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Abstract

This thesis introduces an extension of Chomsky’s context-free grammars
equipped with operators for referring to left and right contexts of strings.
The new model is called grammar with contexts.

The semantics of these grammars are given in two equivalent ways — by
language equations and by logical deduction, where a grammar is understood
as a logic for the recursive definition of syntax. The motivation for grammars
with contexts comes from an extensive example that completely defines the
syntax and static semantics of a simple typed programming language.

Grammars with contexts maintain most important practical properties
of context-free grammars, including a variant of the Chomsky normal form.
For grammars with one-sided contexts (that is, either left or right), there
is a cubic-time tabular parsing algorithm, applicable to an arbitrary gram-
mar. The time complexity of this algorithm can be improved to quadratic,
provided that the grammar is unambiguous, that is, it only allows one parse
for every string it defines. A tabular parsing algorithm for grammars with
two-sided contexts has fourth power time complexity. For these grammars
there is a recognition algorithm that uses a linear amount of space.

For certain subclasses of grammars with contexts there are low-degree
polynomial parsing algorithms. One of them is an extension of the classical
recursive descent for context-free grammars; the version for grammars with
contexts still works in linear time like its prototype. Another algorithm, with
time complexity varying from linear to cubic depending on the particular
grammar, adapts deterministic LR parsing to the new model.

If all context operators in a grammar define regular languages, then such
a grammar can be transformed to an equivalent grammar without context
operators at all. This allows one to represent the syntax of languages in a
more succinct way by utilizing context specifications.

Linear grammars with contexts turned out to be non-trivial already over
a one-letter alphabet. This fact leads to some undecidability results for this
family of grammars.
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T1uvistelma suomeksi

Téassa vaitoskirjassa esitellidn Chomskyn kontekstittomien kielioppien laa-
jennus, jossa on vasemmille ja oikeille konteksteille viittaavia operaattoreita.
Uutta kielioppiperhetté kutsutaan konteksteilla varustetuiksi kieliopeiksi.

Néiden kielioppien semantiikka maéritellaén kahdella ekvivalentilla
tavalla — kieliyhtdloin sekd loogisin pddttelyin, jossa kielioppi katsotaan
syntaksin rekursiivisen maaritelmén logiikaksi. Konteksteilla varustettujen
kielioppien motivaationa on laaja esimerkki, jossa yksinkertaisen ohjelmoin-
tikielen syntaksi ja staattinen semantiikka maaritelladn taysin.

Konteksteilla varustetut kieliopit omaavat monia kontekstittomien
kielioppien kéytdnnon ominaisuuksia, kuten Chomskyn normaalimuodon
variaation. Yksipuolisilla konteksteilla varustetut kieliopit (toisin sanoen
kontekstit ovat joko vasemmanpuoleisia tai oikeanpuoleisia) voidaan jasen-
tad taulukkointiin perustuvalla jisennysalgoritmilla, jonka aikakompleksisuus
on kuutiollinen, ja joka on sovellettavissa mielivaltaisten kielioppien ana-
lyysiin. Taméan algoritmin aikakompleksisuus paranee neliolliseksi, mik&li
kielioppi on yksiselitteinen, toisin sanoen, jos jokainen kieliopin mééarittelema
merkkijono on jidsennettédvissi vain yhdelld tavalla. Kaksipuolisilla kontek-
steilla varustettujen kielioppien jasennysalgoritmilla on neljannen potenssin
aikakompleksisuus. Kaikki ndmé kielioppiperheet voidaan tunnistaa kiyt-
téen lineaarista mddrdd tiloja.

Konteksteilla varustettujen kielioppien tietyt alaperheet voidaan jéasen-
tad algoritmeilla, jotka toimivat alhaista astetta olevassa polynomia-
jassa. Yksi naistd algoritmeista on klassisen rekursiivisen laskeutumisen
laajennus, joka toimii lineaarisessa ajassa, kuten alkuperdinen algorit-
mikin.  Toinen algoritmi, jonka aikakompleksisuus vaihtelee lineaaris-
esta kuutiolliseen Kkieliopista riippuen, mukauttaa deterministisen LR-
jasennysalgoritmin uudelle kielioppiperheelle.

Mikali jokainen konteksteilla varustetun kieliopin kontekstioperaattori
madrittelee sddnnollisen kielen, voidaan kyseinen kielioppi muuttaa ekvi-
valentiksi kontekstittomaksi kieliopiksi. Tamaéan avulla voidaan maéaaritella
kielten syntaksi ytimekkddmmin hyddyntamalld kontekstioperaattorien il-
maisuvoimaa.

