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Preface

The 10th International Conference on Developments in Language Theory (DLT
2006) was held at the University of California, Santa Barbara, USA on June
26-29, 2006. This was the first DLT conference to take place in North Amer-
ica. Past meetings were held in Turku (1993), Magdeburg (1995), Thessaloniki
(1997), Aachen (1999), Vienna (2001), Kyoto (2002), Szeged (2003), Auckland
(2004), and Palermo (2005). The conference series is under the auspices of the
European Association for Theoretical Computer Science.

The scope of the conference includes topics in the following areas: gram-
mars, acceptors and transducers for strings, trees, graphs, arrays; efficient text
algorithms; algebraic theories for automata and languages; combinatorial and
algebraic properties of words and languages; variable-length codes; symbolic dy-
namics; decision problems; relations to complexity theory and logic; picture de-
scription and analysis; polyominoes and bidimensional patterns; cryptography;
concurrency; bio-inspired computing; quantum computing.

This volume of Lecture Notes in Computer Science contains the papers that
were presented at DLT 2006, including the abstracts or full papers of four invited
lectures presented by Rajeev Alur, Yuri Gurevich, Gheorghe Paun, and Grzegorz
Rozenberg.

The 36 contributed papers were selected from 63 submissions. Each submitted
paper was reviewed by three Program Committee members, with the assistance
of external referees. The authors of the papers came from the following countries
and regions: Canada, Czech Republic, Finland, France, Germany, Greece, Hong
Kong, Hungary, India, Italy, Japan, Korea, The Netherlands, Poland, Romania,
Russia, South Africa, Spain, Sweden, the UK, and the USA.

A great many contributed to the success of DLT 2006. We extend our sincere
thanks to the authors who submitted papers and to all those who gave presenta-
tions. We express our appreciation to the members of the Program Committee
and their colleagues who assisted in the review process. To our invited speakers,
we thank you for sharing your insights and expertise. We would like to acknowl-
edge the work of the Organizing Committee, who thoughtfully and energetically
planned the event over the course of months. To members of the Steering Com-
mittee, we are grateful for your counsel. Finally, we wish to recognize the kind
support of the conference sponsors: Ask.com, Citrix, Google, and UCSB’s De-
partment of Computer Science, College of Engineering, and Graduate Division.

June 2006 Oscar H. Ibarra
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Adding Nesting Structure to Words

Rajeev Alur! and P. Madhusudan?

! University of Pennsylvania, USA
2 University of Illinois at Urbana-Champaign, USA

1 Introduction

We propose nested words to capture models where there is both a natural linear
sequencing of positions and a hierarchically nested matching of positions. Such
dual structure exists for executions of structured programs where there is a
natural well-nested correspondence among entries to and exits from program
components such as functions and procedures, and for XML documents where
each open-tag is matched with a closing tag in a well-nested manner.

We define and study finite-state automata as acceptors of nested words. A
nested-word automaton is similar to a classical finite-state word automaton, and
reads the input from left to right according to the linear sequence. However, at a
position with two predecessors, one due to linear sequencing and one due to a hi-
erarchical nesting edge, the next state depends on states of the run at both these
predecessors. The resulting class of regular languages of nested words has all the
appealing theoretical properties that the class of classical regular word languages
enjoys: deterministic nested word automata are as expressive as their nondeter-
ministic counterparts; the class is closed under operations such as union, inter-
section, complementation, concatenation, and Kleene-*; decision problems such
as membership, emptiness, language inclusion, and language equivalence are all
decidable; definability in monadic second order logic of nested words corresponds
exactly to finite-state recognizability; and finiteness of the congruence induced by
a language of nested words is a necessary and sufficient condition for regularity.

The motivating application area for our results has been software verification.
Given a sequential program P with stack-based control flow, the execution of P
is modeled as a nested word with nesting edges from calls to returns. Specifi-
cation of the program is given as a nested word automaton A, and verification
corresponds to checking whether every nested word generated by P is accepted
by A. Nested-word automata can express a variety of requirements such as stack-
inspection properties, pre-post conditions, and interprocedural data-flow proper-
ties. If we were to model program executions as words, all of these properties are
non-regular, and hence inexpressible in classical specification languages based
on temporal logics, automata, and fixpoint calculi (recall that context-free lan-
guages cannot be used as specification languages due to nonclosure under inter-
section and undecidability of key decision problems such as language inclusion).
In finite-state software model checking, the data variables in the program are
abstracted into a set of boolean variables, and in that case, the set of nested
words generated by the abstracted program is regular. This implies that algo-
rithmic software verification is possible for all regular specifications of nested
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words. We believe that the nested-word view will provide a unifying basis for
the next generation of specification logics for program analysis, software model
checking, and runtime monitoring. As explained in Section 3, another potential
area of application is XML document processing.

1.1 Related Work

The finite automata on nested words that we study here have been motivated
by our recent work on wvisibly pushdown automata [6]. A visibly pushdown au-
tomaton is one in which the input alphabet X' is partitioned into three parts,
(Xe, Xy, Ly) such that the automaton pushes exactly one symbol when reading
symbols from X, pops one symbol from the stack when reading a symbol in X,
and does not touch the stack when reading letters of ;. The input word hence
has an implicit nesting structure defined by matching occurrences of symbols in
2'c with symbols in Y. In nested words, this nesting is given explicitly, and this
lets us define an automaton without a stack!. We believe that nested words is
a more appealing and simpler formulation of the insights in the theory of visi-
bly pushdown languages. However, in terms of technical results, this paper only
reformulates the corresponding results for visibly pushdown languages in [6].

