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Abstract. Describing the static semantics of programming languages with attribute grammars is eased when the
formalism allows direct dependencies to be induced between rules for nodes arbitrarily far away in the tree. Such
direct non-localdependencies cannot be analyzed using classical methods, which enable efficient evaluation.

This article defines an attribute grammar extension (“remote attribute grammars”) to permit references to
objects with fields to be passed through the attribute system. Fields may be read and written through these
references. The extension has a declarative semantics in the spirit of classical attribute grammars. It is shown that
determining circularity of remote attribute grammars is undecidable.

The article then describes a family of conservative tests of noncircularity and shows how they can be used
to “schedule” a remote attribute grammar using standard techniques. The article discusses practical batch and
incremental evaluation of remote attribute grammars.

Categories and Subject Descriptors: D.38jgramming Language§: Language Constructs and Features
General Terms: Languages

Additional Key Words and Phrases: Language description, remote attribution, collection attributes

1. Introduction

Attribute grammars [Knuth 1968] were developed to specify the semantics of program-
ming languages as an alternative to writing a compiler in an imperative language. An
imperative program is not an ideal specification, because it expreses computation

is to proceed, rather thamhatthe desired result is to be. A modeclarativeapproach

is to specify what values need to be computed. Such a specification can be executed af-
ter first (automatically) determining an evaluation order that respects the dependencies in
the specification. An advantage of declarative specifications is that they can be incremen-
talized by simply reevaluating changed values. Incrementalizing an imperative program
is much more difficult; maintaining a copy of every version of the state is impractical.
Attribute grammars take the declarative approach; an attribute grammar specifies a set of
attribute equation$or each production in a context-free grammar. In the definition of clas-
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sical attribute grammars, attribute values are specified as pure functions of attribute values
of neighboring nodes. A variety of implementation techniques have been developed [Al-
blas 1991] and several usable attribute grammar implementation tools exist [Farrow 1989;
Jourdan and Parigot 1991; Kastens 1991].

Attribute grammars have been used successfully in a few cases (for instance an Ada type
checker [Uhl et al. 1982] and a VHDL compiler [Farrow and Stanculescu 1989]), but many
people seem to have the impression that attribute grammars are clumsy—more complicated
than the equivalent imperative programs. In particular, classical attribute grammars require
dependencies between nodes that do not occur in the same production instance to be de-
scribed through a chain of dependencies between neighboring nodes. The LIGA attribute
grammar system [Kastens 1991] includes features that address this limitation, enabling, for
example, a rule for a node to refer directly to an ancestral node by type. However, even this
system does not schedule attribute grammars with dependencies between unrelated nodes
in the tree.

Starting with Johnson and Fischer’s proposal for “non-local” attribute grammars [John-
son 1983; Johnson and Fischer 1985], several researchers have investigated the possibility
of permitting direct non-local dependencies in attribute grammars. In Johnson’s work,
the non-local dependencies are established through opaque semantic rules. In some more
recent work, the dependencies are induced by passing objects with fields through the at-
tribute system. Elsewhere, the fields may be read, and (depending on the extension) other
fields may be written. Since the places in the tree where the fields are written may be
far removed from the places where they are read, these abilities are eatiete attri-
bution [Boyland 1996b]. Direct non-local dependencies increase the expressive power of
attribute grammars [Maddox 1997], reduce the number of “copy rules” and permit more
efficient incremental implementation [Hedin 1994; Boyland 2002].

A related technique is that of “higher-order attribution” in which attribute rules may
create trees that may be rooted at various points and attributed there. Section 7 compares
the closely related concepts of remote attribution and higher-order attribute grammars; the
most important distinction being that higher-order attribute grammars are purely functional
so that the generated trees do not have identity.

Remotddirect non-local) dependencies require extensions to the standard attribute gram-
mar analyses. If objects are added with only trivial extension to the analysis, then, de-
pending on how the extension is formulated, standard analysis may either report spurious
circularities, or (worse) fail to notice dependencies at all. In the latter case, we say that
the analysis isinsafe For example, in Augusteijn’s Elegant system [Augusteijn 1990], a
field in an object can be designated “lazy,” thus permitting the object to be passed through
the attribute system before the field has been assigned. No analysis ensures that the field is
assigned before it is used. With LIGA [Kastens 1991], objects can be created in multiple
passes, but the description writer must direct the scheduling through the addition of depen-
dencies involving extraontrol attributes The implementation tool is unable to determine
if the extra dependencies are sufficient. Hedin’s door attribute grammars [Hedin 1994]
leave responsibility for the scheduling of remote dependencies to hand-written code. Her
“reference attributed grammars” [Hedin 2000] use demand-driven evaluation to ensure a
safe schedule. Johnson gives an optimal incremental reevaluation algorithm for non-local
attribute grammars which satisfy a “node-wise non-circularity” property for which no al-
gorithm is given. The property states that no information read through a non-local de-
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pendency travels back to its source node through traditional local dependencies, and vice
versa. This restriction rules out some useful idioms such as marking which declarations
are used through a non-local dependency.

Static scheduling of remote attribute grammars has been described in earlier work [Boy-
land 1998]. “Control attributes” are generated that ensure that fields are defined before they
are used.Control attributescarry no value, have no run-time significance, and are used
merely to constrain the schedule. This article extends this earlier work with an improved
analysis, greater rigor, proofs of correctness and descriptions of additional experience.

The first section following this introduction gives a flavor of the expressive power pro-
vided by remote attribution. The next section describes our extended attribute grammars
precisely. Section 4 describes a reduction to (improper) classical attribute grammars that is
then used in Section 5 to build algorithms that enable static scheduling of remote attribute
grammars. Section 6 describes some practical experience with versions of the algorithms.
Section 7 reviews related extensions and analyses. The article concludes with some sug-
gestions for further research.

2. Remote Attribution

In a classical attribute grammar, any values that need to be transmitted between remote
nodes must be transmitted through the least common ancestor in the tree. Sometimes,
several values may be “ready” at the same time and may be packaged (in some sort of
record) and transmitted together, but other times, packaging would cause a circular depen-
dency, and thus the values must be transmitted independently. Independent transmission
increases the number of rules for an attribute grammar and, in the case of name resolution,
may require multiple lookups with the same key in isomorphic dictionaries. The decision
of whether two values can be packaged together (thus reducing complexity and increasing
efficiency) relies on global scheduling information, and thus should be left to an imple-
mentation tool, not the description writer.

In this section, we describe an extension in which objects with fields may be created.
References to these objects may be transmitted through the attribute system. When a refer-
ence to an object reaches any location in the tree, its fields may be read and written. Copy
rules may be necessary to transmit references, but no additional copy rules are necessary.
The fields of an object are scheduled automatically and safely, thus relieving the attribute
grammar writer of doing the scheduling by hand. In this way remote attribution improves
the ability of an attribute grammar to fulfill the task of declarative specification.

This section shows how a simple task may be accomplished in an attribute grammar,
first with restricted classical attribute rules and then with the features provided by remote
attribution. The task in question &atic checkingname resolution and type-checking)
for a simple programming languag®&lame resolutiorhere refers to determining which
declaration is being used for each identifier in an expression. The attribute grammars also
determine whether a declaration goes unused. In this example, the result of the attribution
is a set of error messages.

Both attribute grammars include the complete abstract context-free grammar (shown
in slanted font) for the programming language. Each program in the language consists
of a block; each block has a sequence of variable declarations, and then a sequence of
statements. Variables are either of type integer or of type string. Statements are either
nested blocks or assignment statements, where the expression being assigned must be of
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the same type as the expression being assigned to it. (Assume that the parser disallows
assignments such d4s= 2.) Expressions are constants or identifier uses.

2.1. STATIC CHECKING WITH A CLASSICAL ATTRIBUTE GRAMMAR. Figure 1 gives
a classical attribute grammar for performing static checking from earlier work [Boyland
1998]. The first part of the attribute grammar defines the attributes for each nonterminal of
the language. Each attribute is declared eithkerited(inh ) or synthesizedsyn ). Intu-
itively, the former attributes are “top-down” and the latter “bottom-up.” A set of (oriented)
attribute equations is specified for each production. These equations define the synthe-
sized attributes of the result of the production and the inherited attributes of the children of
the production. Furthermore, for each production, an attribute grammar may kbette
(also known as “local attributes”). A local is assigned in the same way as an attribute.
Much of the attribute grammar in Figure 1 concerns environments, sets of identifiers or
error messages. These rules make the attribute grammar more complex, although practical
attribute grammar systems such as LIGA [Kastens 1991] and FNC2 [Jourdan and Parigot
1991] have ways of expressing these rules more succinctly. More seriously, passing around
sets of used identifiers and looking up identifiers in them implies an inefficiency that would
not arise in an imperative description that passed around objects andsgest dlag in the
object when it is used.

2.2. STATIC CHECKING USING REMOTE ATTRIBUTION. InFigure 1, the typeshape )
of a declarationdecl— id ":” type ”;” ) is only put into the environment so that the type
of a variable can be determined at a use site. The type of a variable does not influence the
way in which names are resolved. Conceptually, (a reference to) the object representing a
declaration itself is what should be found and then any information needed about the dec-
laration could be determined directly from the object rather than through the environment.

Figure 2 expresses this intuition. Each declaration inserts an object into the set of dec-
larations local to its block. This object has two fieldshape records the type of the
declaration, andsed records whether the variable declared is used anywhere. At the use
site, the appropriate declaration is found in the declarations for the scope. The type of the
expression depends on a use ofshape attribute of an object created remotely.

So far, remote attribution may seem to be contributing little. Not only must the type
be fetched using indirection, but an extra rule is needed to create the object to be fetched.
However, the dependencies are different. The list of declarations no longer depends on each
declaration’sshape . A general incremental evaluation strategy that could track remote
dependencies would not have to look up every identifier again just because the type of one
declaration changed.

Having the object representing the declaration available at the use site makes it easier
to transmit further information. In this case, determining whether a declaration is used is
extremely easy to specify. The object created for each declaration ¢alkeetion field
namedused . A collection field has a starting value (heflase ) and a combination
function (hereor ) used to form a final value from all the definitions. Since the definitions
are unordered, a combination function must be commutative and associative.

Collection fields are defined using to emphasize the fact that only a partial attribute
definition is being given:

expr — id
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program
syn msgs
block, stmts stmt
inh env
syn used, msgs
decls, decl
inh envin, uin
syn envout, uout, msgs
type
syn shape
expr
inh env
syn shape, used, msgs

program — block
block.env = empty_env()
program.msgs = block.msgs

block — "begin" decls stmts "end"
decls.envin = block.env
stmts.env = decls.envout
decls.uin = stmts.used
block.used = decls.uout
block.msgs =

decls.msgs U stmts.msgs

decls —
decls.envout = decls.envin
decls.uout = decls.uin
decls.msgs = {}
— decls decl
decls j.envin = decls
decl.envin = decls
decls g.envout =
decl.uin = decls o-uin
decls j.uin = decl.uout
decls g.uout = decls
decls ¢.msgs =

decls 1.msgs U decl.msgs

decls

o-envin
1.envout
decl.envout

1.uout

— id " type "
decl.envout =
add_env(<id,type.shape>,
decl.envin)
decl.uout = decl.uin \ id
decl.msgs =
(if id € decl.uin then {}
else {'unused: " ++ id})

decl

type

type

stmts

stmts

stmt

stmt

expr

5
— "integer”
type.shape = INTSHAPE
— "string"
type.shape = STRSHAPE
N
stmts.used = {}
stmts.msgs = {}
— stmts stmt
stmts j.env = stmts g.env
stmtenv = stmts  g.env
stmts g.used = stmts j.used U
stmt.used
stmts g.msgs = stmts j.msgs U
stmt.msgs
— block "
block.env = stmt.env
stmt.used = block.used
stmt.msgs = block.msgs
— expr ":=" expr "}"
expr j.env = stmt.env
expr p.env = stmt.env
stmt.used = expr j.used U expr z.used
stmt.msgs =
(if expr 1.shape /= expr 2.shape
then {"type mismatch"}
else {}) U exprl.msgs U expr2.msgs
— intconstant

expr.shape = INTSHAPE
expr.used = {}
expr.msgs = {}

expr — strconstant
expr.shape = STRSHAPE
expr.used = {}
expr.msgs = {}
expr — id
local shape
shape = lookup(id,expr.env)
expr.shape = shape
expr.used = {id}
expr.msgs =
if shape = NOT_FOUND then

{id ++ " not declared"}
else {}

Fic. 1. A classical attribute grammar for static checking



global msgs 3 {} with (V)

block, decls, decl, stmts, stmt

inh scope
type

syn shape
expr

inh scope

syn shape

program — block
block.scope = ROOT_SCOPE
block — "begin" decls stmts "end"
local contour =
{ds I { with ( U),
encl = block.scope }
decls.scope = contour
stmts.scope = contour

decls —

— decls decl
decls i.scope = decls
decl.scope = decls

decls
o0.scope
o0.scope
decl — id "" type ;"
local d =
{ shape = type.shape,
used J false with (or)}
decl.scope.ds 3 {<id,d>}
if not d.used then
msgs J {id ++ "
endif

is unused"}

function lookup(id,s)
if s =

type

type

stmts

stmts

stmt

stmt

expr

expr

expr

result = NOT_FOUND

else

local d = fetch(id,s.ds)

JOHN TANG BOYLAND

— "integer"
type.shape = INTSHAPE
— "string"
type.shape = STRSHAPE
N
— stmts stmt
stmts i.scope = stmts g.scope
stmt.scope = stmts  g.scope
— block ";"
block.scope = stmt.scope
— expr "=" expr "

expr j.scope = stmt.scope

expr ».scope = stmt.scope

if expr i.shape /= expr o.shape
then msgs I {"type mismatch"}
endif

— intconstant

expr.shape = INTSHAPE
— strconstant
expr.shape = STRSHAPE
— id
local d
d = lookup(id,expr.scope)
expr.shape = d.shape

if d = NOT_FOUND then

msgs I {id ++ " not declared"}
else

d.used I true
endif

ROOT_SCOPE then

if d = NOT_FOUND then
result = lookup(id,s.encl)

else
result = d
endif
endif

FiG. 2. Static checking using remote attribution
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d.used I true

A collection attribute may be used as any other attribute. Here the declaration checks the
used attribute of the object and generates an error message if it is unused:

decl — id ™" type "}"

if not d.used then
msgs 3 {id ++
endif

is unused"}

(This example uses conditional attribution [Boyland 1996a].) A use of a collection field
will not be scheduled until all the definitions have been combined into a final value. No
other part of the attribute grammar handles whether declarations are used! The situation in
the classical attribute grammar is far more complicated, involving many different attributes
passed around almost every node in the tree.

This simple remote attribute grammar also serves as an example of a “node-wise circu-
lar” attribute grammar that could not be handled by Johnson’s [Johnson 1983] non-local
attribute scheduler. The problem is that the existence of the declaration is known by the
scope coming down to the use from its parents, but then the fact that it is used is sent
through the remote reference. From the point of view of the declaration, a compound
dependency path travels through its own tree parent and returns through the remote depen-
dency. The effect of this path cannot be captured by either an Ol summary dependency
graph for its parent or by an analogous summary through the remote object. This limita-
tion apparently did not cause problems because Johnson’s description of non-local attribute
grammars never mentions any equivalent of collection fields.

A remotely defined field must be a collection field because there can be no guarantee that
it will be defined precisely once. One could permit multiple definitions as long as they were
identical, and have a default for when there were no definitions, but such exceptions are
messy and are insufficient to handle similar cases. Suppose instead of kivdvétigera
declaration is used, one would like to knw many timet is used lexically, for example
as an aid to register allocation. One could attempt to increment a count for each use:

expr — id
local d
d = lookup(id,expr.env)
d.use_count = d.use count + 1 -- Error!

This intuitive definition would work in an imperative language, but as a specification, it is
ill-formed. The “equation” is actually an imperative modification of an field. Unfortu-
nately, the classical attribute grammar formulation of what is expressed here is yet more
complex than that for determining onlyhethera declaration is used. Using a collection
field, the specification is both clear and declarative:

d = { shape = type.shape,
use_count 3 0 with (+) }

d.use_count I 1
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Theuse_count field has a starting value & and definitions are added to create the
final value.

In the classical attribute grammar, error messages are collected into sets passed to the
root. The collection process clutters the attribute grammar and affects productions even
when they do not generate any error messages of their own. Such tasks can be accom-
plished usingglobal collectionghat are simply collection fields of a special global object
created in the rules for the root production. A “sugared” notation makes these collection
fields easier to use. Global collections generalize the error message feature of Olga [Jour-
dan et al. 1990].

Using remote attribution greatly reduces the amount of “busy-work” in attribute gram-
mars. Previous extensions for reducing copy rules (such attbeUDING keyword in
LIDO [Kastens 1991]) can further simplify both examples; for example, to directly copy
the environment/scope from a block node to identifier occurrences in expressions. But
by leaving the scheduling of object construction to the implementation tool, the attribute
grammar in Figure 2 accomplishes the same task as that in Figure 1 at a higher level, and
it does so without user-visible side-effects.

The examples in Figures 1 and 2 are not completely comparable. The first builds up an
environment as a (sequential) list, the second stores it as an unordered set with an explicit
“enclosing scope pointer.” Remote definition cannot be used to create a list because the
definitions are unordered. However, the relative position in some arbitrary linearization
of the tree such as the sequence of nodes visited in a preorder traversal may be used to
check whether a declaration is defined before it is used, or whether an identifier is multi-
ply declared. An advantage of the unordered nature of remote collections is that they are
more naturally incrementalized: a new element can be added, or an element can be re-
moved without disturbing what remains the same. This advantage is exploited in efficient
incremental evaluators for remote attribute grammars [Boyland 2002].

