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Abstract

transformations may be easily specified, for instance using XQuery [25] or XSLT [26]. The corresponding query
engines typically operate on in-memory tree representations of the complete input document. Consequently, they
cannot scale to XML streams.
Lately, approaches have been developed to adapt existing XSLT and XQuery query engines to assumption (1)
by reducing main memory consumption. State-of-theart techniques produce incremental output [4], perform a
projection on the input before loading it into main memory [19], and even evaluate parts of the query in an eventbased approach [15, 16]. In contrast, the scripting language STX [11] has been specifically tailored to the transformation of XML streams.
However, the tools mentioned above do not employ
schema information, as available by assumption (3), in
order to assist users in specifying transformations. There
are various schema languages for XML, among the most
widely known are XML Schema and DTDs. The latter
are a dialect of extended regular tree grammars, which are
well-suited for specifying attribute grammars.
Attribute grammars [1] are widely agreed to carry
a strong intuition for specifying syntax-directed translations: The programmer takes a grammar describing the
input and inserts attribution functions inside the grammar
productions. Parser generators automatically translate attribute grammars into the complete code for processing
the input. After compilation, the program executes the attribution functions while the input is being parsed.
Thus, attribute grammars allow users to specify many
transformations conveniently, as users merely need to “fill
in the blanks” instead of having to program transformations from scratch. Further, attribute grammars make
users aware of the structure of the input, which may reveal
possibilities for optimization. This is especially interesting in stream processing, where it is crucial that transformations can be evaluated efficiently w.r.t. main memory
and CPU consumption.
This paper proposes a full-scale framework – called
TransformX – for XML transformations based on attribute
grammars and introduces the TransformX parser generator which automatically translates attributed extended
regular tree grammars to Java code. The output of a
TransformX attribute grammar need not be XML. Rather,
TransformX attribute grammars may be regarded as a

We discuss the TransformX framework for
syntax-directed transformations of XML streams.
In this framework, we define stream transformations as a special form of attributed extended regular tree grammars where all attributes can be evaluated in a single pass over the input, a necessity in
stream processing. In the tradition of tools such as
Yacc, the TransformX parser generator translates
attribute grammars to Java source code, which is
then compiled and evaluated. We motivate our approach in developing this tool, present the theoretical foundations, and study the complexity of
program generation. We further provide details
on our prototype implementation and first experimental results.

1

Introduction

In the database community, the efficient processing of
XML streams has been identified as a nontrivial research
challenge. In this context, we make the following three
assumptions:
1. XML streams are XML documents of possibly infinite length.
2. Applications for XML stream processing need to be
completely main-memory based.
3. Schema information is provided with the data
stream.
Applications for XML stream processing need to deal
with assumptions (1) and (2), and ideally exploit the fact
that a schema description is available according to assumption (3).
Recently, a lot of attention has been devoted to the
efficient evaluation of Boolean or node-selecting queries
on XML streams [3, 10, 12, 13]. Yet so far, there are
not many frameworks which allow for transformations
of XML streams, and even fewer that follow a syntaxdirected approach.
Setting aside the first assumption, i.e., for XML documents small enough to fit into main memory, powerful
∗ This research has been partly funded by the Austrian Federal Ministry for Education, Science, and Culture, and the European Social Fund
(ESF) under grant 31.963/46-VII/9/2002.
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comprehensive programming language for XML streams,
with all the capabilities of Java: Users may introduce variables, strings, and arrays, and use their own data structures
and methods. This allows for a wide range of applications,
from filtering and transformation tasks to interaction with
databases (e.g., using JDBC), where we may store parts
of the stream in databases or enrich the stream by joining
streaming and persistent data.
For the examples shown in this paper and based
on our own experience, application development with
TransformX attribute grammars becomes a convenient
task and is often preferable to writing programs directly
from scratch, as the following example demonstrates.

%class Example1
%echo TXWriter output = new TXWriter(System.out);
%echo TXBuffer buffer = new TXBuffer();

Example 1 Consider the extended regular tree grammar
G = (Nt, T, P, bib) defining an XML bibliography. G has
nonterminals Nt, grammar start symbol bib, terminals T ,
and productions P defined as follows:
Nt = {bib, pub, year, title, author}
T = {bib, book, article, year, title, author, PCDATA}

P : bib ::= bib pub∗

pub ::= book year.title.author.author∗

pub ::= article year.title.author.author∗

year ::= year PCDATA

title ::= title PCDATA

author ::= author PCDATA

::=

pub

::=

pub

::=

{ output.write(“hbooksi”); } bib pub∗
{ output.write(“h/booksi”); }
{ output.write(“hbooki”);
output.write(“hidi”+ i++ +“h/idi”); }
book ({ buffer.write($this); } year).
({ output.write($this); } title).
({ output.write(buffer); buffer.clear();

output.write($this); } author.author∗ )
{ output.write(“h/booki”); }

article year.title.author.author∗

year

::=

year PCDATA

title

::=

title PCDATA

author

::=

author PCDATA








%%
int i = 0;

Figure 1: TransformX attribute grammar of Example 1.
c) The class member section provides room for auxiliary attributes and methods which can then be accessed inside attribution functions. In our example,
we declare an integer-counter “i”.
This simple example shows how the underlying grammar
conveniently provides us with context information, e.g. as
to which titles are part of books and which are part of articles. If the same transformation were programmed using a
SAX parser, the code would be scattered with corresponding case distinctions.
Also, the grammar component may reveal potential for
optimization. In this example, it becomes apparent that
titles can be written directly to the output without being
buffered first.


From an XML stream conforming to this grammar, we
want to derive a transformed stream consisting of root
node “books”, followed by all the book subelements.
Each book is given a numerical identifier “id” as its first
child node, and the order of title and year are reversed.
Using a TransformX attribute grammar, we specify which parts of the document are to be transformed
by adding attribution functions to productions: In the
tradition of parser generators such as Yacc [18], the
TransformX attribute grammar in Figure 1 consists of
three sections separated by “%%”:
a) In the definition section, we state the name of the
generated Java class. Further, we declare an output
stream ”output” and a string-buffer ”buffer”. Stringbuffers may be written to, their contents copied to the
output, or cleared1 .