Visibly pushdown languages are obviously related to Dyck languages, which
is the class of languages with well-bracketed structure. The class of parenthesis
languages studied by McNaughton comes closest to our notion of visibly push-
down languages [16]. A parenthesis language is one generated by a context free
grammar where every production introduces a pair of parentheses that delimit
the scope of the production. Viewing the nesting relation as that defined by the
parentheses, parenthesis languages are a subclass of visibly pushdown languages.
In [16, 11], it was shown that parenthesis languages are closed under union, inter-
section and difference, and that the equivalence problem for them is decidable.
However, parenthesis languages are a strict subclass of visibly pushdown lan-
guages, and are not closed under Kleene-x.

The class of visibly pushdown languages, was considered in papers related to
parsing input-driven languages [22,9]. Input-driven languages are precisely visi-
bly pushdown languages (the stack operations are driven by the input). However,
the papers considered only the membership problem for these languages (namely
showing that membership is easier for these languages than for general context-
free languages) and did not systematically study the class of languages defined
by such automata.

2 Nested Words
2.1 Definition

A nested relation v of width k, for k > 0, is a binary relation over {1,2...k}
such that (1) if v(4,7) then ¢ < j; (2) if v(4,5) and v(i, ') then j = j’, and if

' It is worth noting that most of the algorithms for inter-procedural program analysis
and context-free reachability compute summary edges between control locations to
capture the computation of the called procedure (see, for example [18]).
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Fig. 1. Execution as a word, as a nested word, and as a tree

v(i,) and v(i',j) then i = ¢'; (3) if v(i,j) and v(i’, ') and i < i’ then either
j<iorj <j.

Let v be a nested relation. When v(i,j) holds, the position j is called a
return-successor of the position i, and the position ¢ is called a call-predecessor
of the position j. Our definition requires that a position has at most one return-
successor and at most one call-predecessor, and a position cannot have both a
return-successor and a call-predecessor. A position is called a call position if
it has a return successor, a return position if it has a call-predecessor, and an
internal position otherwise.

A nested word nw over an alphabet X is a pair (a; .. .ak,v), for k > 0, such
that a;, for each 1 < i < k, is a symbol in X, and v is a nested relation of width
k. Let us denote the set of nested words over X as NW (X'). A language of nested
words over Y is a subset of NW (X).

2.2 Example: Program Executions as Nested Words

Execution of a program is typically modeled as a word over an alphabet .
The choice of X depends on the desired level of detail. As an example, suppose
we are interested in tracking read/write accesses to a program variable z. The
variable z may get redefined, for example, due to a declaration of a local variable
within a called procedure, and we need to track the scope of these definitions.
For simplicity, let’s assume every change in context redefines the variable. Then,
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we can choose the following set of symbols: rd to denote a read access to x, wr
to denote a write access to z, en to denote beginning of a new scope (such as a
call to a function or a procedure), er to denote the ending of the current scope,
and sk to denote all other actions of the program. Note that in any structured
programming language, in a given execution, there is a natural nested matching
of the symbols en and ez. Figure 1 shows a possible execution as a word as well as
a nested word. The nesting edges are shown as dotted edges. A vertical path can
be interpreted as a local path through a procedure. There is a natural connection
between nested words and binary trees, and is also depicted in Figure 1. In this
view, at a call node, the left subtree encodes the computation within the called
procedure, while a path along the right children gives the local computation
within a procedure.

In modeling the execution as a word, the matching between calls and returns is
only implicit, and a pushdown automaton is needed to reconstruct the matching.
The tree view makes the hierarchical structure explicit: every matching exit is a
right-child of the corresponding entry node. However, this view loses linearity:
the left and right subtrees of an entry node are disconnected, and (top-down)
tree automata need nondeterminism to relate the properties of the subtrees?. Our
hypothesis is that the nested-word view is the most suitable view for program
verification. In this view, a program will be a generator of nested words, and
will be modeled as a language of nested words. For acceptors, linearity is used to
obtain a left-to-right deterministic acceptor, while nesting is exploited to keep
the acceptor finite state.

2.3 Operations on Nested Words

Analogs of a variety of operations on words and word languages can be defined for
nested words and corresponding languages. We describe a few of the interesting
ones here.

Given two nested words nw; = (w1,v1) and nwy = (wa, v2), of lengths k; and
k2, respectively, the concatenation of nw; and nws is the nested word nwi.nwy =
(w1.wg,v) of length k; + ko, where v is the nested relation vy U {(ky + 4,k +
J) | (4,7) € v2}. The concatenation extends to languages of nested words. The
Kleene-* operation is defined as usual: if L is a language of nested words over
X, then L* is the set of nested words nwy.nws ... nw;, where ¢ € N, and each
wj € L.

Given a nested word nw = (a; . ..ag,v) of length k, its reverse is nw™ =
(ak ...a1,v") where v" = {(i,5) | (k+1—j, k+1— i) e v}

Finally, we define a notion of insertion for nested words. A context is
a pair (nw,i) where nw is a nested word of length k, and 0 < ¢ < k.
Given a context (nw,1), for nw = (a1...ax,v), and a nested word nw', with
nw' = (w',v'), (nw,i) ® nw' is the nested word obtained by inserting the

2 Tt is worth mentioning that in program verification, trees are used for a different pur-
pose: an execution tree encodes all possible executions of a program, and branching
corresponds to the choice within the program. It is possible to define nested trees in
which each path encodes a structured execution as a nested word [3].