Lineaariset konteksteilla varustetut kieliopit osoittautuivat epatrivi-
aaleiksi jo kun aakkosto koostuu vain yhdestd merkista. Tamé johtaa muu-
taman néita kielioppeja koskevan ratkeamattomuustuloksen osoittamiseen.
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Chapter 1

Introduction

Context-free grammars are best understood as a logic for defining the syntax
of languages. In this logic, definitions are inductive, so that the properties
of a string are determined by the properties of its substrings. This is how a
rule S — aSb asserts that if a string a” 16" ~! has the property S, then the
string a"b" has the property S as well. This is demonstrated in the following
simplest context-free grammar.

S — aSh
S — ¢

The basis of the induction is given by the rule S — ¢ defining the empty
string.

Besides the concatenation, the formalism of this logic includes a disjunc-
tion operation, represented by having multiple rules for a single symbol. One
can further augment this logic with conjunction and negation operations,
leading to conjunctive grammars [50] and Boolean grammars [56]. These
grammars preserve the main idea of the context-free grammars (that of defin-
ing syntax inductively, as described above), maintain most of their practically
important features, such as efficient parsing algorithms [56, 60, 61, 70, 53, 55],
and have been a subject of diverse research [3, 16, 31, 32, 44, 64, 65, 66, 67|.
Conjunctive and Boolean grammars are “context-free” in the general sense
of the word, as they define properties of each substring independently of the
context, in which it occurs, and thus Boolean grammars constitute a natural
general case of context-free grammars. Ordinary context-free grammars can
be viewed as their disjunctive fragment.

When Chomsky [9] introduced the term “context-free grammar” for an
intuitively obvious model of syntax, he had a further idea of a more powerful
model, in which one could define rules applicable only in some particular
contexts [9, p. 142|. Chomsky’s own attempt to implement this idea by string
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rewriting resulted in a model equivalent to linear-space Turing machines, in
which the “nonterminal symbols,” meant to represent syntactic categories,
could be freely manipulated as tape symbols. Even though the resulting
devices are still known under the name of “context-sensitive grammars,” they
have nothing to do with the syntax of languages, and, in particular, they fail
to implement Chomsky’s original idea of a phrase-structure rule applicable
in a context.

Even though Chomsky’s terminology for formal grammars, such as the
term “context-free,” was generally accepted by the research community, the
actual idea of a rule applicable in a context was never investigated again.
None of the successful extensions of context-free grammars, such as tree-
adjoining grammars [35] or multi-component grammars [36, 81|, allow ex-
pressing any conditions on the contexts—in spite of the nickname “mildly
context-sensitive” [36, 92]. It should also be noted that both tree-adjoining
grammars and multi-component grammars define the properties of strings in-
ductively on their length, and have nothing to do with Chomsky’
sensitive” string rewriting. Thus, the theory of formal grammars beyond
ordinary context-free has developed in a different direction than initially
pointed to by Chomsky. Nevertheless, the general idea of context-sensitive
rules in formal grammars remains interesting and deserves investigation.

s “context-

The present thesis undertakes to reconsider Chomsky’s [9] idea of con-
texts in grammars, this time using the more appropriate tools of deduction
systems and language equations. The concept of a formal grammar as a logic
and its semantics as logical inference was first presented in a monograph by
Kowalski [45, Ch. 3], and then elaborated by Pereira and Warren |73|. Later,
Rounds [79] used first-order logic over positions in a string augmented with
a fixpoint operator, FO(LFP), to represent formal grammars as formulae of
this logic. What is particularly important about this representation, is that
all the aforementioned successful extensions of the context-free grammars,
such as tree-adjoining grammars and multi-component grammars, are not
only expressible in this logic, but the way they are expressed represents these
grammars exactly as they are intuitively understood.

The new model proposed in this thesis are grammars with contexts,
which are based on conjunctive grammars and introduce four special op-
erators for referring to the context of a substring being defined. The left
context operator refers to the “past” of the current substring: an expression
<o defines any substring that is directly preceded by a prefix of the form a.
This operator is meant to be used together with the usual specifications of
the structure of the current substring, using conjunction to combine several
specifications. For example, consider the following grammar.



A — BCg&<D
B — b
C — ¢
D — d

Its first rule represents any substring of the form BC' preceded by a
substring of the form D. That is, it specifies that a substring bc of a string
w = dbc. .. has the property A; however, this rule will not produce the same
substring occurring in the strings w’ = abc or w” = adbc. The other extended
left context operator o represents the form of the left context of the current
substring concatenated with the substring itself, so that the rules

A — B&dE
B — b
E — ab

state that the substring b occurring in the string w = ab has the property A.

One can symmetrically define operators for right contexts >« and ex-
tended right contexts >a (which define the form of the current substring
concatenated with its right context). Then a grammar may contain such
rules as A — BC & <D & >F, defining any substring of the form BC pre-
ceded by a substring of the form D and followed by a substring of the form
E. Consider a grammar with the following rules.