The source code produced by the TransformX parser
generator can then be compiled and executed. The resulting program will validate the input against the grammar component and evaluate the corresponding attribution
functions while the input is being parsed. Thus, writing
applications for XML stream processing with TransformX
attribute grammars is mainly facilitated by “filling in” the
blanks in a grammar, while the remaining parts of the program are generated automatically.

b) The rules section contains the attributed grammar
productions with attribution functions enclosed in
curly braces. Here, we specify that the XML start
and end tags of the root node are renamed to “books”.

Contributions
the following.

Upon seeing a book, the corresponding start and end
tags are output and the numerical identifier is inserted. The year is buffered, yet the title is output
directly. The buffered year is output before the authors, thus reversing the order of title and year.
1 We

%%
bib

The contributions of this paper are

• We formally define TransformX attribute grammars.
• We discuss how users can specify Java-based
TransformX attribute grammars, how they may copy
subtrees directly from the input to the output, handle

provide more details on these classes in Section 4.2.
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main memory buffers, and add their own data structures in practice.

then translated to equivalent event-based applications using program composition techniques. The altSAX grammar component consists of four generic productions for
parsing XML in binary-tree notation. In particular, there
is a single production for all labeled nodes. If nodes with
different labels are to be processed differently, users need
to program case distinctions inside attribution functions.
In contrast, the attribute grammars in our work and in [14]
are based on extended regular tree grammars which provide more context information. At the very least, there is
at least one production for each different node label.
Once a TransformX attribute grammar has been specified, the TransformX parser generator is responsible for
its translation into correct Java code. In certain aspects,
this is similar to existing parser generators for word languages [1] (as opposed to regular tree languages): The
look and feel resembles that of the well-known compiler
tool Yacc [18], while the processing model is related to
that of LL(1) parser generators which perform a single
pass over the input and do not construct a parse tree in
main memory.

• We introduce the TransformX parser generator and
study the time complexity of translating TransformX
attribute grammars to Java code.
• We present a prototype implementation and show
first experiments with our framework.
Structure In the following section, we give a brief
overview over the related work. In Section 3, we present
the necessary theoretical background in language theory.
The TransformX attribute grammars are introduced in
Section 4, while their translation to Java source code by
the TransformX program generator is studied in Section 5.
In Section 6, we discuss our prototype implementation
and experiments with it. We conclude with a summary
and suggestions on how we might optimize the evaluation
of TransformX attribute grammars in future work.

2

Related Work

3 Preliminaries

To our knowledge, the scripting language STX [11] is the
most related tool for XML stream processing. STX employs a processing model where stylesheets are evaluated
in a single pass over the input, and allows for the specification of powerful transformations of XML streams. While
the syntax of STX resembles XSLT, TransformX attribute
grammars specify syntax-directed transformations.
Attribute grammars have recently been revisited in the
context of XML, for instance for grammar-directed XML
publishing [5, 6]. Some of the theory of attribute grammars relevant in the context of structured documents has
been studied in [14, 20–22]. In [20], regular languages
are used as conditions for attribute assignment. This approach seems to be hard to use in practice and infeasible
on streams, as an unbounded number of nodes which have
already passed may have to be kept in memory.
In contrast, the XML Stream Attribute Grammars
(XSAGs) [14] define strictly linear-time one-pass XML
transformations. XSAGs are as expressive as deterministic pushdown transducers with a natural stack discipline
that assures that the size of the stack remains strictly
proportional to the depth of the XML input document,
and which can only accept well-formed XML documents.
TransformX attribute grammars also only accept wellformed XML documents. Yet here, the attribution functions are encoded in a Turing-complete programming
language, allowing for more powerful transformations.
Consequently, TransformX attribute grammars cannot be
guaranteed to scale to streams. Apart from the difference in expressiveness, TransformX attribute grammars
are also more flexible w.r.t. where attribution functions
can be specified in the grammar component (see Remark 1
in Section 4).
In the altSAX framework [22], tree transformations are
specified as non-circular attribute grammars, which are

We assume that regular expressions are constructed from
a set of atomic symbols using the concatenation operator,
union operator, and the Kleene star, denoted ., ∪, and ∗ .
Regular Tree Grammars For the standard meaning
of grammars and their derivations, we refer to [2] for basic
and to [17] for extended grammars.
Definition 1 (ERTG) Let Tag be a set of node labels
(“tags”) and let Char be a set of characters distinct from
the tags. An extended regular tree grammar is a grammar
G = (Nt, T, P, s) where
1. Nt is a set of nonterminals,
2. T = Tag ∪ Char is a set of terminals,
3. P is a set of productions nt ::= t(ρ) where nt ∈
Nt, t ∈ T , ρ is either ǫ or a regular expression over
alphabet Nt, and if t ∈ Char, then ρ = ǫ, and
4. s ∈ Nt is the grammar start symbol.

ERTGs are a convenient way to specify a class of unranked labeled trees. Thus, they present a natural grammar mechanism for XML documents without attributes2 .
We introduce a syntactic macro PCDATA to describe
character content of leaf nodes: Let Char = {c1 , . . . , cn }.
As a shortcut, we define the regular expression macro
PCDATA := (ĉ1 ∪ · · · ∪ ĉn )∗ using new nonterminals
ĉ1 , . . . , ĉn and productions ĉi ::= ci (ǫ) for each 1 ≤ i ≤
n. PCDATA can be used just like a terminal on the righthand sides of grammar productions. For sake of syntactic
simplicity and brevity, we will consider PCDATA as a terminal as we already did in Example 1.
2 Our data model of XML without attributes does not restrict the applicability of our work, since the attributes of a node can be modeled as
special children which precede all other children.
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Definition 2 An XML document is well-formed iff it conforms to an ERTG G = (Nt, T, P, s) where for all productions s ::= t(ρ), t ∈ Tag.