On the other hand, in languages with strict definition-before-use rules (such as Pascal),
using unordered collections may cause certain attribute rules (such as for the evaluation
of named constants) to become circular. In such cases, the attribute grammar writer us-
ing a formalism that permits remote references must decide between the convenience of
unordered collections and the need for non-circular evaluation.

2.3. COREATING AND TRAVERSING CYCLIC STRUCTURE In remote attribution the
creation of objects is decoupled from the assigning of fields of the object. As a result,
it is straightforward to construct cyclic structures. For example, when performing static
checking of programs in an object-oriented language such as Java, an entry object is cre-
ated for each class declaration. This object will have a field indicating the superclass; it
will be a reference to the entry object for the superclass. Of course, in Java (as in most
object-oriented languages) a class cannot be its own superclass (even indirectly), but this
possibility may arise in erroneous but syntactically correct Java programs. Thus a cyclic
structure may be created.

Furthermore, a class may have fields that refer to instances of this class (a recursive
type). This situation may lead to more complex cyclic structures, depending on how one
wishes to represent classes and fields for static checking purposes. Remote Attribute Gram-
mars enables the creation of such cyclic structures, which makes the process of describing
the “static semantics” of an language more succinct and straightforward.

The (potentially) circular links may be traversed by object methods (as in Hedin’s Ref-
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S - AB Ar = h(Aj)
B.i = As
Aj = Bt B—b
Sx = Ar B.t = f1(B.i)
A — a B — ¢
As = g() B.t = 2()

FIG. 3. A simple attribute grammar

erence Attribute Grammars [Hedin 2000] or Maddox’s Colander system [Maddox 1997])
or used directly in aircular remote attribute grammar [Boyland 1996b; Magnusson and
Hedin 2003].

2.4. SUMMARY. To use remote attribution, a reference to an object is transmitted
through the attribute system to another location within the tree. Fields may be read from,
and collection fields may be defined for the object through the reference. Remote attribu-
tion reduces the number of attribute rules needed and also allows more scheduling deci-
sions to be performed automatically. The following section formalizes these concepts.

3. DEFINITIONS

This section first reviews classical attribute grammars. It then defines remote attribute
grammars as an extension. This article uses similar classical definitions as in earlier
work [Boyland 1996a], the main difference being the addition of local attributes.

3.1. Q.AsSICAL ATTRIBUTE GRAMMARS. A context-free grammais a tuple with
four finite setgN, T,Z,P): N is the set ohonterminalsT is the set oferminals(NNT =
0); Z € N is thestartsymbol; andP is the set oproductions Definez = NUT as the set of
symboldn the grammar. Each production named P has the forn'Ké’ — le sz anp,
whereX$ € N,XP € 2,1 <i < np,np > 0. DefineXP = {XP | 0 <i < ny}, the set obymbol
occurrencegor productionp.

A classical attribute grammar with local attributes is a tui@eS I, L,R) whereG is a
reduced context-free grammar, and for eahe =, S(X) and1(X) are respectively the
sets ofsynthesized attributeendinherited attributesdefined for that symbol (wits(X) N
I(X) = 0). Each terminal has no inherited attributes and a single synthesized attribute,
value , (for X € T,I1(X) = 0,5X) = {value }). Similarly the start symboZ has no
inherited attributes ((Z) = 0 ). DefineA(X) = S(X) Ul(X) as the total set of attributes
for a symbolX. In a slight abuse of notation, we wrig&xP), I (X"), andA(XP) to refer to
thpe appropriate set of attributes for the nonterminal associated with the symbol occurrence
XP.

The example in Figure 3 h&&s) = {x},54) = {r,s},SB) = {t},1(8) = {},1(8) =
{j},1(B) = {i} and uses no local attributes. The example is an abstraction of name res-
olution, wherea represents a declaration ahdepresents a use, whecerepresents the
absence of a use. The “use” (or lack of use) contributes information back to the declaration
site and this information is “returned” as the result of the computation (the synthesized

1A reducedCFG has no useless nonterminals, ones that do not occur in any derivation.
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attributex of the root).
For each productiop € P of the form

p PyP p

X§—=XPXS XD
LP is the set of local attributes. The setatfribute occurrencefor pis the local attributes
and the attributes of the nonterminal occurrences making up the production:

oP=LPu{XP.alac A(X”)}.
RP is a set of attribution rules relating attribute occurrences. Each hée the form

Vo=0(V1,..., V%)

wherek > 0, where for each & j <k, v; € OP, and wherey is any (appropriately typed)
strict function. DefinddO(r) = {vy} as thedefined occurrencef ruler (also known as the
output occurrencg andUO(r) = {v; | 0 < j <k} as theused occurrencesf ruler (also
known asinput occurrences

In our example, many of the rules do not use explicit functionscofy rulesuch as
B.i = A.s includes the implicit application of the identity function.

The sets of attribute§(X), 1 (X) andLP must all be finite for the attribute grammar to
be proper. Otherwise the attribute grammarimproper This article occasionally uses
improper attribute grammars; results that are not true for improper attribute grammars will
be so indicated. In particular, there is no attempt to define algorithms on improper attribute
grammars.

The attribution rules must be well formed. The defined occurrence must be a local at-
tribute, a synthesized attribute of the left-hand side of a production or an inherited attribute
of the right-hand side:

DO(r) C DOP
whereDOP is the set of all attribute occurrences for the producfidhat may be defined:
DOP=LPU{X .alac SX))u{X .alaecl(XP),0<i<np}.
There must be precisely one definition for every defined occurrence:
| DO(r) = DOP
rerp
DO(r)NDO(r') =0, rr' eRPr#£r".

For simplicity, the attribute grammar must be in Bochmann [1976] normal form. Only
local attributes, the inherited attributes of the left-hand side and the synthesized attributes
of the right-hand side may be used to compute an attribute value:

UO(r) C UOP
whereUORP is the set of all the attribute occurrences for a production that may be used:
uoP=LPu{xf.alacl(X))}u{XP.alaec S(X),0<i<np}.

The example in Figure 3 has well-formed rules; indeed they are in Bochmann normal
form. For instance, the ruB.t = f1(B.i) uses an inherited attribute of the left-hand-
side and defines a synthesized attribute of the left-hand-side. Th&.jute B.t  shows
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the definition of an inherited attribute of a right-hand-side symbol using a synthesized
attributes of a different right-hand-side symbol.

An attribute grammar isnstantiatedfor a given parse treedescribing the derivation
of a terminal string from the start symbol & For the purposes of this article, all nodes
in the tree havédentity, perhaps by naming each node by the path from root, using some
unspecified syntax for paths. For each non-terminal node using prodipdtidhe tree, the
rulesRP are instantiated so that the equations are expressed in teattsluite instances
attributes of the nodes of tréee The well-formedness rules given above ensure that in the
set of all attribute instance rules, every local attribute instance and every attribute instance
n.a for a noden of nonterminalX (wherea € A(X)) has exactly one definition. L&(v)
be the attribute instance rule for attribute instance

The semantics of the attribute grammar for the treedefined by solving the attribute
instance rules simultaneously. Cyclic dependencies can be solved using a least fixed-point
semantics [Farrow 1986; Rodeh and Sagiv 1999], but this article follows the classical defi-
nition of attribute grammars in requiring noncircularity. In some previous work, circularity
is defined indirectly in terms of the compound dependency graph (explained below), but
this article follows Knuth [1968] in defining circularity directly on the rules. This defini-
tion of circularity is also more easily translated to apply to remote attribute grammars, as
described in Section 3.2.

In order to evaluate an attribute grammar, the attribute instances must be related by some
strict total order< over the rule instances such that any attribute instance thg defines
Vo ({vo} = DO(r)) must follow all the rules for the used attribute instances in the total
order ¢ € UO(r) = R(v) < R(vp)). Such a strict total order of the rule instances is called
a schedule Determining a schedule for any instantiation of a proper attribute grammar is
straightforward if it exists. An attribute grammamisncircularif a schedule exists for any
tree; otherwise it igircular.

A noncircular proper attribute grammar can &ealuatedfor any tree by computing
the attribute instances using the instantiated rules in the schedule. Much previous work
on attribute grammars has concerned discovering families of schedules statically and us-
ing them for efficient evaluation of (proper) attribute grammars. Static scheduling uses
an abstraction over the rules since the actual primitive functions used are irrelevant to
the dependencies. Accordingly, we now turn to defining dependency graphs for attribute
grammars.

A defined occurrencec DOF is said todepencdn a used occurrencée UOP (denoted
Vv —v)ifthe ruler € RP that definew ({v} = DO(r)) uses/ (V' € UO(r)). Thedependency
graph of a production is denoteBP; the verticesvpr are the attribute occurrences; the
edge<Epp are dependencies between attribute occurrences:

DP = (Vpe,Epp)
VDp = Op

Epp = {V —v|3r e RP,{v} =DO(r),v € UO(r)}.

For any particular parse tree of the context-free gram@athe dependency graphs for

each production can be pieced together to construct a compound dependency graph for the
whole tree. The close connection between the rules and the dependency graph is expressed
in the following theorem:



12 JOHN TANG BOYLAND

S - AB B—b
B.i = As object p
Sx = Ar local |
| = B.i
A — a If Jp
object o
As = o0 B — c
Ar = of (no rules)

FiG. 4. A simple remote attribute grammar

THEOREM 3.1. An attribute grammar is circular if and only if there exists a parse tree
of the context-free grammar whose compound dependency graph has a cycle.

PROOFE (Sketch)

The edges in the compound dependency graph represent precisely the constraints that
the schedule must preserve. A cycle exists if and only if no total order exists that satisfies
the constraints. (]

Jazayeri, Ogden, and Rounds established that determining whether a (proper) attribute
grammar is circular, is intrinsically exponential [Jazayeri et al. 1975].

3.2. REMOTE ATTRIBUTE GRAMMARS. A remote attribute grammais a tuple
(G,S1,F,L,B,R) whereG, S I, andL are as with (proper) classical attribute grammars.
The finite sefF is a set offieldsthat objects have, an is a finite set of named objects
declared for each production. The attribute occurrences include the objects declared for a
production as well as the occurrences of a classical attribute grammar:

OP=LPuU{X.alac A(X)}UBP.
The set of mandatory defined occurrences is the same as in a classical attribute grammar:
DOP=LPU{X .alac SX))u{X .alaecl(XP),0<i<np}.
The set of used occurrences includes the objects.
UoP=LPu{Xf.alacI(X})u{XP.alae S(XP"),0<i<n,}UBP.

In a remote attribute grammar, there are two forms of rules in addition to the classical
formvg = g(vi, ..., Vn) . Aruler € RP may be of the fornv = w. f (for f € F), which
is called dield read or it may be of the formw. f 3 v, apartial field write In the former
casey is defined andv is used:DO(r) = {v},UO(r) = {w}. In the latter case, the rule
uses botlv andw; it does not define anything locdDO(r) = {},UO(r) = {v,w}.

The equal sign=£) is not used in a partial field write because the rule does not define
equality, instead it contributes something to the value of the field. The final value of the
field is the combination of all the values that are written into it. This final value is used
whenever the field is used in some other rule. These definitions avoid typing issues by
assuming that all attributes and fields hold sets of objects. Whds O v means that for
every object reference in w that is a reference to an instance of an object declaration in
the RAG, all the object referencesvrare added to field of 0. In a typed system, each
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field may be assigned a default value and a combination function. Such extensions are
discussed further in Section 3.4.

The primitive functions are permitted to pass through object instances and may also
return “constant” objects that are not from the tree, but they are not allowed to return
other object instances from the tree, which would make it impossible to track where the
references come from or go to.

Figure 4 shows a simple example of a remote attribute grammar. It is designed to have
a similar data-flow to the classical attribute grammar in Figure 3, although some of the
flows occur through remote references. As in the classical case, the nontefnhiasla
synthesized attribute, which is copied intd’s inherited attributeé . Here, however, this
value is an object created in the instanc&of hen if theB is an instance of the rue— b,
the field of this object has added to it the objpctinstead of passing back a synthesized
attribute fromB into an inherited attribute @&, the object (or lack of object) is read into the
resulting synthesized attributeof A and then passed to the root in synthesized attribute
Thus information flows fromi\ to B through the tree and then, coming fr@mo A, through
the remote reference. This flow would be seen as “node-wise circular” in Johnson’s non-
local attribute grammars and thus could not be correctly implemented [Johnson 1983]. As
mentioned previously, this example is an abstraction of the name resolution task in our first
examples (Figures 1 and 2), in which the declaration is told whether or not it is used.

A well-formed remote attribute grammar must obey the same restrictions as a classical
attribute grammar: no two rules may define the same attribute occurrence and the set of all
defined occurrences from all the rules must be equBI@8. As with a classical attribute
grammar, a remote attribute grammairistantiatedfor a parse treé by instantiating the
rules for each node’s production. This process results in instances of the objects as well
as the rules (the set of object instances is wriBét)), and the rules define instances of
fields of objects as well as attribute instances. One difference is that each field may have
any number (zero or more) definitions. All definitions are combined to achieve the final
value; in this untyped formalism, the partial field writes are seen as set constraints, and
the smallest solution set is found for each field. As with classical attribute grammars, one
can give a semantics that permits circular dependencies [Boyland 1996b; Magnusson and
Hedin 2003; Sasaki and Sassa 2003], but this article restricts itself to noncircular remote
attribute grammars.

A schedule for evaluation for a tree is acceptable if it ensures that attriboteSelds
are assigned before they are used. This restriction is complicated by the fact that the ob-
ject(s) whose field is written may be determined by an attribute value. The acceptability
of a schedule including such a rule may depend on which object(s) the attribute can have
a reference to. For this purpose, it is important to know which arguments of primitive
functions may transmit objects to the result. Some primitive functions transmit object ref-
erences, but others simply use the references without transmitting them. For a function
with arity n and 0< i < n, the keyLy; € {O,u} indicates the former and latter situations
respectively. The 0 annotation is intended to be reminiscent of “no operation” whereas
stands for “uses” as opposed to “copies.” For examipte,= u,Li» = Lizz = 0, since a
reference to an object can be transmitted through the result of the “if,” but never through
the conditior? One can always conservatively assulpge = 0; in other words, this ap-

2Since the untyped system does not have Booleans, the empty set is considered to be “false” and all other sets
“true.”
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proximation may make the sets of reaching object references unnecessarily large, but it
will never omit a reference to actual object that an attribute instance would evaluate to.

The analysis defines the sdév) C B(t) for each attribute instance of an instanti-
ated remote attribute grammar as sets of reaching object instance references. An object
instance’s reference is in the set if there is some path through the equations of the remote
attribute grammar that can take a reference to that object instance to that attribute instance.
Ignoring “constant” objects provided by primitive functions (which are not affected by re-
mote writes), this set can be seen as an upper bound on the contents of attribute instance
V.

The B(v) sets are defined as the least fixed-point solution of the following equations
generated by the rule instandeg):

(Vo = 9(Vi,..,,  Vn)) ER().
B(vo) 2 B(vi) whenlLgi=0
(v =w f),(w. f 3 V)eR({).
B(v) 2 B(V) whenB(w)NB(W) #0
oeB(t).
B(o) = {o}.

A schedule then for a remote attribute grammar is a strict total erdar the instantiated
rules such that two conditions are met:

(1) As with a classical schedule, every rule must be scheduled after any attribute it uses
(objects are assumed immediately available3:UO(r) = R(v) <r Vv e B(t).

(2) Additionally, for two rulesry = (v = w. f),ro=(W. f 3 V) e R(t) if these rules
may be referring to the same obje&() N B(W) # 0), then the partial field write
must precede the field reac (< r1).

And as in the classical case, if a schedule exists for every parsg, titeen the remote
attribute grammar isoncircular, otherwisecircular.

A straightforward algorithm for evaluation of a remote attribute grammar is to perform
this O(n®) analysis and then use a topological sort to find a schedule (if one exists). How-
ever, the cubic-time worst case need not always apply. For instance, one can perform a
coarser but faster analysis (such as requiring all writes of a fidtal any object to oc-
cur before all reads of this field), or use a static scheduler (such as described later in this
article).

Unlike the classical case, even if no schedule can be found, the rule instances may
not actually involve a cyclic dependency: the sB{s) approximate the actual objects
involved and thus may overconstrain the schedule. Nevertheless, testing circularity of
remote attribute grammars is undecidable. Circularity of remote attribute grammars is
similar to interprocedural static analysis of recursive data structures which Reps [2000]
showed undecidable. Undecidability is shown by a reduction from “Post’s Correspondence
Problem.” [Hopcroft and Ullman 1979]:

An instance ofPost’s Correspondence Proble(RCP) consists of two sequences of
strings of the same lengtk = (x1,...,Xn), Y = (Y1,...,Yn) Over some alphabe&l. The
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problem asks whether there exists a finite honempty sequence of infegersi, €
{1,...,n} such that

Xil--~xim :yil...yim

For example, the following PCP ov&r= {0, 1} has solution 12, 1:

X1 =11 y]_:l
Xp =01 y2=1011

The solution is verified by testingxox; =11 01 11=1 1011 1= y1y>Vs.

THEOREM 3.2 PCP [HOPCROFT ANDULLMAN 1979]. Post's Correspondence Prob-
lem is undecidable.

THEOREM 3.3. Circularity of remote attribute grammars is undecidable.

PROOFE This result is shown by reduction from PCP. D&ty be a Post’s Correspon-
dence Problem ovex = {0,1}. We construct a remote attribute grammar that is circular if
and only if the PCP has a solution.

