> cbody defacase
1 expr expr cbody
I expr expr

defacase -> "default" expr

fu n -ca ll -> id e n t if ie r  "(" a c t - l i s t

a c t - l i s t  -> expr



Appendix 1. Syntax o f IFADL 136

I expr a c t - l i s t

w-clause -> expr "where" d e fn - lis t  "end"

d e fn - lis t  -> defn
1 defn d e fn -lis t

defn -> id e n tif ie r  "=" expr
I id e n tif ie r  "(" formais ")" "=" expr

formais -> id en tifie r
I id e n tif ie r  formais
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Appendix 2 

An Indexical Attribute Grammar 

for Type Checking

1
% This i s  an indexical attribute grammar for  a sim plified  Modula-2 
% language. I t  t e s t s  variables within a module with only simple types. 
%

root accept

% Global a ttrib ute d efin ition s
accept = childCaccept.O); 
type = ch ild (typ e ,0);

% Context-free grammar and lo ca l a ttrib ute d efin ition s

program: "MODULE" ident block ident
accept = i f  childCid.O) eq. ch ild (id ,2 )  

then ch ild (accep t,1) 
e lse  FALSE 
f i ;

% typetable at the node labeled by program equeds the  
% typetable at the f i r s t  ch ild  of the node labeled by block, 
typetable = ch ild (ch ild (typ etab le ,0 ) ,1 );

block : d ecl_ list_op t begin_and_stmts_opt "END"
accept = ch ild (accept,0) and ch ild (accep t,1);
% c o lle c t  type information for  typetable at the node labeled
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7, by d ec l_ lis t_ o p t.
typetable$0 = agg(decl_type, id , p arsetree);

d ecl_ list_op t :
accept = TRUE;
1 d e c l . l i s t

d e c l_ lis t  : decl
I d e c l_ lis t  decl
accept = ch ild (accep t,0) and childCaccept,1 );

decl : "VAR" var_decl_list_opt
accept = TRUE;
1 proc_decl

var_decl_list_opt :
I var_d ecl_ list

var_d ecl_ list : var_decl
I var_d ecl_ list var_decl :

var_decl : fie ld _ d ec l

fie ld _ d ec l : id e n t_ lis t  type
decl_type$0 = parent c h ild ( le x ,l) ;

id en t_ lis t_ o p t:
1 id e n t . l i s t
decl_type$0 = parent decl.type;

id e n t . l i s t  : ident
decl_type$0 = parent decl.type; ~
I id e n t . l i s t  ident 
decl_type$0 = parent decl_type; 
decl_type$l = parent decl_type;

proc.decl : proc_heading block ident
% i f  the id e n tif ie r  in  the proc_heading i s  equal to  the  
7, id e n t if ie r  of the block then accept i s  tru e, 
accept = i f  c h ild (c h ild ( id ,0 ) , 0) eq ch ild (id ,2 )  

then ch ild (accept,1) 
e lse  FALSE 
f i ;
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% union the type information from the proc_heading,
% the body of the procdure, and the upper block, 
typetable = unionCunion(child(typetable,0 ) ,  

ch ild (ch ild (typ etab le ,0 ) ,1 ) ) ,  
upasa typ etab le);

proc_heading : "PROCEDURE" ident formal_para_opt
% c o lle c t  type information of parameters, 
typetable = child(agg(decl_type, id , parsetree), 1);

formal_para_opt :
I formal^pzira

formaO-.paxa : "(" fp_section_list_opt ")"

fp _section_list_op t :
- I fp _ sec tio n _ list

f p _ s e c t io n _ l i s t  : f p _ s e c t io n
1 f p _ s e c t io n _ l i 's t  f p _ s e c t io n

fp _ sG c tio n  : v a r_ o p t i d e n t _ l i s t  ty p e
decl_type$l = parent c h ild d e x , 2);

var.opt :
I "VAR" , - y

begin_and_stmts_opt : 
accept = TRUE
I "BEGIN" s W _ l i s t   ̂ „
accept = c h ild (a c ^ p t,l);-

s tm t_ list : stmt
I s tm t_ list stmt r
accept = cM ld(accept,0) and ch ild (accop t,l) ;

stmt : ^
“ accept ^  TRUE; 
I : assignment 
I if_stmt 
I while.stmt 
I repeat.stmt 
I loop.stmt

/ /

A .
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1 for_stmt

assignment : designator expr
accept = child(type,0) eq childCtype.l);

if .s tm t : "IF" expr "THEN" stm t_ list e ls if_ lis t_ o p t  else_opt "END" 
accept = i f  child(type.O) eq BOOLEAN 

then childCaccept,1) and 
childCaccept,2) and 
childCaccept,3) 

e lse  FALSE
f i ;  {

e ls i f_ lis t_ o p t  :
accept = TRUE;
I e l s i f . l i s t

e l s i f _ l i s t  : e l s i f
I elsif.list elsif
accept = childCaccept,0) and childCaccept,!);

elsif : "ELSIF" expr "THEN" stmt.list
accept = i f  childCtype,0) eq BOOLEAN - 

then, childCaccept,1) 
e lse  FALSE 
f i ;

e lse .o p t : c
accept = TRUE;
I else

e ls e  : "ELSE" s tm t.l is t

loop.stm t : "LOOP" s tm t .l is t  "END"

w hile.stm t : "WHILE" expr "DO" s tm t .l is t  "END" 
accept = i f  childCtype.O) eq BOOLEAN 

-then childCaccept,!) 
e lse  FALSE 
f i ;

repeat.stm t : "REPEAT" s tm t .l is t  "UNTIL" expr 
- accept = i f  childCtype,!) eq BOOLEAN
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then childCaccept,0)
e lse  FALSE
f i ;

for_stmt : "FOR" designator expr "TO" expr "DO" s tm t_ list "END"
accept = i f  childCtype.O) eq childCtype.l) and 

is_simple_typeCchildCtype,2)) 
then childCaccept.3) 
e lse  FALSE 
f i ;

expr.opt :
type = NON.TYPE;
I expr

expr : simple.expr
1 simple_expr relation_cp simple_expr
type = checktyperelCchildCtype.O). ch ild C lex .l) .

childCtype.2 )) ;

sim ple.expr : sign .opt term
type = checfetypeoplCchildCop.O), ch ild C type.l));
I simple.expr add^operator term
type = checktypeop2CchildCtype.0 ) , ch ild C lex .l) ,

childCtype.2 ));

sign_opt :
op = NON_OP;
I sign_op '
op = childClex.O );

term : factor
I term mul_operator factor
type = checktypeop2CchildCtype.O), ch ild C lex .l) ,

childCtype,2 ));

factor  ; number- 
1 ident
type = childCid.O) upasa typetable;

' - I string . , .
type =5 STRING;
1 " C" expr ")"

■ I "NOT" factor
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type = i f  c h ild (id ,0) eq BOOLEAN 
then'BOOLEAN 
e lse  Err;

designator : ident
type = childCid.O) upasa typetable;

ident : id e n tif ie r
id  = c h ild (le x ,0);

number : integer
type = INTEGER;
1 rea l
type = REAL;
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