book
year

A well-formed document contains at least one element
(the root element) and has XML start and end tags properly nested within each other. Furthermore, the first symbol in the document must be the start tag of the root
node. An XML document is malformed if it is not wellformed. The process of checking whether a document is
well-formed w.r.t a specific ERTG is called validation.
Given a nonterminal nt, let θ(nt) denote the set of
terminals t such that the grammar contains a production
nt ::= t(ρnt,t ). Given a regular expression ρ, let τ (ρ) denote the regular expression in which eachSnonterminal nt
in ρ is replaced by the union of terminals θ(nt).

author

author

author

Figure 2: Document tree of Example 7.
want to buffer) when parsing the input. Thus, we will assume the stronger notion of one-unambiguity for regular
expressions τ (ρ) in the definition of TDLL(1) grammars.
That is, we will require that τ (ρ) can be unambiguously
parsed with just one symbol of lookahead.
One-Unambiguity and TDLL(1). By a marking of
a regular expression ρ over alphabet Σ we denote a regular
expression ρ′ such that each occurrence of an atomic symbol in ρ is replaced by the symbol with its position among
the atomic symbols of ρ added as subscript. The reverse
of a marking (indicated by #) is obtained by dropping the
subscripts.

Example 2 Consider the ERTG from Example 1. For
regular expression ρ = pub∗ from the right-hand side of
the bib-production, τ (ρ) = (book ∪ article)∗ .

Each extended regular tree grammar can be alternatively considered as an extended context-free word
grammar (CFG), which is obtained by simply rewriting
each tag(ρ) on the right-hand side of a production into
htagiρh/tagi. Deterministic context-free languages are
precisely those recognizable by the deterministic pushdown automata (DPDA, see e.g. [2]). DPDAs run comfortably on streams requiring only a stack of memory
bounded by the depth of the input tree. Using automata,
we can thus scalably recognize the deterministic contextfree languages.
The problem of processing an (extended) attribute
grammar on a document requires an additional, different restriction on the grammar besides determinism to allow for deterministic computation: We need to unambiguously refer to the atomic symbols in the regular expressions to be able to access or assign attributes. In attribute
grammars, a straightforward solution [20] is to require for
right-hand side regular expressions ρ that τ (ρ) is unambiguous [7].

Definition 3 ( [9]) Let ρ be a regular expression, ρ′ its
marking, and Σ′ the marked alphabet used by ρ′ . Then
ρ is called one-ambiguous iff there are words u, v, w over
Σ′ and symbols x, y ∈ Σ′ such that uxv, uyw ∈ L(ρ′ ),
x 6= y, and x# = y # . A regular expression is called
one-unambiguous if it is not one-ambiguous.

Example 4 Consider the regular expression ρ = a∗ .a
and its marking ρ′ = a∗1 .a2 . Let u = a1 , x = a2 ,
v = ǫ, y = a1 , and w = a2 . Clearly, uxv = a1 .a2
and uyw = a1 .a1 .a2 are both words of L(ρ′ ), thus ρ is
one-ambiguous. On the other hand, the equivalent regular
expression a.a∗ is one-unambiguous.

Definition 4 ( [17]) A TDLL(1) grammar is an extended
regular tree grammar where τ (s) is unambiguous and in
which for each regular expression ρ on the right-hand side
of a production, τ (ρ) is one-unambiguous.

Example 5 The grammar discussed in Example 1 is a
TDLL(1) grammar. Since the grammar of Example 3 contains a regular expression ρ such that τ (ρ) is not even unambiguous, that grammar is not TDLL(1).


Example 3 Consider a grammar with productions
bib
book1
book2

title

::= bib((book1 ∪ book2 )∗ )
::= book(ǫ)
::= book(ǫ)

Example 6 DTDs are TDLL(1) grammars [14, 17].



For TDLL(1) grammars, the parse trees are simply the
usual document trees associated with XML documents.

The regular expression (book1 ∪ book2 )∗ is unambiguous, but τ ((book1 ∪ book2 )∗ ) = (book ∪ book)∗ is
not. Therefore, when processing the tags of the children of the bib node, we cannot determine which of the
two book-productions (with their possibly different attributions when we consider attribute grammars) are to be
applied.


Example 7 The ERTG G from Example 1 is a TDLL(1)
grammar. Thus, the XML document
hbibi
hbooki hyear/ihtitle/ihauthor/ihauthor/ihauthor/i h/booki
h/bibi

On streams, we cannot look ahead beyond a nonterminal (which may stand for a large subtree that we do not

parses into the tree depicted in Figure 2.
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14 author

16 author

bol x ∈ Σ such that uαxv, uβxw ∈ L(ρ[] ) or uα, uβ ∈
L(ρ[] ).

Example 8 Consider the regular expression ρ = (a∗ )∗
with bracketing ρ[] = [1 .([2 .([3 .a.]3 )∗ .]2 )∗ .]1 derived
from the parse tree in Figure 4(b).
ρ is one-unambiguous, but not strongly oneunambiguous: For the word aa ∈ L(ρ), there are
bracketings [1 .[2 .[3 .a.]3 .[3 .a.]3 .]2 .]1
∈ L(ρ[] ) and
[]
[1 .[2 .[3 .a.]3 .]2 .[2 .[3 .a.]3 .]2 .]1 ∈ L(ρ ), so u = [1 .[2 .[3 .a,
α =]3 .[3 , β =]3 .]2 .[2 .[3 , x = a, and v = w =]3 .]2 .]1 . 
While DTDs are only required to have oneunambiguous content models [8] (i.e., right-hand side regular expressions in productions), we believe that most
practical DTDs only use strongly one-unambiguous regular expressions in their productions [14].
If a production in a TDLL(1) grammar has a strongly
one-unambiguous regular expression ρ on its right-hand
side, we may incorporate the parse trees for words in
L(ρ) in the document parse tree, as they may also be constructed online. We refer to such parse trees as extended
parse trees and introduce the following notation: Let
G = (Nt, T, P, s) be a TDLL(1) grammar. Let P ′ ⊆ P be
a set of productions with strongly one-unambiguous regular expressions on their right-hand sides and let T be an input document. Then PG (T, P ′ ) is an extended parse tree
for T which incorporates the parse trees for sibling nodes
that are words in those regular languages L(ρ) where ρ is
a right-hand side regular expression in a production in P ′ .
Obviously, for P ′ = ∅, PG (T, P ′ ) = T .
Example 9 Consider the ERTG G from Example 1
and the input document T from Example 7. Let
pbook denote the book-production. The extended parse
tree PG (T, {pbook }) is shown in Figure 5, where
nodes associated with nonterminals are set in italics. Here, we assume that the operation “.” associates to the right and that the
 production “pub ::=
article year.title.author.author∗ ” of G is thus equivalent

to “pub ::= article year.(title.(author.(author∗ ))) ”. 