The intuition behind the construction is that there is one nonterminal production for each
index in the PCP. The trees generated by the grammar are right-heavy with the sequence
of integers in a PCP solution appearing in a preorder traversal of the tree. Each of the
nonterminals representing;,y;) has one thread of dependencies that constructs objects
nested according tq while going down the tree, and fetches objects accordirygudiile
going up the tree. It nests the object in fidldor f; while going down the tree and fetches
through fieldfg or f1 while going up the tree. With the addition of some glue productions,
the result is achieved, that the reference passed down the tree is exactly the same as the
reference that reappears on the way up if and only if the PCP sequence is indeed a solution.
The construction is similar in spirit to the one used by Reps [2000] where the parse tree
takes the place of the call tree for Reps, objects take the place of constgetikes the
place ofcar and f1 takes the place afdr.

The construction requires a set of three fi¢lfy, 1,9}, a set ofm local identifiers
{l3,...,Im} and a set ofm object identifiers{o =04, ...,0m} wherem is the maximum
length of any of the strings in the PCP. The object identifiers are reused in rules for differ-
ent productions. Two of the nonterminals each have two attriquteg. The construction
usesd to refer to an inherited attribute carrying the reference to the object structure being
built (“down”) andu to refer to the synthesized attribute carrying the reference to the object
being uncovered (“up”).

LetG = (N,T,Z,P) be a context-free grammar where

N = {Z,V,W},
T = {T1,...,Tn},
P={V-TWI1<i<nu{Z—-VW->VW-}.

The nonterminaVl/ derives a non-empty string of tokens, wher@as possibly empty.
LetA=(G,SI,F,L,B,R) be a remote attribute grammar where

SV)=8W) = {u},
(V) =1(W) = {d},
F = {f07 fl7g}v
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LZ—V) = {I},

LV —=TiW) = {lj[1<j <y},
LW —=V)=LW—) = {},
B(Z—V) = {o},

BV = TiW) = {0j[1<]j < [xl},
BW—V)=BW —) = {},

andRis defined as follows, where the rules for each production are given in turn with some
commentary to explain the construction:

Z—V

|
[0}
.U

)
<ulu

—<o

g

This production (which always occurs at the root) declares an object with a singlg field

initialized to the value of the locadl which comes from performing a remote read on the

object referenced by. u. If this object is the same as there is a cycle. Otherwise not.

The reason why a cycle is possible is that a referencégsent down in th¥.d attribute.
Each of thev — T{W productions has the rules:

vV —TW
O]_. inl g V. d

0j. fxij - 0j-1

W.d = Ol)ql

|1 = W. u fy'Rl
li = lj_q. f
i -1 yﬁ

Herex;; is the j'th bit of x; andyﬁ is the j’th bit of the reverseof stringy;. These rules
perform the meat of the construction. H&ké d has a reference to an object where the
input object referenc¥. d is buried using exactly the fields defined by the steingsimi-
larly, the referenc®. u dereferences the input referene u by thereverseof the string
of y;. The reversal is necessary since the rules apply in the opposite direction (up rather
than down, in rather than out). An important feature of the construction is that it does not
make use of remote field writes; all fields are assigned only in the production where the
object is declared. Indeed the only writes are of the foynf; 3... , and thus this proof
shows that undecidability is due to the presence of remote reads alone.

TheW — V production is used when the construction continues (there are more tokens
to parse):
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Z—V
og 3l
V.d = o
| =V.ug
V —-TiW
0. fl | V.d
0p. fy J o1
W.d = o
|1 = W.u fj_ Tl
V.u = |1
V — ToW
01. fo I V.i
o. f1 O 0g
W.d = o
|1 = W.u fl
I = l1. f1 T2
|3 = |2. fo
|4 = |3. f1
V.u = |4
W -V
Vi = Wi
W.s = Vs
W — Tl

FIG. 5. RAG constructed for PCR = (11,01),Y = (1,1011) and the cycle-demonstrating tree

W -V
V.d = W.d
W.u = V.u
The references are passed through unchanged.
At the bottom of the tree, there is an empty

W —
W.s = W.i

The reference that comes down is passed back up. The rédasodV are distinguished
(and thus have the extra glue productions) is without the distinction, one could form a tree
with just the top and bottom productions. Such a tree wallchysexhibit a cycle and
thus would be useless. It corresponds to the empty sequence as a trivial “solution” to the
PCP.

Now we claim thatA is circular if and only if the PCP has a solution. ligt...,im €
{1..n} be a non-empty sequence of integers that may or may not be a solution to this PCP.
Let o = Xi; ... Xi,,, &' =YVi, ... Vi, This sequence is a solution if and onlyif= ¢’

Lett be the tree for the yield, ... Ti,,. The grammar is right-linear and thus the tree is
linear. A sample tree may be seen on the right of Figure 5. In general a tree has the form:

Z—-V —-W-—-=V—..—-V->W

\ N
Ty Tim,

The instantiated rules take the following form (where the instanc®safdwW are num-
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bered from the root in a superscript):
1
of' fx,, 2 V™.d,

ot. fy. . 3 ot
Im g = V- m m
oj- inmj ; 0j717

wl d = ot o

1 — i Fal wh.d = O\Ti I’
o.og a2l T =Whuig, Im = WMy, fr
vid = o P Yim’
|l =Vvlug It =11, fr, m — m.

] j Vi |j = Ij_l. fyﬁﬂ’

Vl.u = |1 m _7 m

VR | vhou = I|y5“
VZ.d = whd WM u = W™ d
Wl u=V2u

Many of these rules are copy rules, such as the following:

wk.d = o¢ , vk u =1k, vkl d=wkd WwWku=vVkly
i v
The rules foB(v) (on page 14) are such that these copy rules can be ignored. If one factors
out all the copy rules and ignores where the various attribute instances came from, one has
a set of rules of following form:

1 -2
01_ fOCl g 00 | = |- fai
o.g 310 02 fo, J O 12 = |3, oy
1°=1g : :
_ /
ol foy 2 o=t il = gl £,

||

Now if the sequence is a solution, than= o’ and thus the rules fd can be used on the
equations starting with the bottom to achie®g!®) = {ol*-1}, ...B(I1*) = {c°}. Sup-

pose one were to try to make a schedule. In particular one would need to order the rules:
0%. g I 1%andI® = 1. g. This order must meet both conditions:

(1) 19 = 11. g< . g I 19 because the left rule defings which is used in the right
rule; and

(2) o g I 19< 19 = |1, gbecause the left rule writes a field that the other may read,
sinceB(I%) = {a°}.

These conditions are contradictory. No schedule can be found and thus the constructed
RAG is circular.

Suppose on the other hand, there is no solution to the PCP. Then consider any tree
generated by the grammar. This tree must be of the form shown aboveé,, Leti,, be
the sequence. Since the PCP has no solutios,a’. Next consider four cases:

—Supposex and o’ differ in their last bits: o4 # O‘\/aq- Thenfq, # fa‘, . and since

there is no other partial field write for a field of, the reaching object set fof*| must
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be empty, and thus the reaching object sets for all previsusust also be empty and
thusB(I?) is also empty.

—If e ando’ are the same in their last bits but differ somewhere earlier, the same argument
applies starting from the point where they differ, and tBgs) = 0.

—If ais a suffix ofo’ (Ba = o', where|B| > 1), thenB(l ;1) = {0o°}. Now since there
is no fg or f1 field assigned ta®, thenB(l|3) = 0, and no objects reach any previdus
either and thug(I) = 0.

—If, rather, o’ is a suffix ofa (a = B’a’ where|B’| > 1), thenB(l1) = {olf'l}.
In all casesp ¢ B(1°), thus the rules can be ordered as follows:
Ol fay I <02 fg, I Ol <... <0 fo, 2 oot <

!
[le’l = glal, fo
lo|

<L <P Bofy <t =126y <19 =1t g<dl g = 1%
Of course, the actual rules must be scheduled, not a list with the copy rules removed. This
task is accomplished by putting the copy rules in the schedule just before the point where
they are used.

Since a schedule is thus always possible, the constructed RAG is noncircular. Therefore
the constructed RAG is circular if and only if the PCP has a solution, and thus circularity
of remote attribute grammars is undecidablel

In the construction used in the proof, all of the writes of fields were local to the point
where the objects were created. Thus the undecidability is due merely to the use of remote
reads, not due to remote writes. Farrow conjectured the undecidability of circularity of
remote attribute gramars without collection fields [Farrow 1990]; this article includes the
first proof of the fact.

A normal dependency graph between definitions and uses does not capture all the de-
pendencies in a remote attribute grammar; none of the dependencies induced through read
and writes of fields are represented. The following portion of the article defines a kind
of dependency graph with labeled edges thaé¢scapture the dependencies, and it also
defines what it means for there to be a cyclic dependency. It shows that circularity of an
instance of an RAG is a “context-free reachability” problem [Reps 1998].

3.3. HELD OPERATIONDEPENDENCYGRAPH. The field operation dependency graph
is a dependency graph where edges have labels that, in essence, report what operation it
does to the object as it traverses the edge. To help introduce this construct slowly, first
assume that there are no remote writes (as in the construction used to prove undecidabil-
ity). For now, the construction uses unlabeled edges to refer to classical attribute grammar
dependencies, but two kinds of labeled edges are introduced:

v 0. This edge means that tHefield of objecto is defined to be the value (This
edge is used only if there are not any collections.)
-1
% L w. This edge means thatdepends on the fielfl of any object references hy

Figure 6 shows the field operation dependency graph for the example tree and RAG from
Figure 5. There is an obvious cycle, but is it one that renders the RAG unschedulable?
To determine whether it is what we call a “balanced” cycle, one sees whethérahe
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©
N

FiG. 6. Instance of the RAG in Figure 5 for PCP solutidn2,1)

f edges “cancel” each other out. And indeed, careful examination of the tree shows
-1

that they do. Thus at the bottom of the tree, we have the «p_ath O —i—S fi> l1,
which means thal;®> depends on thé; field of the object referenced ks which is oy,
transmitted through The f; field of this object is a reference t, and thud; depends
on oz indirectly. This finding of paths with labels that match up, can be generalized as
“context-free graph reachability” in which the labels on the edges must concatenate to
form a string in a given CFG [Reps 1998]. The topic is explored further after this intuition
is expanded to handle remote writes.

The full field operation dependency graph makes use of the following edge labels:

v2w. The meaning here is that the references that can appearan also appear in

30r more precisely, the instancelgfin the lower instance of thé — T;W production in the tree. Of course the
various circles labeled in the figure are distinct.
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w. This kind of edge corresponds to what appears in a classical dependency graph. For
instance, the rulev = vinduces an edge with this label.

v w. The dependency here is that the value &f usedto compute the value af but
no references from flow into w by this route. In some classical attribute grammars, there
is a concept of “control” dependencies. Control dependencies are seen as a kind of “use”
dependency. The rule = if( v,...,...) induces an edge of this form.
-1
% L w. As explained above, this means thateads thef field on any object reference
in v. Such an edge comes from a rwe= v. f.

vi> w. This edge handlegartial writes: the value of/ is used to partially specify the
field f of an object referenced by. This edge comes from a rule of the fomm f 3 v.

wu—f> w. In order to perform a partial writer. f 3 v, we need to have the references
themselves. In other words, one cannot schedule the partial write until after the attribute
that carries the references to the objects whose field is being writtenu Phg of this
label indicates that the referencesvinare usedto perform the field write, but are not
(necessarily) transmitted.

Now these partial field values must travel back to the place where the object is declared
so that all the partial specifications can be collected in one place. The next kind of edge
does the processing:

-1

0 N 0. This edge label has conceptually two parts (although formally it is a single
token). The first part fetches all the partial writes for fidldhat were sent back to the
object and the second part uses the result to assign the full (final) value Pfitid.

o] uf 0. Along with the partial writes, implementation needs to use the object reference
itself as a key to collect the appropriate partial fields (the one for this object, not other
objects).

In order to get the partial writes back to the object, one traverses edges that are in the
opposite direction of the “normal” attribute flow. Thus there are edges such as the follow-

ing:
v2 w. This edge is induced whenever a reference may flow frotmv; partial writes

flow from v to w. Whenever there is a rule = g(..., Ww,...) (with w the ith ac-
tual parameter) antlyi = 0 (for example whery is the identity function and=1), the

construction not only adds the edgeg v (as seen above) but alse> w.

v w. For simplicity, the construction also defines edges labelafthough no infor-
mation flows along them. This label does not occur in the CFG of “balanced strings” of
labels.

Now this “backward” flow of partial writes travels not only through copy rules, but also
through the fields of other objects:

YRR This edge transmits partial writes (of other fields) frerback along the path
that defined the full definition of field. It is induced by a rule of the form = w. f.
.
0 N 0. When such values reach back to the object, they are collected and then broad-
cast out to all the partial writes, following the normal attribute flow direction.
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—1
v iR w. When these partial writes atherfields reach back to a partial write 6f they
are removed, and sent in backward flow back throwghThis edge is generated from a

rulev. f 3 w.

The field operation dependency graph can now be defined.
The field operation dependency graij,E) for a productionp in a remote attribute
grammar has the following form:

Lgi Lgi
vV Zvovo 2 vi [ (Vo = g(Va,,  Vn)) ERPIU
i . —1
f f f
{V_>W7Wu—>w,w—>v\(W.f;V)ERp}U
-1 P
f f
{w—vw=vv—w|(v=wf)eRP}U

-1 —1
{o N o7ou—f> o,of—>f o| f e F,oeBF}
As usual, acompound field operation dependency grdpha parse tree is formed by
piecing together a field operation dependency graph for each production that occurs in the
tree.

Figure 7 gives an example field operation dependency graph using rules from a single
production. A path froma to b is outlined in the figure. A path in a (compound) field
operation dependency graphhialancedif the strings formed by concatenating the edge
labels can be derived fror@in the following context-free grammag_ (A refers to the
empty string):

o= -1 _ .o—. -1 _ _ _
Su= SSP|ulufiPfy fPf |...|ufaPfy fPf [ufPf | ... |uf,Pf,
.o —. -1 _ .o—. -1 _
P = PP|A|0|f1Pf, f,Pf |...|faPfy fP T,

[ S ) 1= =1
P e PP|A|0|f1Pf f1Pf1 |...| TPy fuPfn .

(This grammar is structured on complete edge labels: the single edgeulaizto be
distinguished from the sequengé. This distinction makes no difference in the generated
strings, but it permits us to use induction over derivations.) This grammar only allows

u, uf anduf edges to be traversed between balanced segments; in other words, these
dependencies are only valid between actual attribute occurrences/instances, not the fields
of the objects carried by them. The edge labaetannot be used anywhere. Figure 7
includes a simple proof that the outlined path fraro b is a balanced path.

A balanced cycldés a non-empty balanced path that starts and ends at the same node.
Determining whether a balanced cycle exists is thus a “context-free reachability” problem
for which Reps [1998] has given @(n®) algorithm. In the material that follows, the
notation ‘v > w’ means that a path exists fromto w such that the labels along the edge
are within the yield of the string of grammar symbglsFor examples S wmeans that a
balanced path exists fromto w.

As with classical attribute grammars, the field operation dependency graph fully charac-
terizes circularity. The proof of this result uses two technical lemmas:
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o
—

<
™
c
A
(=]
Y
o
A
Q| /\\ I
(=]
Y
=
™
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<

«r

g 9/9
v = uf u=o object o X =0 y =1
c = pf object p b = qgf q = xg a=2
ug 2 p xf vy gf Ja

a L bwherey=f§0g '§og f ‘fg0g 'gog ‘f "
P =1 1l -1 = -1 ~1 -1
[[f[9l0zg gl0lrg Jpf flal0lsg gl0sg Jpf lrls
FiGc. 7. Example field operation dependency graph with outlined path &réorb

LEMMA 3.4. Given the instantiation of a remote attribute grammar A for a tree t and
given its compound field operation dependency graph, then for every attribute instance v
and every object instance o, the following statements are equivalent:

(1) oeB(v)
2 o Py
@ vPo
PROOF The result is proved in two parts:
(1)=(2) and (1)}=(3). We prove the result by induction over the derivatioroaf B(v).

If v= o0, then we are done sin@eﬂ oand thus - o ando - o. Ifinstead the result came
from the rulev=g(...,  vi,...) , thenlLgj =0 must hold, and also by inductian’> v

andv; 5 o. From this, it is easily segrlthatﬂ? vandv £ o from which the result follows
usingP = PP = PO andP = PP = OP. The last case to consider is the case with a field
write and readv = w. f,w. f 3 Vv whereB(w) NB(W) # 0. Leto’ be some object in

this non-empty intersection. By induction, then™ w, 0 L w,w P o,wW Po
(2)=(1) and (3)=(1). We prove this by proving something stronger: that™ v or
v 5V implies B(v) 2 B(V). The result follows by setting’ = o sinceB(0) = {o}. The
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stronger result is proved by induction over the grammar derivation of the paths batween
andv. Thus we assurge that the result holds for all shorter derivatioRoof. Consider
first the case wheré — v. Looking at the derivation dP:

P = PP. There must be a such that/ = w = v. Then by inductiorB(v) D B(w) 2
B(v') and we are done.

P = A. Inthis caser = V and the result is immediate.

P = 0. This edge must come from a rule instancgy(..., Vi,...) whereV =,
andLg; = 0. This lets us immediately determiBgév) O B(V).

P= fPf 'fPf . This string is possible only when there exist rule instanvece§ 3

. _ .1 -1
Vv andv=w'. f and an object instana& wherev Swho o Pw S v Then by

inductiono’ € B(w) ando’ € B(w') and thusB(w) NB(w) # 0 and therefor®(v) 2 B(V).

The case fov = V is completely analogous.

O

LEMMA 3.5. Given the instantiation of a remote attribute grammar A for a tree t and
two attribute instances v and,\then a constraint on their defining rule\B < R(V) is

induced if and only if a non-empty path EXISSW .

PROOF  =-. If the constraint on ruleR(v) < R(V) is induced, it must either be the
result of transitivity, the rule that every variable’s defining rule must come before any of
its using rules, or the rule that writes of fields must come before the reads. The last case,
however, does not apply in this situation because the write of a field is not the defining rule
for any attribute and thus cannot Bév) for anyv. In the “middle” cases € UO(r’) where
r' = R(V). There are two possibilities faf:

v=v. f. In this casey % v and thuss > v and we are done.
v=g(.., Vi=V,.) . Inthis casey >V (in which case we are done as in the

. 0 . . P S
previous case) or — V/, in which cases — Vv and thusy = V.
Thus the only remaining case is transitivifg{v) < r < R(V'). Without loss of generality,
letr < R(V) be a base (non-transitive) case.r'lf= R(w) for somew, then by induction
v2w 2V and thusy 2V and we are done (sinc®@= S9. Otherwise,r must be a
field writew. f 3 v’ andr’ = R(V') must be a field read of the same field= w. f
whereB(w) NB(w') # 0. Leto be some object in this non-empty intersection. Then from

the definition of the field operation dependency graph we achiéve w, W Y% w and
-1 —
wv. Using Lemma 3.4, one can determine’ o0 ando = w and from the facb is

-1
an object, we geb N o. Putting all these parts together, we achieve the two paths:

f B % p !
Vow—0 — 0—-W —V

: — -1 -1

uf p _f°f P f
W—-W—>0— 0—->W —V

and thus/ = v andw > V.
Now the constrainR(v) < r must come from somewhere and must come either through
R(v) < R(w) or R(v) < R(V’). In the first case, eithar= w and thus we are done, or else
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vaw by induction and thus 3%V and thusv > V. The second case similarly yields
' S . S
v=V'orv=Vv’ >V and we are done.

<. We prove the stronger result that the result holds for a path labelled with a non-
empty yield ofS or Pand prove the result by induction over the derivation:

S=- S S.Without loss of generality, neither pasthas an empty yield. Then the result
holds by induction and transitivity.

S= P. The result holds by induction.

S=-u. A single edgeu occurs only forR(V) =1’ =v=g(..., Vvi=v,..)  where
Lgi = uin which casev € UO(r’) and thusR(v) < r’ = R(V') and we are done.

S=ufPf 'fPf " In this case, there must be an objecand a rule instance =

v. f 3 v/ wherev> 0> w and a second rule instande=v' = w. f. By Lemma 3.4,
0 € B(v)NB(w) and thusr < r’ = R(V). But sincev € UO(r) it must be the case that
R(v) < r and thus we have our result by transitivity.

P = PP. The result holds by induction and transitivity. (Again, the empty yield case
can be excluded.)

P = A. This case cannot occur.

P =-0. This case is a minor variation on the case$e#- u.

P= fPf 'fPf . In this case, there must be a an objecnd a rule instance =

w. f 3 vwherew > 0" w and a second rule instande=v' = Ww. f. By Lemma 3.4,
0 € B(w) NB(wW) and thus < r’ = R(V). But sincev € UO(r) thenR(v) < r and thus we
have our result by transitivity.

O
Now follows a version of the circularity theorem for field operation dependency graphs:

THEOREM 3.6. A remote attribute grammar is circular if and only if there exists a
parse tree t for which the compound field operation dependency graph has a balanced
cycle.

PROOFE Suppose that such a balanced cycle exists® v. If v were an object in-

stance, the last edgﬂL v has an object as a sink. Since objects are used (but never
defined), inspection of the generated edges shows that the label must come from the set
-1

{o,a,f,uf,f ,f,f 'f,uf,f 'f | feF}. The label must also be a possible “ending”
for S, and thus (by inspection of the grammar) must come from théGset ffl,}. No la-
bel satisfies both requirements, and thiusustnot be an object instance, and must rather
be an attribute instance. Lemma 3.5 then tells us that the constraint on the rule defining
has the formR(v) < R(v) which is unsatisfiable by any schedule.
On the other hand, if the remote attribute grammar is circular, there must be a (perhaps

transitive) constrainR(v) < R(v), which by Lemma 3.5 tells us that-> v which is a
balanced cycle. I

In classical attribute grammars, the concept of dependency graphs is useful for defining
“evaluation classes” which statically approximate the shape of the compound dependency
graph. The field operation dependency graph does not lend itself to the same set of approx-
imations because of the difficulty of providing labels on summary dependency edges. One
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way forward would be to approximate the labels on the summary edges with regular ex-
pressions. However, this article takes a different tack. Section 4 describes a construction in
which the dependencies of a remote attribute grammar are expressed in an improper clas-
sical attribute grammar. This construction together with projection operations that approx-
imate the improper attribute grammars in proper form enables practical implementation.
First, however, there follows a discussion of practical remote attribute grammars.

3.4. EXTENSIONS. The remote attribute grammars described in this section lack some
of the convenient features used in the example. Now we describe how some simple exten-
sions can be encoded in remote attribute grammars. The remainder of this article, however,
will operate with the basic unextended remote attribute grammars.

The form of rules in the definition is very restrictive. In a practical system, one permits
“expressions” wherever an attribute is used, so that for instande 3O v is extended
toe. f O e. An expression can be an attribute occurremce primitive function call
o(e1,..., &) orafield reace. f. This extension can be easily accomplished by gener-
ating new local attributes.

The example remote attribute grammar in Figure 2 uses “global collections.” A global
collection may be seen as a field of a special object created at the root and then passed
down to every node of the tree through a new inherited attribute for every nonterminal.
Any node may therefore add something to the global collection or request its final value.
Global collections are a convenient place to place error messages and information about
the global scope (if the attribute grammar is checking static semantics).

Not all fields need to be remotely written. An attribute grammar writer may indicate that
some field may only be written using the object directly. If this distinction is made, the
remaining fields, which may be remotely written, are catietlection fields

As mentioned previously, the formal system assumes that the value of each field or
attribute is always a bag of objects, possibly empty. A practical system has types that are
used to type fields, attributes and even objects. A straight-forward type-checker ensures
that types are used properly. Collection fields must either be given types which have an
appropriately defined collection operations, or else give the initial value and combination
function. If the collection field has typ® and the remote writes each add values of type
T, then the initial value has typ@and the combination function has tyBex T — S. A
combination functionf must satisfy the property thdt(f (v,x),y) = f(f(v,y),X) so that
the order that values are added to the collection does not affect the outcode: Tf
it is sufficient thatf be commutative and associative. Section 6 discusses combination
functions in the context of practical implementation.

Unlike our earlier work [Boyland 1996b], the source tree nodes cannot be passed through
the attribute system, only newly created objects. The ability, however, can be easily simu-
lated by having the system automatically create objects that mirror each tree node and store
the node’s attributes as fields. If the ability to traverse the tree structure is also desired, this
can be provided through additional fields. Furthermore, “collection attributes” on nodes
can be simulated by writing the value of the attribute from a (collection) field on the mirror
object. Thus all these extensions can be expressed in the base semantics before analysis.
At implementation time, the mirror objects can be ignored and all work done on the actual
tree nodes.

The example in Figure 2 uses conditional attribute grammars [Boyland 1996a]. Condi-
tional attribute grammars complicate scheduling but orthogonally to the issues raised by
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remote attribute grammars. Our implementation handles conditional attribute grammars,
but given the separability of the issues, this article will not discuss it further.

The example also uses a semantic function that accesses fields of objects. Thus the
function has additional dependencies that cannot be determined simply by examining the
actual parameters. In fact the definition of circularity of remote attribute grammars is
incorrect if a semantic function can access fields—not only does it end up with possibly
incompleteB sets, but a field read in the function body may not correctly reflect all writes
to that field. Thus, the function body must be treated as a set of (conditional) rules for the
unique production of a new nonterminal. Then the function call is treated as a child of the
production (or function!) whose rules include it. This technique (which handles recursion
in functions in the same manner as recursion in grammars) was proposed by Parigot et
al. [1996] in their “dynamic attribute grammars.” When the function is implemented, as it
happens, all the real work happens in the first “visit” and thus it can be converted back into
a normal function.

If one uses the “dynamic attribute grammar” technique to achieve functions, one can
extend the formalism further to permit “procedures” that may write fields as well as read
fields. First proposed in our earlier work [Boyland 1996b], procedures allow one to abstract
over attribute rules and not just over functional computation. This work used dynamic
scheduling. Unlike functions however, a procedure may require several “visits” and thus
the prototype implementation described in Section 6 that uses static scheduling does not
permit procedures. Parigot et al. describe an implementation technique for implementing
multiple visit functions that could be used here.

4. Infinite Fiber Construction

This section describes a construction that expresses the semantics of remote attribute gram-
mars in classical terms. It is called a “fiber construction” because each object which im-
plicitly carries a numbers of separate values (for the fields) is seen as a “rope,” which
can be separated into the individdisers* The construction yields an improper attribute
grammar with an infinite number of attributes, but nevertheless not only sheds light on the
semantics of remote attribute grammars, but also leads to scheduling algorithms based on
“fiber approximation.” Since this construction is so central to this article, we now devote
several pages to an informal motivation before coming to the precise definition.

A field can be (partially) defined at multiple points, but whenever the field is read, only
the final, collected, result is produced. Thus, we need some point at which all the partial
definitions of a field are collected together; the obvious and elegant solution is to use the
point of the object definition: the rules for the production, which declares the object. Thus
as already demonstrated with the field operation dependency graph, all partial definitions
are sent back to the point where the object is declared where they are collected and then
sent to wherever the object is used so they can be available.

In a classical attribute grammar, all value transmission must be done through attribute
rules. Thus to simulate remote attribution in a classical attribute grammar, the field values
are transmitted through special attributes that parallel the attributes carrying the object. For
example, supposais an attribute that transmits an object, then for every fielde add
an attribute named$f to transmit partial definitions of fields back to the object and add
an attribute named$f to transmit the final value of the fielfl to wherever the field is

4This intuition originates with Rodney Farrow [Farrow 1990].
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FiG. 8. Simple example of fibering

used. The first new attributaf transmits values in the opposite directionadif a is
synthesized, thea$f is inherited and vice versa) because the partial definitions flow from
the uses of the object back to the definition, whereas the attrdfiftéransmits values in
the same direction as Thus if we haven fields, then every attributeis accompanied by
n attributes going in the opposite direction amgoing in the same direction; these 2ew
attributes are callefibers Similarly every local attributéinduces 2 local attribute fibers.

Let us consider an illustrative example using local attributes for simplicity. Figure 8
gives a graphical view of this same example.

xf Ju x$f = u
X =0 X =0 .
o$f = x$ f
o$f = 0% f
y =20 y==o0
y$f = o$f
v = yf v = y$f

On the left, we have some remote attribute grammar rules; on the right, we have the fiber
reduction of these rules. This example is simplified in several ways (in particular, we
should have definitions of$f andy$f as well to reflect Fig. 8), but shows that tHat
fibers are assigned in the opposite way as their base attribute, wherdadilbees are
assigned in the same way. We call the former fibbekgrse fibersand the latter fibers
normal fibers

The example also shows how we add a rule to dedibfe in terms ofo$f ; this is the
1

collection point, and corresponds to the e(dgfe—>f o in the field operation dependency
graph. Finally it shows how is made to depend (indirectly, of course)wn
This basic picture is complicated by several additional aspects:

(1) If an attribute occurrence is used in two places, we end up with multiple definitions of
the reverse fibers.

(2) A single attribute may carry more than one object, perhaps through the use of a prim-
itive conditional or primitive collection (such as a bag).

(3) An object reference may be stored in a field. Thus we need fibers for the fibers.

These complications require us to define the construction more carefully. The intuition
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behind the full construction is described for each case in the following pages.
Item 1 points out that the example should have included the following rule as well:

o$f = y$ f

since there might be a partial definition of thdield through the reference inas well as
through the one ix. Unfortunately this means there are multiple definitions of the fiber
0$f , and no definition ofy$f . In general, a reverse fiber may be defined any number
of times, depending on how many times the base attribute is used. (Normal fibers do not
have this problem, since they will be defined exactly as many times as the base attribute is
defined, that is, exactly once.) The solution is to form a single definition from the collection
of all the various generated fiber definitions. In essence, we use collection assignment.
Using collection assignment does not mean remote attribute grammars are defined in terms
of themselves, because here the collection assignments are on attributes, not fields, and can
always be combined locally. It is a simple matter to locate all the definitions and put them
together. Indeed, the main purpose for the fiber constructed attribute grammar is to create
dependency graphs, in which case collection assignments form dependencies in the same
manner as regular assignments.

Item 2 indicates some of the complications that primitive functions can cause. For ex-
ample, if we use a primitive conditional suchifs as follows:

x = if(b,0,p)
xf Ju
vV = Xg

then what definition should we use fa$g or 0$f ? It might seem one would wish to
generate something such as:

x$g = if(b,0$g,p$)
o$f I if(b,x$ fempty()

(whereempty() creates an empty set of definitions). Such a construction, however,
would need to know the exact semantics of all primitive operations that can transmit ob-
jects. Instead, we define a construction that needs only know which arguments to the
primitive functions can transmit objects. In the caséfof only the second and third ar-
guments can transmit objects. A fiber then must be able to handle fields of all the different
objects that may be transmitted by the base attribute (which may be, for instance, a primi-
tive collection). Thus a fiber will be seen as carrying sets of pairs: the first element of each
pair being the object reference to which the field belongs, and the second element being
the value or partial value of the field. Thus we generate

x$g = fjoin(0$g,p$9)
o$f I xsf
p$f I x$f

wherefjoin  combines values of fiber attributes. (This can be seen as “union.”
Similarly the generated rules for creating the definitiom®f will include the follow-

ing:
o$f = collect[f](0,0$ f)
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Thecollect  function (which is annotated with the actual field being collected) gives the
object reference to use as a key and the fiber, which includes the pairs. (The annotation is
not needed for creating the dependency graph, but gives information that would be needed
to implement the function if we have different initial values and combination functions for
different fields.) Only the pairs relevant to the given object are collected. The resultis used
to create a singleton set with a pair giving the final value of the field

collect]  f] (0,1) = {(o,J{p | {o,p) €1})}.

Similarly, when we select a field such asvn= x.g , we replace this line with the
following:

v = select[g](x,x$g)

We need to use the value of the object reference (kees a key to index into the set of
pairs (which represent the field selection function) to get the correct value:

select] ] (x1)=(J{v| (o,v) el,0ex}.

Unlike our less sophisticated construction above, in this sasiepends directly ox

and not justx$g. This additional dependency occurssas™ v in the field operation
-1

dependency graph, along with®- v.
A partial field assignment is the converse. A rule suck.fs I u is converted into
the following:

x$f I write[f](x,u)
The rule creates the partial definition fiber keyed by the object
write[ ] (x,v) ={(o,v) | 0 € x}.

We need to us&l in the generated rule because there may be multiple partial definitions
of x.f in the local rule set, but again this is merely a local collection. As before, the fiber
depends on the actual object reference, with the corresponding edges in the field operation
dependency graph beings x,u 5 x.

Item 3 has a profound effect: fields can themselves carry objects. Suppose we start with
rules such as the following:

q
b

X.g
q.f

We fetch an object from thg field of x and then fetch thé field from it. We generate the
following fiber rules:

g = select[g](x,x$g)
b = select[f](q,q%f)

but the definition fog$f has a new form:
g$f = x$gf

In other words, the (possible) value for thefield of q is carried by the attribute$gf .
There is no need to usesealect function, and it would not be possible in any case since
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x$g is not an object reference. A deep (and non-obvious) connection to the field operation
dependency graph is that the labeadan only be part 0§, not of P.

The infinitude of the construction is now apparent, since the objecginhas all fields,
not justf , and so we need to add

g$g = x$g9

and then the objects in these fields have fields themselves, and thus we need to add rules
such as

g$ff = x$off
g$fg = x$gfg

ad infinitum This result holds even in the absence of remote field writes. That is, even if
we require all fields to be defined local to the object definition, we still need an infinity of
fibers to model the dependencies. But despite the fact that the construction is infinite, it
still is useful, so let not the reader be dismayed.