1∗

3a

15 author

Figure 5: Extended parse tree of Example 9.

Definition 5 ( [14]) Let ρ be a regular expression and let
ρ[] be its bracketing. A regular expression ρ is called
strongly one-unambiguous iff there do not exist words
u, v, w over Σ ∪ Γ, words α 6= β over Γ, and a sym2∗

13 author
11 author

Strong One-Unambiguity TDLL(1) grammars allow us to use attributed extended regular tree grammars
on XML streams. However, as we show in the following section, the ability to use attribution functions inside
the regular expressions on the right-hand sides of productions will allow us to write many practical queries in a
much more user-friendly fashion. As a prerequisite, we
require for a right-hand side regular expression ρ that τ (ρ)
is strongly one-unambiguous.
Let us briefly motivate this notion. Regular expressions
provide a natural and intuitive way of assigning parse trees
to words (see [14] for a formal definition). Specifying
attribution functions inside a regular expression ρ corresponds to assigning attribution functions to the nodes in
the parse trees for words in L(ρ). In the setting of XML
streams, this requires that all such parse trees can be unambiguously constructed with a lookahead of one token.
For instance, consider the parse trees for words
a, aa, aaa ∈ L(a.a∗ ) in Figure 3(a). These parse trees
are unique, yet the parse tree for aa ∈ L (a∗ )∗ , as
shown in Figure 3(b), is not. While both regular expressions are one-unambiguous, a.a∗ is also strongly oneunambiguous. Let us now give a formal definition.
Intuitively, by a bracketing of a regular expression ρ,
we refer to a labeling of the nodes in the parse tree of ρ
using distinct indexes. We realize this by assigning the
indexes in a depth-first left-to-right traversal of the parse
tree. See Figure 4 for two examples. The bracketing ρ[]
is then obtained by inductively mapping each subexpression π of ρ with index i to [i .π.]i . Thus, a bracketing
is a regular expression over the alphabet Σ ∪ Γ, where
Γ = {[i , ]i | i ∈ {1, 2, 3, . . . }}. We assume that Σ and Γ
are disjoint.

4∗

12 ∗

10 author

Figure 3: Parse trees for words in regular languages.

2∗

9·

7 title

8 title


(b) aa ∈ L (a∗ )∗ .

1∪

6·

4 year

∗

∗

(b) (a∗ )∗ .

Figure 4: Parse trees of regular expressions.
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Tag ∪ Char, and productions in P where each production
is of one of the four forms

Notation for Classes and Types We assume the
usual notions of classes, objects, and types, and further attributes and methods in object-oriented programming languages. In particular, we introduce the following notation.
Let C be a set of class names and let att be a set of
names for attributes. A special constant nil represents the
undefined value. If τ1 , . . . , τn are types and A1 , . . . , An
distinct attribute names, then [A1 : τ1 , . . . , An : τn ] is a
(tuple) type.
We assume an infinite set meth of method names. A
method consists of a name, a signature, and an implementation (also called body). For a method name m, a signature of m is an expression of the form m : c × τ1 × · · · ×
τn−1 → τn where c is a class name in C and each τi is
a type.We assume that all classes provide a method clone
which returns a new object of the same type and with the
same value.

4

nt ::= t(α)

nt ::= t(α) {f$] } nt ::= {f$[ } t(α) {f$] }
with nt ∈ Nt, t ∈ T , f$[ ∈ F$[ , f$] ∈ F$] , and if t ∈ Char
then α = ǫ , and if t ∈ Tag, then α is either
1. ǫ,
2. a regular expression over Nt such that τ (α) is oneunambiguous, or,
3. an attributed regular expression over symbols Nt
(containing at least one attribution function), such
that the following holds: For the regular expression ρ obtained from α by removing the attributions (enclosed in curly braces), τ (ρ) is strongly oneunambiguous.


TransformX Attribute Grammars

Thus, given a TDLL(1) grammar, we may add attribution functions to a production depending on its right-hand
side. In cases (1) and (2) of the above definition, attribution functions may be inserted only at the beginning
and end of the right-hand side. In case of a strongly oneunambiguous regular expression on the right-hand side of
a production (3), we may also specify attribution functions
inside the regular expression.

We are now in the position to define the syntax and semantics of TransformX attribute grammars. Having laid these
foundations, we show how users can specify Java-based
TransformX attribute grammars in practice.
4.1

Abstract Definition

We define TransformX attribute grammars as TDLL(1)
grammars with attribution functions added to productions.
The key principle in the following syntax definition is that
attribution functions may only be inserted such that we
can unambiguously determine which attribution functions
to invoke next when reading a specific token from the
XML input stream.

Remark 1 While the above definition resembles the syntax of XSAGs [14], the syntax definition of TransformX
attribute grammars is in fact more general (and the class of
transformations possible with TransformX attribute grammars is much more powerful, as discussed in Section 2):
With XSAGs, we distinguish between bXSAGs (where
only cases (1) and (2) are allowed) and yXSAGs (where
only cases (1) and (3) are allowed). While the latter are
more convenient to use, they require a grammar component stricter than TDLL(1). With TransformX attribute
grammars, we no longer make this distinction. Instead,
we solely consider TDLL(1) grammars and only allow
attributions inside those regular expressions which are
strongly one-unambiguous.