These fibers of fibers also must be transmitted through the base object. Thus, suppose
is an object declared in the production &ndndg are fields. We not only add the rules:

o$f = collect[f](0,0$ f)

0$g = collect[g](0,0$ 9)
but also the following rules:
o$ff = o$ ff
o$fg = 0$ fg
= 0% of

o$gf

It is not necessary to collect the values, since the fibers suci$fas hold thefinal g
values of objects being collected into thefield. It is possible for a single object to be
placed in the collection fdr more than once, but an objectjsfield has the same value at

all places.
Fibers such as$ff flow in the reverse direction and originate at partial field definitions.
For example the rule.g 3 p generates not only$g I write[g](u,p) but also

additional rules to handle the fields of (object(s) referencedobydomewhere, someone
may read the field of the objects referenced by Then there may be uses of fidldand

thus the final value of thk field must be copied back to where the objects are defined.
Furthermore, remote field writes may be carried out; the information in those writes comes
back here (in parallel with) and is handed off tp. Thus, the fiber construction generates
the following rules for every field :

usgf I p$f
p$f I usgf

The first rule indicates that the final valuep$ f field is transported back to whewuegets

its objects. The second rule shows that partial definitions'®f field come back from

the point where the objecfswere sent and are added to the partial definitions recorded for
p. These rules demonstrate tlt is a fiber that travels in theamedirection as the base
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\V} fole f fole f Yy
ur- (0] X
f:kgf= gf [ gf [« gf [« f e a
P~ o~ o]~ al~al4q
C J |y > gf > gf > gf » gf > f ® b
c = pf v = uf u=o object o xf vy y=1 gf Ja
object p ug Jp X =0 q = X0 a=2 b = g.f

FiG. 9. Fibers for example from Fig. 7 with path freato b shown.

fiber (a reverse fiber on a reverse fiber is a normal fiber). In the set of rules declaring the
object, we thus need to add rules such as the following:

0$gf = o%$g f

These rules take the partial definitions of théeld of objects fetched from the final value

of theg field and send them off to the points wheyevas (partially) defined so that they

can be delivered to the object that needs them. No collection is necessary here since the

partial definitions of thé field will be collected at the point where that object is declared.
Hereo$gf is a reverse fiber carrying partial definitionsfofields of objects fetched

from theg field of the object. Thus whenever we have the rule suah as x.g , we need

to add the definition of this reverse fiber fpr

x$gf I g$f

In other words, the partial definitions of tHefield of the object or objects carried in
g are passed back to the object whgséeld was used to defing. Then they will be
transmitted back to the places where ghigeld was defined. The objects that are put in this
field are then informed of these partial definitionsf ofields. Figure 9 replays an earlier
example (see Fig. 7) to show how it is expressed with fibers. (Only the “relevant” fibers are
shown: the ones that actually induce dependencies between the original attributes.) If one
compares the two figures, one can see the strong connection between the field operation
dependency graph and the dependency graph for the fiber construction. Starting from the
base attribut@, we apply the field operation on each edge to the front of the fiber to get
the fiber to be used on the next attribute. Thus (in the outlined path dréorb), we go
from a (with an empty fiber) t@$f , and then tox$g f (the over-bar is ignored), and then
to 0$gf , and so on.

The reasoning for the generation of nested fibers can be continued to give meaning to
such fibers as$fg h, which is a normal direction fiber carrying partial definitionshof
fields of objects read frorg fields of objects in partial definitions éffields. These fibers
are used at partial definitions bffields, for example<.f I u induces the extra rule:

usgh = x$fg h

The fibers follow along in parallel as the object is transmitted from its definition to this
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point. Back at an object definition for an objextwe add the following rule defining the
fiber:

o$fg h = o$fg h

The reverse fibeo$fg h carries partial definitions ofi fields of objects read from the
g fields of objects read from thke fields. When we find a rulev = x.f , we add the
following fiber rule:

x$fg h I wsgh

In this way longer fibers are related to shorter fibers.

The precise definition of the infinite fiber construction requires a proper definition of
fibers. For a given set of fields, the set offibers(denoted®d) is the set of zero or longer
strings of fields and dotted fields:

o = {f,f|feF}

the sets ofiormal fibergdenotedd™) andreverse fiber¢denotedd ) are defined as the
smallest subsets @f satisfying the following equalities:

o = {foloecv ju{fg|gpecd jule)
o = {fo|gco}u{fp[pco}.

It follows directly from these definitions that the normal and reverse sets partition the set
of fibers: @~ UD = d, D~ Nd~ = 0. The empty fibek is used to represent the base
attribute, that isx$¢ means the same as

Now follows the precise definition of the infinite fiber construction. The definition of
rules makes use of an intermediate form with collections. ififieite fiber construction
for a remote attribute gramma = (G,S|,L,B,F,R) is an improper classical attribute
grammarh’ = (G,Sx ®~ Ul x @~ | x D~ USx ®—, (LUB) x ®,R') whereR is defined
below. The resulting attribute grammar is improper in that the sets of attributes are all
infinite assuming- # 0. The attribute names are pairs; the syntactic sugar $ operation is
used to form pairs as follows:

1$¢ = (1,9)
03¢ = (0,9)
(X.a)%$9 = X.(a,9)
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First an intermediate form of the constructed rules is defined:

(o,€) = object() ' oeBP
(o,f) = collect]  f]( (o,¢), (o,f)) feFoeBP
(0,f9) = (o,f9) e£¢ped” feFoeBP
(o,f¢) = (o,f9) pecd,feFoeBP
vode = g(vi%e,..., wSe) (vo = g(Vv1, ..., W) ) €ERP
Vo$¢ = fioin( vi$p [Lgi=0) e#9pcd, (Vo = g(Vy, ..., %) )ERP
RP={ vi$o I vo$o Lgi=0,0 € P, (Vo = g(v1, ..., ) ERP
v$e = select] f]( wse, wsf) (v=wf)eRP
vy = whfg eE£ped (v=wf)eRP
w$fo 3 vE¢ ped (v=wf)eRP
wsf I write[  f]( wde, v$e) (w.f J v)eRP
wgfo 3 vEg e£oed” (w.f Jv)eRP
vép I whfo ped (w.f Jv)eRP

ThenR is defined for each production from the intermediate form by collecting together
multiple definitions as follows

RP _ vV = e (V = e eRP
T\ V8o = fioin( el (v 2 e €RIP) veUOP,p cd— |-

This set of rules will be well-defined and well-formed as long as the base remote attribute
grammar is well-formed. The constructed attribute grammar may be improper (infinite),
but we can still form (infinite) dependency graphs and compound dependency graphs.

There is a close connection between the dependency graphs formed from the infinite
fiber construction and the field operation dependency graph formed using the original re-
mote attribute grammar. First, formalizing the intuition described earlier, the “field opera-
tions” that label the field operation dependency graph can be defined as (partial) functions
over fibers:

V  ped”  gped  feF
0(¢) = ¢ 0(¢) = ¢
u(e) = € _ .
uf(e) = f uf(e) = f
f(9) = f¢ flo) = 1o

fife) = ¢ f o) = o
ff(fg) = f¢ ff(f¢) = fo.

The u label can only be applied to the base fiber, anid undefined for all fibers. A
string of labelsy can be applied to a fiber through function composition: forgalt @,
(n12)(9) = r2(n(¢)), A(¢) = ¢.

Next, it is shown that paths in the compound field operation dependency graph are
closely related to paths in the compound dependency graph of the infinite fiber construc-
tion:

LEMMA 4.1. Given a remote attribute grammar A and its infinite fiber construction
A, and given any t, form the compound field operation dependency grafh,[and the
compound dependency graphD. Then
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(1) For every path $¢ = V$¢’ € D'(t), there exists a path WV € De (t) such that
o' =v(9).

(2) Conversely, for every path% V' € Dg(t) with ¢’ = y(¢), then there exists a path
V8o 5 V$e' € D'(t).

(Here v may refer either to an attribute instance or to an object instance.)

PROOF Stronger results are proved: that the paths are the same length. Because of the
definition of compositiony172)(¢) = y2(71(¢)), and because the null path corresponds
exactly to the null string, we need only prove the result for paths of length one.

(1) Givenv$p — V$¢’ € D'(t), this edge must come from orizP for somep. Each
induced dependency edge from the constructed Ri¥sis examined in turn, and a
labeled edga—y> Ve DE (see page 22) is found, wheyas a single label.
0$e — 0$f. o€ BP, y=uf
o$f — 0$f. 0€BP, y=1{ 'f
0$f9 — 03fg. 0Bl e£Ppc @, y=1 'f
0$f¢p — 08f. 0€BP, ¢ e d—, y=f 'f
vi$e — vobe. vo=0(...,  Vi,...) eRP, y=Lgi
Vi$p — vo$p. € # P € D7, vo=0(..., Vi,...) €RPLgi=0,y=0
Vo$p — Vvi%p. ¢ € D, vo=g(..., Vi,...) €RP,Lgi=0,y=0
whe — vde. v=w. f eRP,y=u
wef — ve. v=w. f eRP, y= £t
wWhfp —vBp. e£pecd,v=w. FeRP, y=1f
vEp —whfg. g c d,v=w. feRP, y=f
wde — wsf. (w. f I v) e RP, y=uf
vee —wSf. (w. f I v)eRP,y=1 _
v —»wfo. (w. f J V)eRP, g, y=f

=1
wefop —vp. (w. f J V)eRP,pcd, y="f .

(2) The proof of the second part requires simply that we do the same case analysis in
reverse, distinguishing from other normal fibers to determine which generated rule
the dependency comes from.

-1

O

The fiber construction is very regular, even the extra cases fggnerate dependen-
cies thatinclude the dependencies for other normal fibers. More generally, we have the
following rule:

LEMMA 4.2. Given a remote attribute grammar A (G,SI,F,L,B,R), let A be its
infinite fiber construction. If a (compound) dependency graph dia& an edge$ f —
Vv$¢'f, then it also has the edgébyr — V$¢'. If it has an edge"$¢’f — v$¢ f, then it
also has the edgebp — V'$¢'.

Conversely, if it has the edg&¢ — V$¢' whereg, ¢’ € ®\¢, then it also has the edges
v$o f — VS¢'f and V$o'f — vEo f.

PROOFR Suppose we have the edgkp f — V$¢’f. This edge must come from one of
the rules in a particular production. Since removih§rom the fiber doesn't change its
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direction, the same rule should generate rules with the edigje- V$¢’. The only tricky
case is if one or the other @f or ¢’ is €. Thee cases, as can be seen by looking at the
definition include all the dependencies of the rocases (as well as others).

Suppose now that we have the ed@e f — v$¢'f. From the definition of direction,
it is clearly seen thap has the opposite direction fromf for any ¢, including¢’. From
the construction we see that the directionpadetermines the direction of the edges in the
dependency graph, the same nodes are involved in any case. So remdvirgraboth
fibers means that we will have a generated edge in the reverse directionyt@arice v$¢.

The converse part follows directly from the infinite fiber construction and the definition
of @~ and® ", because of the omission of [I

The finiteness of cycles allows us to prove the following lemma that states that we can
always assume that a cycle includesediber:

LEMMA 4.3. Suppose we have a circular remote attribute grammar A. LdieAits
infinite fiber construction, and t be the tree that induces the compound dependency graph
D’ of A with a cycle ¥$¢o — V1501 — ... — vn$pn = VoS0, then there exists a cycle in
D’ including a node $¢.

ProoF AssumeD’ has a cycle. Without loss of generality, we assume we have chosen
the cycle such thagy be a shortest string that occurs in any cycl®inIf ¢o = &, we are
done. Otherwise, we will determine a contradiction. Suppigse f¢* or f¢*; let ¢y be
this single elementf or f. Then since the dependencies connecting fibers only involve
adding or removing a field or dotted field from the front, or replacing a field with its dotted
counterpoint, or vice versa, and singgis a shortest string in the cycle, all stringswill
be in the formg/¢*. Now if ¢* # &, we can apply Lemma 4.2 to get a cycle with a shorter
fiber, which contradicts our assumption. Furthermore, if all the shortest fibers have the
same form, then we can still apply the Lemma and find a cycle stag®g— .. ..

Otherwise we may assume that we have a cycle that includes both nodes of tiv&form
and of the formv$f and no node of the forvse. We now prove that this assumption leads
to a contradiction. Without loss of generality, igt= f and¢; = f, and for every G<i < |
we must haveg;| > 2. Now for any such, since no rule can change the “dotted-ness” of
a field in a fiber unless it is at the top, and then it stays the same length, we must have that
¢i = ¢ f for some¢. But then it is impossible to see hofv = ¢j_1 can be connected to
¢j. Thus no suclcan exist;j must be 1. But again there is a problem, because there is no
way a fiberf can depend directly on a fibdr as can be seen by the rules for creating the
infinite fiber construction. Thus we have a contradiction, and thus there must exist a cycle
with ane fiber. [

In order to connect the existence of balanced cycles in the compound field operation
dependency graph with cycles in the compound dependency graph of the infinite fiber
construction, the following lemma about strings of labels is proved:

LEMMA 4.4. A label stringy maps the empty fiber to itself(€) = ¢) if and only if it
can be derived from S (& 7).

PROOF A stronger result is proved:
(1) y(e) = eiff S=y;
(2) Voeo ¥(9) =9 iff P= v,
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(3) Voco— ¥(9) = ¢ iff P y.

=123. We prove by induction over the length ¢f If v is empty = 1), the results
are true, sinc&= P = A1,P = A. Next assume is one element long.
(1) If y(e) = &, theny € {0,u} which proves our result sinc®@=- P =- 0,S=-u.
(2) If y(¢) = ¢ for every normal fiber¢ € ®), then the only possibility iy = 0, for
which we haveP = 0. _
(3) If y(¢) = ¢ for every reverse fiberg(€ @), then the only possibility iy = 0, for
which we haveP = 0.
Now supposey is composed of two non-empty parts that have the antecedent behavior:
Y= 1Y2 With (case 1)y1(g) = y2(e) = € or (cases 2 and 3} (¢) = y2(¢) = ¢. Then the
result follows by induction sinc€=- SSP = PP P = PP.
Next suppose that has no occurrence of g uf, or uf label in it. We consider the
cases:
(1) Because there are no labels that hava their name, the functions all apply to an
infinite number of fibers in a parallel way, and thyu€) = € implies y(¢) = ¢ for
all normal fibersp. This antecedent implies the antecedent for case 2, and thus using
S= P, we are done, once the next case is proved.
(2) Consider what the first label gfis. It must apply to all normal fibersp(e 7).
The possibility of O would mean thatis composed of two with the same property
which has already been handled. The only remaining possibilityfas somef € F.
Consider the various fibers resulting from applying the first labet taf €, the first
two labels, the first three labels, and so on until we reaitbelf. None of the results
(save the last) can be since otherwise the string would be composed. Furthermore,
the onlly way thef can be removed is either to have an edge lab&lédlin the middle

or f atthe end. The latter case is incompatible witie ®—, and so the middle
case must exist. In order for it to apply, the result just before must be theffided
the fiber just afterf. A similar argument shows that the only way to remove the
to end withf *. Thusy is has the following shapg= f o f 'f 8 f . By induction,
we achieve? = o, P = B, and thus? = y.

(3) An analogous argument shows that f o fif B f " with induction to prove the
result.

Next suppose that has au, uf, or uf label within it. In that case, the antecedents to
cases 2 or 3 cannot be satisfied because the composition would not be able to return an
infinite range. Andu is not possible in any case, because it would mean we would be able
to decomposg into two parts.

If v starts withu f, then thatf can only be removed by a label" at the end (not earlier,
or else there would be composition possibility), and thhas the formy=uf o ' Since
Y is not composed of two, there can beaim the partial results (applying the finstabels
to €), and thus we have(f¢) = f¢ for all ¢ € @ and furthermorex(e) = &, which
allows us to use induction to achieRe> o and thusS=> y.

The case fory starting withuf is similar to the case fd®.

+123. As before, we prove by induction gn this time over the derivation of. If y
is empty, then the desired results follow immediately sih¢e) = ¢ for all fibers¢ € ®.
Otherwise, if it consists of a single label, we have the following cases:
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S=-P=-0. The result is immediate sincé®) = ¢ for all normal fibersp € ®~ in-
cluding¢ = ¢.

S= u. The result is immediatai(¢) = €.

P = 0. The result isimmediate sin@¢) = ¢ for all reverse fiberg € d.
If v is derived by a compositiol§= SS= 7, P= PP= yor y = PP = v., then we can
divide y up into two pieces and use induction to reach the desired result.

Otherwise, we consider the remaining cases:

S= P = y. By induction we get result 2, which implies what we need.

S=ufPf ‘2% y Thusy must have the formufa f ", with P = o. By induction
Voco—0t(¢) = ¢ and in particulax(f) = f and thusy(e) = ffl(a((uf)(s))) =e.

S=ufPf 'fPf ‘2% y. Here, y must have the formuf af 'fBf ", with P = «
andP = B. By induction we geta(f) = f and B(f) = f and thus we get(e) =
B ) a((uf)(e)) =e. o

P= fPf fPf =y Herey must have the fornfaf fBf ~, with P = o and
P = B. By induction we getx(f¢) = f¢ for all normal fibers ¢ € @) andp(f¢) = f¢
and thus we gef(¢) = f(B((f")((f(9)))) = ¢.

P= P Pf = y. Completely analogous to the previous case.

O

The previous results demonstrate that the infinite fiber construction captures the schedul-
ing constraints of the remote attribute grammar:

THEOREM 4.5. A remote attribute grammar A (G,S 1,L,B,F,R) is circularif and
only if its infinite fiber construction’A= (G, S, I’,L’,R)) is circular, that is if for some tree
t generated by the grammar G, the compound dependency gragHamfthat tree has a
(finite) cycle.

PrROOF If Ais circular, then by Theorem 3.6, there must be a cycfev in the com-
pound field operation dependency graph. By Lemma 4.4, the sequence of labels in this
pathy must map the base fiber to itsejf(€) = €. Then by Lemma 4.1, there must exist a
(finite) cycle inD’ (Ve = v$e).

On the other hand, if we have a cycle, then by Lemma 4.3, we may assume it
involves an empty fibev$e — v$e, and thus we can apply Lemma 4.1 to get a cchfé %
in D wherey(g) = e. Now by Lemma 4.4, we hav@= 7, and thus it is éalancedcycle
and thus by Theorem 3.8,is circular. I

The infinite fiber construction, while infinite, is nonetheless indirectly useful algorithmi-
cally because it can be projected onto a finite partition of the fibers. The resulting (proper)
classical attribute grammar can be analyzed using standard classical attribute grammar
schedulers. This idea for a finite partition is called “fiber approximation” [Farrow 1990]
and is formalized in the following definition:

Given a remote attribute grammar= (G, S/I,L,B,F,R) and its infinite fiber construc-
tion A’ = (G,Sx d~ Ul x d~,I x P~ USx ®—,(LUB) x ®,R), and a finite partition
® = {Pg,...,P,} of the set of fibersp, thefiber approximation of A fofd (written A/ ®)
is the (proper) classical attribute grammér=A/® = (G,Sx ®~ Ul x | x d~ USx
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®, (LUB) x ®,R") whered~ = {®; € ® | &N d~ £ 0} andd— = {d; € D | DN D~ £ O},
For everyv$®d; € DOP(A”) we have the following rule iRP”:

V8D = use( V$Dj |vEp = g(.. V$¢' ..) €R,pc D¢ cd))

The fiber approximation is only used to create dependency graphs and thus uses an unin-
teresting primitive operationse . In other words, any dependeney < V'$¢’ is mapped
into a dependency between each side’s approximation.

The definition is only well-formed P~ N &~ = 0, because otherwise an attribute may
identified as both synthesized and inherited. This article only uses partitions that obey this
restriction; in fact, they will be “clean for fibering” as described presently.

THEOREM 4.6. Let A= (G,S1,L,B,F,R) be a remote attribute grammar and As
infinite fiber construction. Leb = {®4,...,®,} be a partition ofd for whichd~ Nd— =
0. Without loss of generality, we assume ®1(x). Let A/ be the fiber approximation
of the infinite fiber construction’/of A for this partition. Then if A® is not circular,
then neither is A. Furthermore, if no cycles in dependency graphs compounded f@om A
involve nodes with fibers frod4, then A is not circular.

PROOFE The first part is clear since a cycle in a graph always shows up as a cycle in the
qguotient graph. The fact that we can ignore cycles that do not inadteers is a direct
result of Lemma 4.3. 0

Of course, in a realistic system, one does not first construct an infinite attribute grammar
and then compute a finite quotient, instead one creates the quotient directly. As it happens,
under certain conditions of the partition, one can create an approximation that has the same
semantics as well as conservatively approximating the dependencies.

We say that a partitiod is clean for fiberingf it satisfies the following three conditions
ford; e dxe {f,f|feF}:

@y = {¢}
O CPT VD C O™

{x0 |9 €D} CDj €D

The first condition ensures that we don’t mix up the “real” attribute values with the fiber
attributes. The second condition states that every partition consists either of all normal, or
all reverse fibers. The last condition ensures that “lengthening” all the fibers in a partition
gives us a set that can still be represented by a single element of the partition. When the
last condition is satisfied, we write ®; to mean thisb;.

If the partition is clean for fibering, we define tbkean fiber approximatiothat avoids
the uses of the infinite construction as an intermediate form. The construction is similar
to the infinite fiber construction. The main difference is that we ensure that all attributes
defining non-base-fiber attributes are defined using primfieia . First we form the
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rules:
(0,d1) = object() _ oeBP
(0,f-®1) = fjoin(collect] f1( (0,®1), (0,f 1))  feFoeBP
(o,f ®) = fjoin( (o, f-P)) Pecd”, feFoeBP
(o,f-®) = fjoin( (o, f-P)) decd feFoeBP
V()$q31 = g(v1$9y,..., Vi $P1) _ (Vo = 9g(vi, ..y W) ) cRP
Vo$® = fjoin(  vi$®P | Lgi =0) Ped” (Vo = o(Vv1, ..., W) ) ERP

RP=¢ v$d O fioin(  vo$P) Lsi=0,®€®d (Vo = g(V1, ..., %)) ERP
vBd; = select] f]( wddy, wsf - dq) _ (v=w f)eRP
vd = fjoin(  w$f - ®) Ped, (v =wf)eRP
wsf-@ I fioin(  v$D) Pecd (v=wf)eRP
wsf-®; I fjoin(write] f1( w$d1, vEDd,)) _ (w.f Jv)eRP
wsf-@ I fioin( v$D) ®ed” (w.f JV)eRP
v$d I fioin(  wsf- ) Pecod (w.f I Vv)eRP

where

= {PeD|OND” £, +£ Dy}
P = {Pecd|DPND £0}.
Then, as with the finite fiber construction, we collect together multiple definitions of re-
verse fibers:

RP vV = e (V = e eRP
| d=fioin( e| (WP 3 fioin( ... e ..))eRP) veUOP,decd [

This set of rules will be well-defined and well-fornteas long as the base remote attribute
grammar is well-formed and the partition is clean for fibering. The first condition ensures
that the base fiber can be used to carry the actual value of an attribute. The second condi-
tion ensures that we can determine whetke$d; is inherited or synthesized. The third
condition makes the use of the ‘bperator possible in the construction.

LEMMA 4.7. If the partition is clean for fibering, the clean fiber approximation gener-
ates the same dependency graphs as the fiber approximation.

PrROOF Immediate by comparison of the two constructionsl

This result together with the result about scheduling makes implementation possible
once we have a partition. In our earlier work [Boyland 1998], we assume the partition
is specified by the programmer in terms of annotations. Even a partition is not enough
for practical implementation because the approximation constructions add new attributes
even when the fibers make no sense: one cannot fetch a field from an integer, for instance.
These extra dependencies, when obscured by approximation, not only lead to a slower
analysis (more attributes) but also to more frequent finding of cycles. Thus we want a way
to determine and remove the “irrelevant fibers” that can never produce useful information.
The following section thus develops a “relevant fiber” analysis, which helpfully produces
a partition as well.

5The astute reader will notice that this construction generates some rules of the nonstandard form, e.g.,
vo=g( ..., 9 (Vi, Viz1), ...) whereg=fjoin andg =write[ f], butthese can easily be interpreted as uses
of new primitive functiongy” with the nesting flattened out.
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5. Analysis

Given that detecting circularity for remote attribute grammars is undecidable, this section
examines techniques for approximation. First it is shown that many fibers arelednt

to the final schedule. Then a constraint system for computing (a superset of) the relevant
fibers is described. This system is then converted into a practical “two stage” form, in
which the second stage can be expressed as a finite-state automaton recognizing relevant
fibers. Finally this automaton is used to generate partitions that are clean for fibering.

5.1. RELEVANT FIBERS. The approximation theorem requires one to partition the
whole set of fibers including those which may never be involved in dependencies between
base fibers. Only the latter fibers are relevant to circularity. The approximation, however,
may be forced to combine irrelevant fibers in ways that obscure the fact they are never
involved in such dependencies. Thus before one forms an approximation, it makes sense
to pare down the set of fibers to those that may occur in a cycle involving a base fiber.
This will not solve the undecidability problem of the previous section; it only prevents our
approximation from being needlessly imprecise.

Let A= (G,S1,L,B,F,R) be a remote attribute grammar aAdits infinite fiber con-
struction. Letv € OP be an attribute occurrence of a productipin G, then®p(v) (the
provided fibers of yis the set of all fiberg) € ® such that there exists a tré@ver G
including an instance op and the compound dependency grdphof A’ for this treet
includes a path for som&

Whe ... — VS

where in a slight abuse of notation,is also used to refer to any instancewin D'.
Similarly therequired fibers of y®g(v) is the set of all fiberg € ® such that there exists
t and aw such thaD'’ includes a path

Third, therelevant fibers for y®(v), are the set of all fiberg € @ such that there exists a
treet overG and two instancew andw’ and the compound dependency gr&ptof A’ for
this treet includes a path

Finally, these sets are extended to apply to attributes as well as attribute occurrences:

®(@) = |J ®p(Xa)
X.aeOP, peP
X.acOP,peP

®@ = |J o(Xa)
X.acOP,peP

This lemma immediately follows from these definitions:

LEMMA 5.1. Given A= (G,S|,L,B,F,R) a remote attribute grammar andevOP be
an attribute occurrence of a production p in G, then the set of relevant fibers is never more
than the intersection of the provided and required fibers:

d(v) C ®p(v)NDR(V)
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The same relation holds for attributes as well.

There is not always equality because a fiber is only relevant if it is provided and required
for thesametreet and same instance of

The relevant fiber set can be used to generate a “smaller” (but potentially still infinite)
fiber construction:

Given a remote attribute grammar= (G,S,I,F,L,B,R) and a setb?(x) for every at-
tribute occurrence or attribute the relevant fiber constructionf A is a potentially im-

proper classical attribute gramm&f = AY — (G,S,I',Ll",R") where

S(X) = {(a¢)|aeS(X),¢ c P(@ANP}U{(a9)acl(X),¢ e P (NP} |
I'(X) = {(a,¢)|acl(X),¢ e P(@NP }U{(a9)|acSX),¢p P (@nd} |
L' = {(.9) [l eLUB,¢ € D*(1)} ,

andR’ is constructed fronRR in the infinite fiber construction by only including rules for
the defined occurrences in the new attribute grammar and only including uses of the used
occurrences in the new attribute grammar. (Other rules and uses are removed.)

The relevant fiber construction captures the important dependency paths in the remote
attribute grammar, as expressed in the following lemma:

LEMMA 5.2. Let A be a remote attribute grammar aniadd A’ = A% be its infinite
fiber construction and the relevant fiber construction ustigx) O ®(x) respectively. Let
t be some tree described by the grammar aricabd D’ be the compound dependency
graphs in Aand A’ respectively. Finally letaB¢o — ...vn$pn be some non-trivial path
(n> 0) wheregy = ¢, = €. This path appears in Of and only if it appears in B.

PROOF Suppose there is a non-trivial patbgg — ... va$S¢n in D’ wheregg = ¢n = €.
By definition of ®(x), the relevant fibers af, we know¢; € ®(v;) for alli (0 <i < n).
Furthermore, for any; of the formX.a, we know ¢ € ®(a). For every edge;$¢ —
Vi119¢i,1 in D/, this edge must have come from a ruleAhas defined in the infinite
fiber construction. The relevant fiber construction preserves dependencies between relevant
attribute occurrences, and thus this edge will also appe&”’in Conversely, we only
remove dependencies when construc#figand thus every edge " is also inD’. [

From this lemma follows immediately the following lemma, which states that the rele-
vant fiber construction captures circularity.

LEMMA 5.3. Given a remote attribute grammar A and a €&t x) for every attribute
and attribute occurrence x, which includes all relevant fib&s() D ®(x) ). Let A pe
the relevant fiber construction of A. Then A is circular if and only if there exists a tree t
for which the compound dependency gragHd@med using & has a cycle including an
attribute base fiber instanceds.

ProoFR First we handle the directionsf). If there is such a cycle iD’, then by
Lemma 5.2 it also occurs in the infinite fiber construction, and fisscircular by defini-
tion.

Suppose now tha is circular. Then by Lemma 4.3, there must exist a trés which
the infinite fiber construction o induces a compound dependency graph with a cycle
VoS — vi$p1 — ... — vn$Pn = voSdp including a nodese. Without loss of generality,
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¢®o = ¢n = €. Then applying Lemma 5.2 determines that this cycle must also be in the
relevant fiber construction.[]

We combine this result with fiber approximation by first defining the combined con-
struction and then proving that it safely approximates true circularity.

Given a remote attribute grammiar= (G, S |, F, L, B,R), finite partition® = {P4,..., Pp}
(wheree € ®;) and a setd?(x) for every attribute occurrence or attribute the rele-
vant fiber approximatiorof A using ®* and ® is a (proper) classical attribute grammar

A% /® = (G,S,I",L',R') where

S(X) = {(a,®)|ac YX), PN (@)ND~ £0}U{(a,®) |ac|(X),PNd (@) Nd~ £0}

I'(X) = {(a®)|acI(X),pnd(@Nd~ £0}U{(a,®) |ac IX),PNd (@) Nd~ #£0}
L' = {(I,®) |l e LUB,®ND () #0}

andR’ is constructed fron in the infinite fiber construction by constructing the following
rule for eachv$d € DOP(A”):

v$d = use( VD' € UOP(A") |vdp = g(... V' ..) €R,
¢ € DNDE(V), 9" € D' NDE(V)).

THEOREM 5.4, Let A= (G,S1,L,B,F,R) be a remote attribute grammar, arttl =
{®4,...,Pn} be afinite partition of the set of fiberd wheree € ®4. For any attribute,
local attribute or object x, let the sa(x) include the relevant fibers of xp%(x) D ®(x).
Let A/ = A‘Dﬁ/cs be the relevant fiber approximation of A usidy. Then if A is not
circular, then neither is A. Furthermore, if no cycles in dependency graphs compounded
from A’ involve nodes with fibers from,, then A is not circular.

PrROOFR Supposeé’ is not circular. Then the relevant fiber constructiH is not circu-

lar because dependency grapha&irare quotient graphs @ . Therefore, by Lemma 5.3,
Alis not circular either. The second part also follows from Lemma 5.3.

This theorem is used in the following conservative algorithm for determining noncircu-
larity of a remote attribute grammar:

(1) Find an approximatio?(x) of the relevant set of fibers for every attribute, local
attribute or objeck.

(2) Find a finite partitior® of the fibers.
3 ConstructA® /q_n, the relevant fiber approximation.

(4) Perform a standard evaluation-class test (such as SNC [Courcelle and Franchi-Zannettacci

1982] or OAG [Kastens 1980]), except that we keep an additional bit for each sum-
mary edge—whether that summary edge may include a “base fiber” attribute.

(5) Report a cycle only if a circularity is found that may include a base fiber attribute.
(Section 6 describes how cycles involving only non-base fibers can be cut.)

5.2. HBER ANALYSIS. The rest of this section describes static analysis methods for
computing safe approximations to the relevant sets and determining a partition. The rele-
vant fibers are computed by first computing an (over-approximation) to the provided and
required fibers and then intersecting the sets. One may see the provided fibers as “flow-
ing” from an occurrence of an epsilon fiber and the required fibers as “flowing” to such an
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acA(X),XeN. X.a€ UOP.
F(a) 2 {e} F(X.a) 2 F(a)
F(a) 2 {e} F(a) D F(X.a)
ve OP, X.a€ DOP.
F(v) 2 {e} F(a) O F(X.a)
F(v) 2 {e} =(X.a) 2 F(a)
o€Bh. Vo = g(.. Vi ..) wherelg=0.
F(o) D {f\ng}_ F(vo) 2 F(v)
F(o) 2 {f¢\f¢6':_(0)} F(vi) 2 F(v)
F(o) 2 {f¢[foeF(0)} v =wf
wrav . F(v 2 {0 fpeFw)
Pl 2 {felocFw) Fw) 2 {f9]9€FW)
F(v) 2 {¢]fpeF(w)}

FiG. 10. Fiber analysis

occurrence. In other words, the provided fibers follow the data-flow through the attribute
grammar, whereas required fibers follow it in the reverse direction. This situation is com-
plicated by the fact that reverse fibers (thosein) have the opposite data-flow direction
as the normal fibers (those @) which parallel the base attribute. As a result, the anal-
ysis computes sets of “provided normal” fibers at the same time as the “required reverse”
fibers.

For instance, if there is the equation= w, then if w has a provided fibe¢ and if
¢ € @~ is a normal fiber, then that means there is some path starting with an epsilon
fibered attribute occurrence that ends withg. But since the infinite fiber construction
includes the rule$¢ = w$¢, we can extend the path by one step and discoveuthal
be a provided fiber of. Conversely, supposieec ® is a required reverse fiber of that
is there is some path startingw$¢ that ends in an epsilon fibered attribute occurrence.
Then sincen$¢ is defined partly in terms of$¢, the latter attribute occurrence could also
start a path towards an epsilon fibered attribute occurrence. @l useen to be a required
fiber ofv.

Our analysis therefore computes the set of provided normal fibers of each attribute oc-
currence together with the set of required reverse fibers (the combined set is(qallid
and similarly the set of provided reverse fibers with the set of required normal filb@ng.(

Figure 10 specifies constraints induced by a remote attribute grammar. Any solution to
these constraints (in particular, the least solution) is a conservative approximation to the
relevant sets; some irrelevant fibers may be included, but no relevant fibers are omitted, as
stated in the following lemma:

LEMMA 5.5. Given A, a remote attribute grammar, and setvFand F(v) for every
attribute occurrence v that satisfy the constraints in Figure 10, then

®(v) CF(V)NF(v).
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PrROOF By Lemma 5.1, it suffices to show

Pp(v) C (F(V)NOT)U(F(v)NdT)

Pr(v) C (F(V)NOT)U(F(v)NdPT).

Given a fiberp € ®p(v), we show by induction on the length of the pathe — ... — v$¢
that¢ is in the se{F (v)N®~)U (F(v)N®d).

If the length of the path is zero, that 8= w, ¢ = &, then the result follows at once
since Figure 10 includes the constréi) D {€}.

If the length of the path is greater than zero, there is a path of the idign— ... —
w$o' — vd¢. If ¢ = ¢, we are done immediately for the same reason as for the base case.
Otherwise, by induction, the following must be true:

¢’ e (FW)Ne~)uU(FwW)ne ).

Now because attributes of a node are identified even as the node plays different roles in
its own and its parent production, a single attribute instance may instantiate two attribute
occurrences (potentially of different productions). Wétw, be the two attribute occur-
rences that are instantiatedw’, wherew,$¢’ is a defined occurrence &, the infinite
fiber construction ofA, andw;,$¢’ is a used occurrence. W, # w,, then it must be the
case thatv} = Xi.a, W, = Xp.a for someXy, X, anda. Now, by induction, the lemma must
be true for eithew; or ws,. If it is true for w,, we can continue. If it is true fow, then by
the rules of Figure 10, eithér(w,) D F(a) D F(w;) if ¢ e ", orF(w,) D F(a) D F(w))
if ¢ € @, and thus the result is true for, as well.