Definition 6 (Syntax) Let τ1 , . . . , τk be types and
A1 , . . . , Ak be distinct attribute names. Let Att denote the
tuple type [A1 : τ1 , . . . , Ak : τk ].
Let c ∈ C be a class name. Let F$[ , F$] ⊆ meth be
disjoint sets of method names where f$[ ∈ F$[ denotes a
first-visit attribution function with signature
f$[ : c × τ1 × · · · × τk → Att
and where f$] ∈ F$] denotes a second-visit attribution
function with signature

As the grammar components of TransformX attribute
grammars are TDLL(1), we can validate input documents
one token at a time. In particular, the (extended) parse
trees of input documents may be unambiguously constructed online. Yet at no time during the evaluation of
TransformX attribute grammars will it be necessary to actually maintain the entire (extended) parse trees in main
memory. Rather, it is sufficient to keep the “path” from
the root to the current node in main memory.
In the following, we will be somewhat imprecise and
talk of attribution functions in F$[ and F$] when we actually refer to the method names in F$[ and F$] .
Let G = (Nt, T, P, s) be a TransformX attribute grammar and let P ′ be the subset of productions with attributed
regular expressions on their right-hand sides. We evaluate

f$] : c × τ1 × . . . τk × τ1 × · · · × τk → Att.
The abstract syntax of an attributed regular expression
over symbols Σ can be specified by the EBNF
aregex
aregex0

::=
::=

nt ::= {f$[ } t(α)

(“{” F$[ “}”)? aregex0 (“{” F$] “}”)?
Σ | aregex “.” aregex |
aregex “∪” aregex | aregex “∗ ”

A TransformX attribute grammar is an attributed extended regular tree grammar G = (Nt, T, P, s) with nonterminals Nt, grammar start symbol s, terminals T =

6

G on an XML input tree T by assigning attribution functions from F$[ and F$] to the nodes in the extended parse
tree PG (T, P ′ ), as specified by the grammar. We then refer to such parse trees as attributed parse trees and write
PG (T ) as a shortcut for PG (T, P ′ ).
Where the attribute grammar does not explicitly state
attribution functions, we assume default attribution funcd
d
tions f$[
and f$]
which are implemented as follows:

Definition 7 (Semantics) Let τ1 , . . . , τk be types and
A1 , . . . , Ak be distinct attribute names. Let Att denote the
type [A1 : τ1 , . . . , Ak : τk ].
Let F$[ , F$] ⊆ meth be the first- and second-visit
attribution functions respectively. Then we evaluate a
TransformX attribute grammar G on an attributed parse
tree PG (T ) as follows. In a depth-first left-to-right traversal of PG (T ), we compute for each attribute Ai (with
i = 1, . . . , k) and each node v, the four assignments
(ai )v$[.in , (ai )v$[.out , (ai )v$].in , and (ai )v$].out (inductively)
as follows.

. . . v is the root node
 nil
v0
v
(a
)
. . . v is the first child of v0
i $[.out
(ai )$[.in :=
 (a )v0
. . . v is the right sibling of v0
i $].out

d
Att f$[
(τ1 a1 , . . . , τk ak ){
return new [A1 = a1 , . . . , Ak = ak ];
}
d
Att f$]
(τ1 a1 , . . . , τk ak , τ1 b1 , . . . , τk bk ){
return new [A1 = b1 , . . . , Ak = bk ];
}

(ai )v$].in :=

Example 10 From an abstract point of view, the
TransformX attribute grammar of Example 1 may be written as G = (Nt, T, P, s) with attribution functions

. . . v has no children
. . . w is the rightmost child of v

[A1 = (a1 )v$[.out , . . . , Ak = (ak )v$[.out ] =
v
(a1 )v$[.in , . . . , (ak )v$[.in
f$[

and the attributed productions
 1
1
bib ::= {f$[
} bib pub∗ {f$]
}
::=

(ai )v$[.out
(ai )w
$].out

In the first visit to node v, we evaluate

d
1
2
4
7
9
d
1
2
F$[ = {f$[
, f$[
, f$[
, f$[
, f$[
, f$[
}, F$] = {f$]
, f$]
, f$]
},

pub



and in the second visit to v, we compute

2
4
7
{f$[
} book ({f$[
} year).({f$[
} title).
 2
9
({f$[ } author.author∗ ) {f$]
}



[A1 = (a1 )v$].out , . . . , Ak = (ak )v$].out ] =
v
(a1 )v$[.out , . . . , (ak )v$[.out , (a1 )v$].in , . . . , (ak )v$].in
f$]



v
v
In case f$[
or f$]
exit the program execution, the evaluation terminates and the input is rejected.


(with the other productions just as in Example 1). Assume
the input document T from Example 9. In the above attribute grammar, the book-production (denoted pbook ) is
the only production with an attributed regular expression
on its right-hand side.
The assignment of attribution functions to the nodes
of the extended parse tree PG (T, {pbook }) in Figure 5 is
1
straightforward: For instance, node 1 is assigned f$[
and
1
4
f$] . Node 4 is assigned f$[ and the default second-visit
d
attribution function f$]
, while node 5 is assigned both ded
d
9
d
fault attribution functions f$[
and f$]
. Further, f$[
and f$]
are assigned to node 9.


Note that a TransformX attribute grammar may reject
the input in two different ways, namely if it is not valid
with respect to the grammar component or if an attribution
function exits the program execution.
4.2

Java-based TransformX Attribute Grammars

In the tradition of parser generators such as Yacc, users
define Java-based TransformX attribute grammars in a
single input file, as exemplified in Figures 1 and 6. We defer the handling of I/O until after we have described how
to read and write basic TransformX attribute grammars.

TransformX attribute grammars are defined as
L-attributed grammars, i.e., attribute grammars whose
attributes are evaluated in a single depth-first left-to-right
traversal of the document tree [1]. Each node v is
v
v
assigned two attribution functions f$[
and f$]
. During
the traversal, each node v is visited twice (the visits are
referred to by $[ and $]), first from the preceding sibling
or the parent of v (if v has no preceding sibling) and a
second time on returning from the rightmost child of v.
v
v
in
in the first visit, and f$]
Accordingly, we evaluate f$[
the second visit.
To provide a clear picture of the necessary computations, we distinguish the states of attribute values before
(using the subscript “in”) and after (using the subscript
“out”) the application of an attribution function.