Now consider the edge’$¢’ — v$¢. This must be the edge from some instantiation
of a ruler € RZP (see page 33) for somgc P. The left-hand side of is v$¢ and the
right-hand side contains a usewf¢. We now look at each case fowhere¢ # €:

(o,f) = collect]  f]( (0%e), (o,f)) In this casev=w=o0, ¢ = f, and¢’ = f or
¢’ = €. In any case we are done because of thel® D {f | f e F}.

(0,f9") = (0,f¢"), 9" € ®~ Thusv=w=0,¢ = f¢", andp’ = f¢". Sincep” € ®,
then¢’ € @~ and thus by inductiop’ = f¢” € F(0). Then by Figure 105 (0) 2 {f¢"}
and we are done.

(0,f¢") = (o,f¢"), 9" € d~ Herev=w=o0, ¢ = fq)”_e D7, ¢ = f¢p" € d. By
induction,¢’ = f¢” € F(0), and then by Figure 1@ = f¢” € F(0) and we are done.

v¢p = fjoin(... w$p ...) ,9€d Inthiscaseyp=Vv = g(... Vvi=w ..)
in AwherelLg; = 0. By induction,¢ € F(w') and so by Figure 1G) € F(v) and we are
done.

v J W$p, 9 € d Inthiscasep=W = g(... Vi=V ..) inAwherelLy;=0.
By induction,¢ € F(w) (since¢ is a reverse fiber) and thus by Figure #0s F(v) and
we are done.

V39 = WHfg, 9 € d~ Theruleistheresultof arule = w. fin A. Here¢’ = f¢ €
®~ and thus by inductiog’ € F(w). Then by Figure 10¢ € F(v) and we are done.

vep =vefe’ I w$¢', ¢’ € @ This is the result of a rule/ = v. f in A. Thus by
induction,¢’ € F(w'). Then by Figure 109 € F(v) and we are done.

Veo =Vv8fo! I WS/, ¢’ € d Thisrule comesfromarule f J winA. Byinduc-
tion, ¢’ € F(W), and thus by Figure 1& = f¢’ € F(v) and we are done.
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Stage 1:
oeBP.peP.
B*(0) C {o}
X.a€ UOP.
B*(X.a) O B'(a)
Bl(a) > Bi(X.a)
X.a€ DOP.
B‘(a) 2 Bf(X.a)
B}(X.a) O B(a)
Vo = o(Vi,..., Vn) , Lgi =0.
B*(vo) 2 B'(w)
B'(vi) 2 B¥(w)
v = w. f.
Bf(v) 2 BH(V)|(f,V) e B¥0),0e B (W)
Bfw) 2 {(f,v)}
w.f Jv
Bw) 2 {(f.v}
B'(v) D BH(V)|(f,V)eB(0),0c B (w)
Stage 2:
oc{BP|peP}.
Flo)={e}u{f|feFlu (J F(u
ueBi (o)
where

F((fv) = {fo |9 eF(V)}
F((f.v) = {fol9eFv)}

xe {OP—-BP|pePlu{ac AX) | X eN}.
Fx)={e}u |J F(o)

0eB¥(x)
xe{OP|peP}u{acAX)|XeN}.
Fo={etu U Flu
ueB?(x)
where
(V) = {16]9eF}
((f,v) = {f¢ ¢ eFWV)}

FiG. 11. Two-stage fiber analysis

V89 I wW$fe, ¢ € @ Inthiscasew. f I vinA, and thus since’ = f¢ € ®, then
by induction¢’ € F(w). Then by Figure 10¢ € F(v) and we are done.

The proof fordg(v) is analogous. [
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5.3. TWO-STAGE FIBER ANALYSIS. The constraints in Figure 10 are not easily solv-
able in finite time. The set8(v) andF (v) can both be infinite, containing fibers of un-
bounded length. Itis possible to represent these sets finitely, since (as shown later), they are
regular (that is, is equal to the yield of a finite state automaton). However, the way in which
the constraints are expressed (where fibers get longer or shorter) do not immediately allow
aregular representation. Thus a “two-stage” analysis is introduced for computing relevant
fibers, as seen in Figure 11. The first stage computes sets of object declaBatiorfer
each attribute and attribute occurrenceThis is the set of objects the instances of which
are carried by instances &f the objects that could appear in the instances’ values. All
instances created from the same object declaration are collapsed into one. The second set
Bf(x) computes the sets of rules that either read or write fields from objects carried by
Since there are a finite set of object declarations, and a finite set of rules for the remote
attribute grammar, this analysis can be computed in finite time, in fact in@im& where
nis the size of the remote attribute grammar. The least solution to the equations is used.

The second stage uses the first stage to avoid the need to consider fibers getting shorter.
TheB!(x) sets have essentially short-circuited the process.FligandF (v) sets can be
computed using only copy rules and lengthening. The second stage rules can be expressed
as a finite state automaton with states for each object declaration and each rule that reads
or writes a field. The fact that the two stage analysis has the same least solution as the
original set of constraints in Figure 10 is proved in Lemma 5.7. Then Theorem 5.8 proves
the regularity result.

The proof uses an “instrumented” version of Figure 10’s analysis that computes sets of
instrumented fiber which objects and local attributes surround the fields:

o = {°fgr | o €<D|_’}U{°f¢| | ¢ € 7 yU{t)
O = {fo [gred fU{fg [P}

Hereo andv refer to any object or local attribute in the attribute grammar.d.Rf be the
uninstrumented fiber correspondinggo that is, with the objects and locals removed. Let
A be an object that does not appear in the attribute grammar. Figure 12 gives the constraints
for the instrumented analysis. The least solution to these constraints is used.

The instrumented analysis carries within it the solution to Bheand B* analysis of
Figure 11 as shown by the following lemma:

LEMMA 5.6. As long as F£ 0, the solutions to the first stage of Figure 11 are given
by the following equations:

B*(x) =B{(x) = {o]|°f¢ € R(X)}
B (x) =B{(x) = {(f.v)|Yfa e RX)IU{(F.v) |Tp € A(X)}.

PROOF. We prove this result by showing that the constraints are isomorphic for each
syntactic entity. We prove by induction on the use8o&ndB* in creating constraints.

First, we can (at this point) ignore the initialization that platés everyF andF set
since this entry has no direct effect on the equations to be proved. In what follows, we use
the property that everly, andF set is non-empty.

Next, note that the equation f@f above depends df monotonically and on nothing

else. Similarly, that fo|§,n depends off; monotonically and on nothing else. Therefore the
constraints foX.a€ UOP, X.a€ DOP, andvg = g(... Vv ..) areisomorphic.
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acA(X),XeN. X.a€ UOP.
R@ 2 {*} R(Xa) 2 R
R 2 {*} F(a) 2 R(X.a)
ve OP. X.a€ DOP.
RV 2 {*} F(a 2 F(X.a)
Rv) 2 {*} F(Xa) 2 R(a)
0€BPh. Vo = g(.. Vi ..) wherelg=0.
(o) 2 {Of)L'f('C_F} B F(vo) 2 R(w)
Fi(o) 2 {°fan["fer e R (o)} RM) 2 F(vo)
F(o) 2 {°f¢ |Yfo €R(0)} v =wf
wrav | UERCIRL LI
Fli(W> 2 {Yfor ¢ e R(V)} Rw) 2 {fo |g e F(v)}
R 2 {a]°for eRw)}

FIG. 12. Instrumented fiber analysis

We need thus only look at the “interesting” cases: objects, field writes and field reads:

o0 € BP. Figure 11 say$¥ (o) O {0}, which is exactly the effect of the constraints in
Figure 12: the first line adds at least one (sificg 0) instrumented fiber of the forff*,
which ensurego# 4 | °f¢ € F(0)} D {o}. The other two constraints add instrumented
fibers of a form not used in the equations for this Lemma. Thus they have exactly the same
effect (in constraining® andBF sets).

w. f 3 v. The constraint from Figure 1 (w) 2 {'f¢| | ¢ € F (v)} has exactly the
same constraint oﬁlﬁ (w) asB*(w) D {(f,v)} from Figure 11 sincé& (V) is never empty.

We can rewrite the next constraint using the instrumentation since each instrumented
fiber can only be created in a single place:

R(v) 2 {¢|°fg e R(W)}

H(v) 2 {0 |°fo e R(w),Y for € R(0)}

(V) 2 {on |°for e R(w),Y for € R(0), ¢ € R(V)}
(

o)
o).
{01 (0c Bw) A (1,V) € B(0)).(f.V) € B(0), 01 € R(V)}.

i Vi e

v)

U

The logical “and” (writtenA) in the last rewrite of the constraint is used because the con-
strainto € Bf(w) is too weak by itself to be equivalent¥ ¢ € F (w), but as one can see,

the strengthening is redundant. The final form, when used to cor@(n)ais equivalent
to the constraint foBf(v) from Figure 11.

vV = W f._As with the previous case, we choose the simpler constraint ﬁ_rsnz) D
{fon | ¢ € R(v)} is equivalent (for the purposes of computiﬁhw)) to the constraint
Bf(w) D {(f,v)} sinceF (v) is never empty.

The other constraint can (as before) be rewritten:

R(v) 2 {¢|°fo e R(w)}
R(Y) 2 {&[°fg e RWw),Y f cR(0)}
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{&1°fo e RW),Y f €F(0).0 € RV}
{61 (o€ Bi(w) A (f,V) € B(0))(f.V) € Bi(0).n € R(V)}

F(v)
F| (V)

U 1y

This final rewrite of the constraint is equivalent to the oneStwv) from Figure 11.

Since the constraints are equivaleBt(x) = B{i(x) and B (x) = é,ﬁ(x), which was to be
proved. [

Now we are ready to prove the equivalence of the two analyses:

LEMMA 5.7. Given a remote attribute grammar A, the two stage constraints in Fig-

ure 11 have the same least solution faxFandF (x) as the constraints in Figure 10.

PROOFE First, since the constraints of Figure 12 are completely isomorphic to the con-
straints of Figure 10, it only remains to show the equivalence of the sets in Figure 11 with
the uninstrumented results of the analysis of Figure 12. Fu$ andF (x) in this proof
are defined by their definitions from Figure 11.

We prove the equivalence by induction over the constraints, showing that the constraints
are equivalent in each place, assuming that they are equivalent elsewhere.

First we show how the constraints concernigr) andF(a) are equivalent to those
concerningF (a) andF (a) (modulo instrumentation). Suppose we have performed the

two stage analysis, then fér.a € DOP

F@={eju |J Fo2{eju |J F(o=F(X.a)

0Bt (a) 0€B(X.a)

(where the middle inequality comes from the first stage) and thus the results of the two-
stage fiber analysis satisfy the constraints of the single-stage analysis. Analogously for
X.a€ UOP,

F@={elu |J Floc{e}u |J F(o)=F(X.a).
0cB¢(a) 0cB¢(X.a)

The cases foF (a) are analogous. Conversely, supp¥sa € DOP. Then considering the
constraintF (a) 2 F (X.a), assume the equivalence holds FpfX.a), that it is equivalent
to {€} UUoep:(x o) F (0). These are the only constraints Brfa) and thus in a (minimal)
solution:

F(a)lo = U F(o) X.acDOP.
0€B!(X.a),X.acDOP

But B*(a) = Ux acpor B¥(X.a) and thus we get the required equivalence. The cases for
other uses oF (a) andF (a) are analogous.

The monotonic constraints f@* andB* for vo = g(Vvi,...,  Vn), Lgi = O can simi-
larly be seen as isomorphic to the constraintsRaandF, for the purposes of computing
F andF.

The case for objecte € BP is more interesting. We computg(o) as the union of
four sets (if we distinguish the union of tHe((f,v)) from the union of theF ((f,v)).
Correspondingly, we have four constraintsFpfo). The first two constraints{((0) D {*}
andF (o) D {°f* | f € F} ) are obvious analogues of the first two sets making up the
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union. The third constraint is transformed into the third set in the union as follows:

R(0) 2 {°f¢1["for €R(0)} ~

= {°f¢y | V¢ € R(0),"foy exists'fo € F(0)}

= {°f¢1 | (f.v) € BY(0),¢1 € R (v)," ¢y € R(0)}

= {Of¢| | (f,V) € B?(0)7@ S F|(V)}
The final equality requires some explanatign:is obvious, and> follows because the
constraint(f,v) € B*(o) implies that there exists at leashe instrumented fiber of the
formVf¢/ in F (0) and the constraints for the instrumented analysis transmit all fibers of
this form together, and thus in particuldrg, € F (0). The fourth constraint is similarly
analogous to the fourth set in the union.

There remains one more case Fpfv), the case where = w. f. For this case we have
two constraints that we put together into an equality:

F(v) = {efuf{a [°To e R(wW)}
= {e}U{a |°fo/ e R(w),°fo € R(0)}

= {e}U{h |oc B W), for e R(0)}
= {e}u{g | o€ B(w),(f,V) € B}(0)," ¢ existg
= {e}U{¢ |0 B (w),(f,V) e B*(0),61 € R(V)}
= {e}U{¢ |0 BY(w),(f,V) e B*(0),0 € B*(V), ¢ € R (0)}
= {e}u{d | d €B(v), ¢ € R (D)}
— {eju U R(0)
o' eBi(v)

In the sixth equality, we use the inductive hypothesid=gr’). The seventh equality uses
the constraint foB?(v) (which is effectively an equality constraint since each variable may
be defined just once). _

If we look atF (w) for this rule, we see that the constraitw) D {(f,v)} along with the
definition of F ((f,v)) used to formF (w) leads to the inequalitif (w) 2 {f¢ | ¢ € F(v)},
which is completely analogous to the constraintfgiw) from the instrumented analysis.

The constraints foF (w) andF (v) for the casen. f 1 v are similarly analogous to

the realization of the computations fw) andF (v). Thus we omit these cases.]

The two-stage analysis may look more complex than the original fiber analysis, but it
is much easier to implement. As previously noted, Bh@ndB? sets can be computed in
cubic times. Furthermore, one can construct a finite state automaton that recognkzes the
andF sets as seen in Figure 13.

THEOREM 5.8. The sets Fx) andF(x) (and their intersection) are regular sets over
the alphabet of fields and dotted fiels= {f,f | f € F}.

PrROOF We construct a finite state automaton (Figure 13) with two stgtend gx
(representing= (x) and F(x) respectively) for everx € OT where O™ is the set of all
attribute occurrences and attribut€s'(= {OP | pe P} U{a€ A(X) | X € N}) and states
qu andqy (representingd-(u) andF (u)) for everyu € U, whereU is the set of all things

that occur inBf(x) for somex (U = {u € B*(x) | x€ O*}).
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M = (QZX,6,00,Q)

Q = {duGu|ueBx),xc0t}uQ
Q = {0 |xeO0 }U{ar | f €F}
s = (f.f|feF)
{5 go|xe0t,0eB(X)} U {xSqu|xeOr,ueBi(x)} U
{00 qr[0€BPpePfEF) U {go5au|0cBP, pecPucBi(o)} U
{q—(f_v>—f_>av|v=w. FER) U {Gfy —v|w foveRP) U
{atv) _f>($,|v:w. feRP} U {a¢.y) l>q\,|w. fJve RP}
gx We wish to computé (x)

P = { ax We wish to computé (x)
FIG. 13. Finite-State Automaton to matéhandF sets.

The automaton is constructed such that with one exceptiéng’ if and only if SO S
is a constraint in the second stage of the fiber analysis wder¢he state corresponding
to Sandd is the state corresponding 8. The exception is that the automaton includes
cycles of the forng, = g for each object (since e Bf(0)), but these cycles have no effect

on the strings accepted. Similaltuyl g ifand only if SO {y¢ | ¢ € S} is a constraint.
Furthermoreq is final (g € Q) if and only if its corresponding se® has the constraint
SD {e}.

Thus if one starts from any stateand continues through the automaton stopping at
a final state, one will generate a fiber in the correspondingsséfhe converse is also
true: any fibergp € Sleads to a final state (possibly aftermoves) if one starts at the
corresponding statg

Since (nondeterministic) finite-state automata accept only regular languages, it follows

thatF (x) andF (x) and their intersection are all regular sets]

5.4. USING THE FIBER AUTOMATON. One can use a set-of-subsets construction fol-
lowed by an automaton intersection algorithm to create an FSA for an approxirgétion
for each attribute or occurrengeBut then that still leaves the creation of the partition that
should be clean for fibering.

Thus instead, we form the deterministeverseautomaton for matching fibers. The
states of this reverse automaton are sets of states of the original automaton. The “first” state
(state 0 in Figure 14, page 52) will be the set of all final states in the original automaton,
and will be the one matching the base fiber. Since there are no edges out of; etieh
“first” state is the only one which will include them, this state will never be entered again
on a reverse matching. Thus if we see the automaton as partitioning the fibers, the first
set®d; will include only {e}. Then, we work “backwards” from each deterministic state,
finding all states that could reach it by traversing a particular field (or dotted field). New
states are added, and we continue the process. The result is similar to that of the standard
set-of-subsets construction except that we ensure that each deterministic state matches only
normal or only reverse fibers. Furthermore, we avoid reuse of deterministic states (even
when the sets of original automaton states are the same) except when a set of states is
reachable from itself. The resulting deterministic automaton is far from optimally small,
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FiG. 14. Reverse FSA for the clean fiber partition.

but finer distinctions avoid spurious circularities in the fibered attribute grammars. In any
case, the new automaton is determinigticeverseand thus extending a fiber at the front

is guaranteed to go to only one other state, satisfying the third condition for “clean for
fibering.”