Specification Let τ̄1 , . . . , τ̄n be types and let
B1 , . . . , Bn be distinct attribute names. Further, let Faux
be a set of method names. Then a TransformX attribute
grammar with
• class name c ∈ C,
• types τ1 , . . . , τk ,
distinct attribute names
A1 , . . . , Ak , and type Att = [A1 : τ1 , . . . , Ak : τk ],
• attribution functions in F$[ and F$] , where the bodies
of attribution functions may refer to B1 , . . . , Bn and
methods in Faux , so that users may introduce auxiliary attributes and methods. Further,
• an attributed TDLL(1) grammar G = (Nt, T, P, s),
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is encoded as a Java-based TransformX attribute grammar
in a single specification file, consisting of three sections:

%class SectionProcessor
%{
class IntAtt {
IntAtt( int v )
{ value = v; }
public IntAtt clone()
{ return new IntAtt(value); }
public int value;
}
%}
%att IntAtt count = new IntAtt(0);
%start doc
%%
sec
sec ::= { $[.count.value++; /* f$[
*/ }

(a) In the definition section, we set up the execution environment and declare A1 , . . . , Ak :
• “%class c” specifies the name of the generated class
• Import statements and class definitions are stated in
a literal Java block, enclosed in braces “%{ . . . %}”.
• Keyword “%att” precedes the declarations and initializations of A1 , . . . , Ak .



section sec∗ ∪ par∗
sec
{ int before = $[.count.value; /* f$]
*/

• The nonterminal from the first production in the rules
section is assumed to be the grammar start symbol.
It may be redefined by the statement “%start s”.
(b) The rules section contains the attributed productions.
v
Consider a first-visit attribution function f$[
∈ F$[ assigned to a node v in the attributed parse tree:

par

::=

int after = $].count.value;
if ( is odd(after - before) ) odd++; }

paragraph ǫ

doc

::=

document sec∗



doc
{ real r = odd / $].count.value; /* f$]
*/

Att f$[ (τ1 $[.A1 , . . . , τk $[.Ak ){
. . . body. . .
return new [A1 = $[.A1 , . . . , Ak = $[.Ak ];
}

System.out.println(“Result=” + r +”%”); }
%%
private int odd = 0;
private boolean is odd( int x ) { return (x % 2 == 0); }

v
, we write ”$[.Ai ” to access the corWithin the body of f$[
responding input parameter. Likewise, consider a secondv
visit attribution function f$]
∈ F$[ , assigned to v:

Figure 6: TransformX attribute grammar of Example 11.
In general, the attributes of (1) encode a global state in the
parsing process, e.g., how many books have been encountered in the XML stream so far. In contrast, the attributes
of (2) are best employed to transfer information between
the first- and second-visit attribution functions assigned to
the same node in the attributed parse tree.
The following example illustrates how the two kinds of
attributes are best applied. It also aims at demonstrating
the various syntactical constructs, so it is not necessarily
the shortest and most elegant encoding.

v
f$]
(τ1

Att
$[.A1 , . . . , τk $[.Ak , τ1 $].A1 , . . . , τk $].Ak ){
. . . body. . .
return new [A1 = $].A1 , . . . , Ak = $].Ak ];
}
v
, we may access two versions of Ai
Within the body of f$]
according to Definition 7, which we distinguish using prefixes $[ and $]: “$[.Ai ” yields the value of Ai as computed
v
by f$[
. By “$].Ai ”, we access the value of Ai as computed
by the attribution functions assigned to the rightmost child
node of v.
In place of the method names for attribution functions
in Definition 6, we insert the implementations inside the
productions in the definition section. In particular, the
bodies are enclosed in curly braces and declared without
return statements.

Example 11 For documents conforming to the recursive
TDLL(1) grammar G = (Nt, T, P, s) with productions

doc ::= document sec∗

sec ::= section sec∗ ∪ PCDATA

we want to compute the percentage of section-nodes with
an odd number of section-nodes in their subtrees.
Consider the document tree in Figure 7, where the subtree rooted at node 2 contains an odd number of sectionnodes (exactly 3), while the subtree rooted at node 6 contains zero and thus an even number of section-nodes.
The Java-based TransformX attribute grammar in Figure 6 specifies this computation: In the definition section,

(c) The class member section contains the declarations of
the attribute names B1 , . . . , Bn together with their types
τ¯1 , . . . , τ̄n , and the methods with names in Faux .
As Yacc users will have noticed, we made an effort to
adopt the familiar Yacc notation as far as possible.
In a TransformX attribute grammar, we distinguish between two kinds of attributes:

1 document

1. The auxiliary attributes (denoted B1 , . . . , Bn above)
declared in the class member section, and

6 section

2 section
3 section

2. the attributes from the actual TransformX attribute
grammar, as declared in the definition section (see
A1 , . . . , Ak above).

4 section

5 section

Figure 7: Document tree T of Example 11.
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input
hdocumenti
hsectioni
hsectioni
h/sectioni
hsectioni
h/sectioni
hsectioni
h/sectioni
h/sectioni
hsectioni
h/sectioni
h/documenti

node
1
2
3
3
4
4
5
5
2
6
6
1

d
f$[
(0) → 0
sec
f$[
(0) → 1
sec
f$[
(1) → 2
sec
f$]
(2, 2) → 2
sec
f$[
(2) → 3
sec
f$]
(3, 3) → 3
sec
f$[
(3) → 4
sec
f$] (4, 4) → 4
sec
f$]
(1, 4) → 4
sec
f$[
(4) → 5
sec
f$] (5, 5) → 5
doc
f$]
(0, 5) → 5

comments
odd = 0

All sink streams are derived from abstract class Writer
as specified by the Java API [24], and thus provide methods write, flush, and close. Users may add their own implementations of sink streams. The TransformX framework already contains two customized classes, as used in
Example 1:
• Class TXWriter, a subclass of OutputStreamWriter,
is intended for copying data to output streams, e.g.,
to standard output or files.

odd = 1

• Class TXBuffer, a subclass of StringWriter, is used to
buffer parts of the input in in-memory string buffers.
TXBuffer provides method clear() for discarding any
buffered contents.
v
Let o be a sink stream and let f$[
be a first-visit attribution function assigned to a node v in an attributed parse
v
tree. If the implementation of f$[
contains the statement
“o.write($this)”, the subtree rooted at v will be copied to
w
o. Yet if a first-visit f$[
assigned to a descendant node w
of v contains the statement “o.omit($this)”, then the subtree rooted at w will not be copied.