Now a fiber is in®#(x) if and only if both gy anddx are in the state reached when
executing the reverse of the fiber in the reverse automaton. Thus the relevant fibers for
x will be defined by a subset of the partition. This permits relevancy and the partition
to be represented compactly. For example, Figure 14 gives the reverse automaton for the
example in Figure 2. In the fiber approximation, each attribute can have theoretically up
to 25 fibers (including the base fiber). However, most have far fewer: for example, the
scope attribute ofdecl anddecls has®* = {0,6,9,12} and thescope attribute of
stmt andstmts has®* = {0,5,7,10,11,14,15,22 23}. Only the localcontour has
more: ®* = {0,5-24}.

One might notice that there are no fibers for the global colleatisgs, which as ex-
plained earlier, is implemented as a (collection) field on a special object passed down from
the root. Since there are no uses of this collection, the collection assignments can be
assigned as late as the scheduler desires, and thus there is no need to add a scheduling
constraint

Because we avoid sharing in the generation of the deterministic automaton, its shape
depends very little on the actual way analysis is performed. The only major contribution
is determining when a cycle must be introduced. We experimented with other techniques
to produce a smaller deterministic automaton. Folding together two sets of the same states
worked fine with the simple example here, but in our larger example (see Section 6.3) it led
to spurious circularity. Any attempt to minimize the deterministic automaton must address
the fact that it may cause such a problem, which may be difficult for an attribute gram-
mar writer to comprehend, let alone fix. At best, one can provide a way for the writer to
“crank up” the size of the automaton subject to practical constraints, such as virtual mem-

8In our tool, however, we force the fibers to appear through the introduction of a “fake” use. This permits the
scheduler to assume the existence of the fiber when scheduling collection writes.
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ory needed to perform the analysis of the fiber approximation attribute grammar. Avoiding
this dilemma entirely is impossible given the undecidability of circularity of remote at-
tribute grammars.

In any case, in our limited experience (described in the following section), we have found
the large deterministic automata practical. More experience is needed to see if additional
heuristics are needed and how they can be communicated to the analysis.

6. Implementation and Experiences

It is beyond the scope of this article to describe the implementation in great detail. The
reader is referred to an earlier paper [Boyland 2002], which describes in detail how remote
attribute grammars are implemented, both for batch and incremental evaluation. Rather,
this section will broadly sketch how implementation is carried out; in particular how the
theory and analysis of the preceding sections are realized, starting with scheduling and
then moving to code generation. It also describes some experiences defining and using the
implementation.

6.1. SCHEDULING. The scheduling of a remote attribute grammar is the realization
of the analysis described in the previous sections. As such, most of the details have al-
ready been explored. Here we merely give a broad-brush description of the scheduling as
implemented in our prototype tool.

The attribute grammar is represented in APS, a polymorphically-typed side-effect-free
language with built-in support for tree nodes, matching and attributes [Boyland 1996b].
Before schedulingper setakes place, the attribute grammar undergoes binding and type
inference, and is rejected if type or binding errors are found. The tool determines the
attributes for each nonterminal (“phylum” in APS terminology, borrowing from earlier
work [Borras et al. 1988; Reps and Teitelbaum 1989; Maddox 1997]) and rules for each
production (“constructor”). It also determines the set of fields. Since the tool implements
conditional attribute grammars [Boyland 1996a] as well, the tool also determines the num-
ber of conditionals (botlf andcase statements generate conditionals) to be used to
mark dependency edges.

We next apply the first stage of the fiber analysis using a routine that does least fixed-
point analysis o8 andB* sets stored on the “fibered declarations” (attributes, locals,
objects, formal parameters and return values). Every expression is analyzed by “passing”
it a B* set, which “produces” aB* set. We connect the rules for field reads and writes so
that we do not need to stoBé sets on field reads:

v = w. f.
¢ .
LT
B'w) O {(f,v)}
w. f 3 wv.

B'(w) 2 {(f,v)}.

In our implementation, th&* sets are sets of field read expression nodes and field write
rule nodes.
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Next we form the automata as described in Figure 13 and construct the deterministic
backwards finite-state automaton to achieve a partition of all the fibers. We also record
which fibers (or rather fiber partitions) are relevant for which attributes. We then form
the (classical) dependency graph for the relevant fiber approximation with additional edge
markings: all dependencies are marked with their conditionality (under what combination
of condition values the dependency exists) and whether the edge is solely between nonbase
fibers. We then perform a DNC closure test while preserving the edge markings on indirect
dependencies. Conditionality is removed when an edge is copied into the summary graph
for a nonterminal. If any cycles are determined that are not solely among nonbase fiber
attributes, the remote attribute grammar is rejected.

If cycles remain, we use union-find to find all strongly-connected regions of fibered
attributes. For every nonterminal whose fibered attributes take part in the cycle, we cre-
ate two new attributes, an “up” attribute and a “down” attribute. These attributes (and
two new locals at the “top” of the cycle) are used to break the cycle: all elements of the
strongly-connected region are removed; all dependencies into the strongly-connected re
gion are moved to the “up” attribute of the left-hand-side nonterminal (or local); and all
dependencies out of the strongly-connected region are moved to come from the “down”
attribute of the left-hand-side nonterminal (or local)The resulting dependency graphs
are resubmitted to the DNC test, which should now complete successfully.

Next, the dependency graphs are submitted to the OAG test to find a schedule ordering.
If none is found, the remote attribute grammar is rejected. Such a “type-3 circularity” can
be difficult for the user to know what to do with. In our experience, they occur when our
tool is presented with an incomplete remote attribute grammar. (It may also be appropriate
to perform the full NP-complete search for an order, although this is made less practical
because of the large number of attributes after fibering.) Once the order is found, a condi-
tional total order of the attribute instances in each production is found and this is used as
the basis of code generation.

The first stage of the fiber analysis is a minor variant on “dynamic transitive closure” and
thus can be solved in cubic time. The (reverse) deterministic FSA is however exponential
in the worst-case. Thus the number of attributes scheduled by the classical scheduler can
be exponential in the number of fields.

6.2. CODE GENERATION One advantage of a static schedule is that evaluation takes
place in linear time. Since the scheduler has assured that the rules will be executed in a
legal order, it is not necessary to test this property at run-time (a worst-time cubic analysis).

Our prototype tool uses a simple visit-sequence evaluation with attributes stored on
nodes. The total conditional order is implemented in a number of “visits” for each pro-
duction. The incremental model used is a fairly standard multiple-edit-site model, which
marks the spine from every change site to the root to enable relatively cheap coordination.

The definition of circularity for a remote attribute grammar only concerns the relative
ordering of the original rules. The rules generated by the fibers are irrelevant. Thus the
fiber attributes become merely “control attributes,” which carry no value and only constrain
the scheduling. Once scheduling is done, they can be ignored. Thus at this point, we need
only be concerned with implementing the original rules.

The normal attribution rules show up in the relevant fiber approximation dependency

"This idea comes from Maddox [1997].
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graph at the point where the left-hand-side is scheduled. The same is true for a field read.
Field writes, however, do not define any regular attribute, only a field. Thus in the schedule,
afieldwritew. f I vislocated at the pointin the conditional total order where the fibered
attributew$® (whered > f) is scheduled®

Objects are treated as special local attributes initialized at their schedule point to a newly
allocated object. In our prototype, objects are indeed locals initialized to the results of a
constructor call. Objects are treated the same way as tree nodes: their fields are imple-
mented as attributes (and indeed in our prototype, as declared as APS attributes).

In APS, a field may only be written remotely if it is declared as a “collection” and
provides the combination function. The other fields may only be assigned at the place
where the object is created. Thus when we come up to the point in a schedule where we
need to schedule thifiber for a fibered declaration, we find all writes in the current rule
that contribute to this fiber, and generate code for them at this point. A noncollection field
will have at most one write, and thus a write can be implemented as simply storing the
value of the field. A partial write is implemented in the batch system by simply updating
the field. In the incremental system, a partial write adds itself to a balanced tree of partial
writes for the field of that object. A field read is implemented by simply reading the value
of the field. In the incremental system, the read is recorded by including its production
instance in a list of “users.”

In the incremental system, writes must be retractable. A noncollection write is retracted
by reverting to the default value. A collection write is retracted by removing it from the
balanced tree of writes. When a write is added or retracted, the object’'s production is
marked as an edit site forcing incremental evaluation to visit this production. Upon the
visit, if the field has changed value, all the users’ nodes are marked as edit sites, so they
can be visited as well. The details are described in an earlier paper [Boyland 2002].

6.3. EXPERIENCES Our limited experience includes working with the example in
Fig. 2 (and variants) and also a larger example: a static semantics for a simple object-
oriented language “Cool” (a dialect of Aiken's Cool [Aiken 1996]) with classes, fields,
methods, overriding, local variables, and a few simple expressions. As Java, Cool does
not require definition before use, and thus particular care must be used to detect cyclic
inheritance so that the type-checker does not get into an infinite loop.

The abstract CFG has thirty productions plus five list nonterminals (each with three
productions) for a total of forty-five productions. The remote attribute grammar has sixteen
attributes, twelve fields, and two global collections (the class table, and the error messages).
The remote attribute grammar is roughly seven times bigger overall than the one in Fig. 2.

When the Cool remote attribute grammar is analyzed, we end up with a partition of 144
fibers, of which no attribute has more than 65 fibers. Two of the production dependency
graphs (the ones for class and method declarations) end up with more than 350 nodes. Eight
strongly-connected cycles of fiber attributes are found and cut. The resulting schedule
generates six visits for the top node of the program:

(1) Each class is added to the class table.

(2) Each class gets the parent class field set.

8This technique requires, of course, that the fibered attribute exist, thus demonstrating the reason why our analysis
implementation generates “fake” uses for each field.
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(3) An artificial pass that ensures that one can follow the parent class field arbitrarily many
times.

(4) Each class has a field set determining whether it is involved with cyclic inheritance.
Also the list of “attributes” (fields) of the class is determined.

(5) An artificial pass ensuring that cyclic inheritance check is done for all classes.
(6) All the errors are generated.

Two of the passes are artificial and are caused only by the way we break cycles between
fibers. To avoid the inefficiency, one could either remove them in a post-pass or investigate
how to cut cycles without forcing a pass. Most nonterminals have far fewer visits: The
“features” of the class are traversed only twice, and the bodies of methods visited only
once. The resulting generated Java batch implementation consists of about 12,000 “words”
in about 2500 lines of code, compared to the handwritten C++ semantic analyzer which is
also approximately 2500 lines long (albeit including comments).

In summary, most of the implementation details are outside of the scope of this article,
but a broad overview gives one a sense of the practicality of the theory described here.
In particular we have shown that these techniques can be used to analyze a medium-size
“semantic analyzer” for a small, but nontoy language. Indirectly, this also shows some
practical implementation results for conditional attribute grammars. We find that while
greatly increasing the number of attributes, “fibers” still permit realistic scheduling with
the great benefit that the attribute grammar writer can work at a higher level.

7. Related Work

LIGA [Kastens 1991], part of the Eli compiler construction system [Gray et al. 1992], has

a notation that can reduce the number of copy rules. IRIBLUDING construct allows a

rule to refer to the closest ancestor node that has a certain attribute defined; the correspond-
ing CONSTITUENTS onstruct allows a rule to refer to attributes of descendants. These
features are somewhat orthogonal to remote attribution because they avoid copy rules be-
tween statically determined nodes, whereas remote attribution allows direct dependencies
between nodes found during attribution.

LIGA also supports control attributes allowing an attribute grammar to make use of, say,
an imperative interface to a symbol table. Control attributes represent preconditions and
postconditions for scheduling imperative actions, such as inserting an element in a symbol
table [Kastens and Waite 1994]. However, these control attributes must be written into the
attribute grammar by the compiler writer, and omitting a control attrilpudglead to an
incorrect schedule. For example, an identifier may be looked up in a symbol table before
all the declarations have been inserted. Using control attributes to schedule imperative
actions only defines a safe evaluation order, it does not define when a value (such as a
symbol table) is “complete.” This property makes such an attribute grammar difficult to
incrementalize.

The Ag attribute grammar implementation tool in the Cocktail toolkit permits remote
access to attributes (remote reads) [Grosch 1990]. If static scheduling is used, the at-
tribute grammar writer must ensure (using artificial dependencies, if necessary) that such
attributes are evaluated before they are used. In other words, remote access is not statically
scheduled.

Johnson [Johnson 1983; Johnson and Fischer 1985] defines “nonlocal attribute gram-
mars” with similar features to remote attribute grammars. Johnson also describes an algo-
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rithm for producing a classical (local) attribute grammar from a nonlocal one with user-
written annotations. The algorithm includes the same intuition as “fibering,” the introduc-
tion of attributes that flow along the tree path between remotely connected nodes. Since
the nonlocal dependencies are established inside opaque semantic functions, the construc-
tion requires the annotation of attributes that carry the information. The example nonlocal
attribute grammar for both the dissertation and the later POPL paper establishes a one-to-
one connection between declarations and uses, in effect requiring every variable of a block
to be mentioned exactly once in the body of the block. This property permits the theory
to be symmetric with respect to the definition and the use, but in realistic programming
languages, definitions are associated with zero or more uses. The dissertation mentions
this possibility, but does not specify how the theory should handle this case. In particular,
the problem of multiple nonlocal definitions of an attribute is never addressed, although it
appears that some form of a “collection” concept would suffice. Any nontrivial use of col-
lections would, however, immediately run into the problem of “node-wise circularity” and
then Johnson and Fischer’s optimal scheduling algorithms would no longer be applicable.

Composable attribute grammars [Farrow et al. 1992] and their extension, composable
tree attributions [Boyland and Graham 1994] have a feature roughly equivalent to remote
attribute use. In these systems it is possible to construct new nodes and pass them through
the attribute system, possibly fetching attribute values. If this feature is used to do more
than simply package attribute values, however, the attribute grammar, in the terminology
of composable attribute grammars, is “nonseparable.” The published references of these
two systems require descriptional composition for implementation. The idea of fiber ap-
proximation of this article was based on an incompletely described analysis by Farrow for
handling these situations [Farrow 1990].

Vorthmann [1990] uses dynamic scheduling for all attributes in a tree with pre-existing
Declaration-Reference (DR) threads, which permit attributes to flow from the declaration
to the reference. There is no equivalent to remote field writes. Poetzsch-Heffter [1997] de-
scribes the MAX prototyping system based on evolving algebras, with affinities to attribute
grammars. Attributes are simply functions and can have syntax-tree nodes as their values;
thus one may ask for the attribute of a node computed using another attribute (equivalent to
remote attribute reads). The paper does not attempt to check circularity of a specification
statically in cases where it uses features beyond classical attribute grammars.

Higher-order attribute grammars [Vogt et al. 1989; Swierstra and Vogt 1991; Saraiva
1999] provide power incomparable with remote attribute grammars: rules may build struc-
tured data, but the resulting structure depends on every part of that structure. The struc-
tures do not have identity and thus remote attribution is impossible. On the other hand, a
computed tree may be rooted in an existing tree and inherited attributes may be provided.
Higher-order attribution is particularly useful when modeling translation.

Colander 2 [Maddox 1997] provides the ability to create objects in an attribute grammar-
like formalism. An object reference depends on the values of all its fields but cyclic de-
pendencies that arise from the creation of cyclic structure are removed in the same way
that cyclic dependencies between fiber approximations are removed, by forcing the evalu-
ation to take two passes. In fact the cycle breaking described in this article was borrowed
from Maddox. Automatic cycle breaking avoids the need for loopholes such as in the
Elegant system [Augusteijn 1990]. Unlike higher-order attribute grammars, objects may
not be rooted and attributed in the tree, but a similar effect is available through the use of
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function-valued fields or “methods.” This extension would be attractive for remote attribute
grammars as well.

Hedin [1994] defines an extension called door attribute grammars. Like Johnson and
Fischer, she is interested in making incremental re-evaluation of attribute grammars more
efficient. In the extension, remote attribute use is restricted to special tree annotations
called “door objects.” There is no automatic analysis of remote dependencies, rather “visit
procedures” for door objects must be written by hand. In door attribute grammars, a col-
lection may be transmitted to multiple locations in the tree where objects may be inserted
into it. This feature comes close to remote field writes in power. Again, manual decisions
are needed to ensure correct implementation.

Hedin’s later work in “reference attributed grammars” [Hedin 2000] are like our remote
attribute grammars, except for collections (remote writes). Reference attributed grammars
are implemented automatically, using demand scheduling. Currently there is no incremen-
tal evaluation.

Recently, two groups (Magnusson and Hedin [2003] as well as Sasaki and
Sassa [2003]) have independently published techniques for evaluating “circular remote/reference
attribute grammars” (CRAGS). In both cases, circular dependencies are resolved by re-
peated evaluation to a least fixed-point. In earlier work [Boyland 1996b] we briefly de-
scribed a working implementation of CRAGs using demand-driven evaluation and caching
of completely evaluated attributes. Magnusson and Hedin use a similar technique and de-
scribe how iteration can be avoided when a potential cycle does not occur. Sasaki and
Sassa use mostly static scheduling and assume the remote links are in place before evalu-
ation starts, like Vorthmann but unlike our work and that of Magnusson and Hedin. None
of these proposals handle circular remote collection attributes. Such attributes were imple-
mented in our earlier work but required trusted annotations to be practical.

8. Conclusion

This article presents a formal definition of “remote attribute grammars,” in which depen-
dencies between far-flung portions of a tree may be meditated through fields of objects
rather than through the least common ancestor node. If objects may be read from other
objects, we find that statically determining circularity is undecidable. However, a family
of classes of definitely noncircular remote attribute grammars is defined using approxima-
tions of the dependencies. These techniques may be used to schedule practical examples.
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