“Result = 0.2%”

Figure 8: Run of Example 11
a new class IntAtt holding integer values is defined, and
an auxiliary attribute “count” of type IntAtt is declared
and initialized to zero.
In the class member section, we declare an auxiliary
attribute “odd” which states how many section-nodes with
an odd number of sections in their subtrees have been seen
so far. By declaring “odd” private, we can control the
access to this class member.
The rules section contains the implementations of
sec
sec
doc
attribution functions f$[
, f$]
, and f$]
: Attribute
“count” is incremented whenever a tag “hsectioni” is
read. Upon reading “h/sectioni”, the number of section
nodes in the subtree below is computed by subtracting
“$[.count.value” (the number of section-nodes before processing the subtree) from “$].count.value” (the number of
section-nodes after processing the subtree). If the result
is an odd number, then the auxiliary attribute “count” is
updated accordingly. When the closing tag of the root
node is read, the total number of nodes (contained in
“$].count.value”) is used to compute the result.
As this TransformX attribute grammar does not contain any productions with attributed regular expressions,
the extended parse tree is the same as the document tree.
Consequently, node 1 in Figure 7 is assigned the attribud
doc
. All other nodes are assigned
tion functions f$[
and f$]
sec
sec
.
and f$]
the attribution functions f$[
In Figure 8, we trace the execution of the above
TransformX attribute grammar on this input document.
The first column shows the current XML tag being read.
The second column identifies the current node in the
depth-first left-to-right traversal of the attributed parse
tree. In the third column, we state which attribution function is being evaluated, together with the values of its
input- and output-parameters.


Example 12 Changing the book-production in the
TransformX attribute grammar of Example 1 to
pub ::= { output.write($this); }

book year.( { output.omit($this); } title).author.author∗

will output books together with their XML start and
end tags, year and author children, but without title.

The echo-mechanism may be implemented by introducing additional attributes in the definition section which
signal whether a subtree is to be output or not. Due
to space restrictions, we refer to [14, 23] for details on
the implementation of the analogous macros ECHO and
ECHO OFF.

5 The TransformX Parser Generator
The TransformX parser generator translates TransformX
attribute grammars into the source code of a Java class
which encapsulates the attribution functions, user-defined
attributes and auxiliary methods, and performs the transformation of the XML input stream. Compilation of the
source code with the Java compiler yields the executable
classfiles. In the following, we discuss the translation to
source code and its time complexity.
The evaluation of a TransformX attribute grammar G
on an input document T is based on a separation of concerns. Accordingly, we define two modules:
• The validator module validates the XML input
stream against the grammar component of G and outputs the sequence of attribution functions as encountered in the depth-first left-to-right traversal of the
attributed parse tree.

I/O with TransformX Attribute Grammars Typical transformations of XML streams will involve reading
parts of the input. So-called sink streams, either intended
to create output or to serve as internal buffers, are declared
and instantiated by the “%echo” statement in the definition section.

• The evaluator module invokes the attribution functions as output by the validator. It stores the result
computed by a first-visit attribution function on a
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void evaluate (F$[ ∪ F$] ) f
{
if (pred = 1 and f ∈ F$[ ) {
Att A := S.top().clone();
S.push( f (A) );
pred := 1;
} else if (pred = 1 and f ∈ F$] ) {
Att A := S.pop();
Att B := A.clone();
S.push( f (A, B) );
pred := 2;
} else if (pred = 2 and f ∈ F$[ ) {
Att A := S.pop();
S.push( f (A) );
pred := 1;
} else if (pred = 2 and f ∈ F$] ) {
Att B := S.pop();
Att A := S.pop();
S.push( f (A, B) );
pred := 2;
}
}
Figure 9: Method evaluate.

stack so that they are accessible to the second-visit
attribution function which is assigned to the same
node in the attributed parse tree.
Note that the validator and evaluator each maintain
their own stack. This allows for optimizations, as outlined
in our discussion of future work.
We assume the usual notion of deterministic pushdown
transducers (DPDTs) [2] as deterministic pushdown automata with output.
Definition 8 Let G be a TransformX attribute grammar
with grammar component G′ and let T be an XML document tree. A validator V(G) is a DPDT which, if
T ∈ L(G′ ), outputs the method names of the attribution
functions as encountered on the depth-first left-to-right
traversal of the attributed parse tree of T .

We construct a validator from a TransformX attribute
grammar G = (Nt, T, P, s) in two steps:
1. For each production p ∈ P , we construct a deterministic finite-state transducer (DFT) [2] Ap which
recognizes the regular language defined by the righthand side of p and outputs the corresponding attribution functions at the same time.

between the DFTs, or rather, the productions they
represent.
By simulating the DPDT on an input document, the
document is validated against the grammar component of
G. At the same time, the validator outputs the attribution
functions in the correct order. We refer to [23] for details
of this construction.

For productions with ǫ or one-unambiguous regular
expressions on their right-hand side, the construction
of Ap is straightforward. Let us briefly consider productions with attributed regular expressions.
Given a regular expression β, let ⊙ be a special endmarker symbol that does not occur in β. As shown
in [14, 23], if a regular expression β is strongly oneunambiguous, then there is a DFT A[] (β) which recognizes L(β.⊙) and outputs the bracketing of word
w for input w.⊙ ∈ L(β.⊙). Further, there is an
O(n3 ) algorithm that checks whether β is strongly
one-unambiguous and if so, outputs A[] (β).

Proposition 1 For a TransformX attribute grammar G, a
validator V(G) can be constructed in time O(|G|3 ).
The computationally most expensive step in the construction of a validator is the derivation of DFTs from regular expressions. For a one-unambiguous regular expression ρ, such a DFT may be constructed in quadratic time
in the size of ρ [9]. As mentioned above, the DFT construction for an attributed regular expression ρ requires
cubic time in the size of ρ [14, 23]. Thus, the time complexity for the construction of V(G) is in O(|G|3 ). In fact,
the translation is only cubic in the sizes of the regular expressions in the productions of G, and linear in the size
of G. For typical grammars, we may expect these regular
expressions to be small.
Obviously, if a TransformX attribute grammar G does
not contain any attributed regular expressions, then the
validator can be constructed in time O(|G|2 ).
We assume the common notion of a stack with methods
top, pop, and push.

By Definition 6 we know that for an attributed regular expression α on the right-hand side of a production, we obtain a regular expression ρ over nonterminals by ignoring the attribution functions in α. Further, τ (ρ) is strongly one-unambiguous. Obviously,
this also implies the strong one-unambiguity of ρ.
So given α and ρ, we may adapt A[] (ρ) so that it
outputs the method names of the attribution functions assigned to α instead of the bracketing, with
the default-attribution functions in places where no
attribution functions have been specified by the user.
2. The transitions of all DFTs in {Ap | p ∈ P } are then
encoded into the transitions of a single DPDT. Let p
be the current production. When reading a start tag
hti, we store the current state of Ap on the DPDT
stack and start the simulation of the DFT which corresponds to the new production. Consequently, when
reading the matching end tag h/ti, we resume the
simulation of the previous DFT Ap by retrieving its
state from the stack. Thus, we use the stack to switch

Definition 9 Let τ1 , . . . , τk be types, let A1 , . . . , Ak be
distinct attribute names, and let Att = [A1 : τ1 , . . . , Ak :
τk ]. Let G be a TransformX attribute grammar with attribution functions in F$[ and F$] .
An evaluator E(G) is a class with the following properties:
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of memory it takes for the JVM to run. Experiment (1)
demonstrates the minimum time to parse and validate
the input, while transformations (2) and (3) require more
time, as additional processing steps are involved. This
effect is also visible in the throughput achieved: Transformation (1) reaches 3.05 MB
sec , while transformations (2)
MB
and (3) reach a throughput of 1.09 MB
sec and 1.26 sec .
We refrain from benchmarking the TransformX framework against other systems, as in our framework, performance is entirely in the responsibility of the programmer:
Knowledgable programmers can construct the fastest possible Java transformations. The TransformX framework
facilitates this task by providing the grammar-based control over the data stream characteristics.

time in seconds

100
75
50
25
31 MB
61 MB
91 MB
122 MB

(1)

(2)

31 MB
61 MB
91 MB
122 MB

31 MB
61 MB
91 MB
122 MB

0

(3)

Figure 10: Runtime for datasets of various sizes.
1. Attribute S is a stack holding tuples of attributes. Attribute pred of type integer signals whether the attribution function last processed was in F$[ (if pred =
1), or in F$[ (if pred = 2).

7 Conclusion and Future Work
We have motivated the benefits of syntax-directed transformations of XML streams. We have described the
TransformX attribute grammars and parser generator as
a tool for conveniently developing Java applications for
XML stream processing.
Our next step will be to optimize the evaluation of
TransformX attribute grammars by reducing the number
of stack operations performed by the evaluator: The general idea is based on the observation that most practical
TransformX attribute grammars contain only few userdefined attribution functions. Typically, the majority of
nodes in attributed parse trees is assigned default attribution functions, especially if productions contain attributed
regular expressions.
For an attributed parse tree P , we construct a tree minor P ′ by removing those nodes which are assigned “noneffective” attribution functions. To name an obvious example, consider nodes which are assigned both default atd
d
tribution functions f$[
and f$]
. In more interesting cases,
the result of applying a first-visit attribution function does
not need to be stored on the evaluator stack, because it is
not accessed by succeeding attribution functions. A modified program analysis taking into account the semantics of
TransformX attribute grammars may identify such cases.
If the evaluator invokes the attribution functions encountered in the traversal of P , but only stores the results on the stack for those attribution functions also encountered in the traversal of P ′ , fewer stack operations
are performed. This improves runtime and may even reduce main memory consumption, while the transformation of the XML stream remains equivalent. In first experiments, this optimization improves the runtime of transformation (3) in Section 6 by 15%. We plan to further
explore this approach in our future work.

2. Initially, pred = 2 and the stack holds the tuple
[A1 = nil, . . . , Ak = nil].
3. Method evaluate invokes one attribution function
f ∈ F$[ ∪ F$] at a time and stores attribute values
on the stack so that a second-visit attribution function can access the results computed by the first-visit
attribution function that is assigned to the same node
in the attributed parse tree. The pseudo code for this
method is shown in Figure 9.

As the evaluator follows directly from its definition,
it may be constructed in constant time. So by Proposition 1, the TransformX parser generator can translate a
given TransformX attribute grammar G to (Java) source
code in time O(|G|3 ).
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Implementation and Experiments

We implemented the TransformX framework in C++ with
gcc version 3.2. The generated Java class uses the SAX
parser provided by the Java API and is compiled and executed with Sun’s JDK 1.4.1 [24].
Runtime is averaged over five runs and measured in
seconds. It does not include the translation of TransformX
attribute grammars, as these values were negligible.
Our test data is an XML bibliography conforming to
the ERTG of Example 1 with an equal number of books
and articles. We conducted the following experiments:
1. Validate the input against the ERTG, i.e., evaluate
a TransformX attribute grammar with only default
attribution functions,
2. output the complete input, and
3. evaluate the TransformX attribute grammar specified
in Figure 1.
We execute these transformations on documents of different sizes. The results are shown in Figure 10. For
all three transformations, the main memory consumption
remains constant at 12 MB, which is about the amount
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