A — BC&<D&>FE
B — b
C — ¢
D — d
E — e

Here the rule for A asserts that a substring bc of a string w = dbce has
the property A. However, this rule will not produce the same substring bc
occurring in another string w’ = dbed, because its right context does not
satisfy the condition >F.

Figure 1.1 illustrates how context operators refer to a substring and its
left and right contexts. Note that left context operators (<, <) are defined
to refer to the whole left context, which begins with the first symbol of the
entire string, and similarly the right context (&, ) ends at the last symbol
of the entire string. Intuitively, by a context one would often mean the last
few symbols preceding the substring or the next few symbols following a

3



| [> wv: extended right context of w

. u: left context of w <] | substring w | D v: right context of w

uw: extended left context of w <]

partial left context of w

Figure 1.1: A substring w with a left context u and a right context v, and
context operators applied to it.

substring, and at first glance, context operators could have been defined in
that way. However, those “partial contexts” can be expressed using the pro-
posed operators as <1X*5 and >d3*, respectively. Conversely, the whole left
context can be simulated by a partial left context, provided that the entire
string begins with a special marker symbol: if a partial context beginning
with that symbol is requested, then it can only be the whole left context.
Thus, a partial left context operator would be less convenient to use, as well
as not any easier to implement than the proposed operator for the whole left
context. This makes the above definition as expressive as its alternative, and
more convenient to handle.

In this work, the above intuitive definition of grammars with contexts
is formalized by logical deduction. For grammars with left contexts, the
deduction uses elementary propositions of the form

A(u(w)),

where u{w) denotes a substring w in left context u (that is, occurring in a
string wwv) and A is a syntactic property defined by the grammar (“nonter-
minal symbol” in Chomsky’s terminology); this proposition asserts that w
has the property A in the context u. Then, each rule of the grammar, which is
of the general form A — a1 & ... & ap & <P1 & - - - & <P & I & - - - & LV,
becomes a deduction scheme for inferring elementary propositions of the
form A(u(v)) from each other, and the language generated by the grammar
is ultimately defined as the set of all such strings w that S((w)) can be
deduced. A standard proof tree of such a deduction constitutes a parse tree
of the string w. This definition generalizes the representation of ordinary
context-free grammars by deduction—assumed, for instance, by Pereira and
Warren [73] and Sikkel [83]—as well as the extension of this representation
to conjunctive grammars [59).



skipped the lecture, becausewas busy.

Becausewas busy,skipped the lecture.

Figure 1.2: How left and right contexts can be used to check that a pronoun
refers to a noun, informally illustrated.

For grammars with two-sided contexts, the definition is formalized by
deductions of propositions of the form

A(u(w}v),

which state that the substring w occurring in the context between u and v
has the property A, where A is a syntactic category defined by the grammar.
Again, each rule of the grammar becomes a schema for deduction rules, and
a string w is generated by the grammar, if there is a proof of the proposition
S(e(w)e).

There is an alternative, equivalent definition of grammars with contexts.
It uses a generalization of language equations, in which the unknowns are sets
of strings with contexts (u(w) and u{w)v). All connectives in the rules of a
grammar—that is, concatenation, disjunction, conjunction and both context
operators—are then interpreted as operations on such sets, and the resulting
system of equations is proved to have a least fixpoint, as in the known cases
of ordinary context-free grammars [20] and conjunctive grammars [51]. This
least solution defines the language generated by the grammar.

These definitions ensure that the proposed grammars with contexts define
the properties of strings inductively from the properties of their substrings
and of the contexts, in which these substrings occur. Nothing like bit ma-
nipulation in “sentential forms” is possible in the proposed model, and hence
the model avoids falling into the same pit as Chomsky’s “context-sensitive
grammars,” that of being able to simulate computations of space-bounded
Turing machines.

The purpose of the present thesis is to settle the basic properties of
grammars with contexts, and thus to justify that these grammars make sense
as a model of syntax.

The definitions of grammars with contexts and their semantics are given
in Chapter 2, which also presents basic examples of grammars. These exam-
ples model several types of cross-references, such as anaphoric constructions



Statement

—
xdo?

_/

—~—
left context 3 Statement

Figure 1.3: An informal illustration of how a grammar with contexts can
check that an identifier is declared and has a matching type.

in natural languages (22|, as shown informally in Figure 1.2, or declaration
of identifiers before or after their use, informally illustrated in Figure 1.3.
Ideas of these examples are then used in Chapter 3, where the complete
syntax of a simple typed programming language is defined by a grammar
with one-sided contexts.

Chapter 4 then proceeds with developing a normal form for grammars
with contexts, which generalizes the Chomsky normal form for ordinary
context-free grammars. In the normal form, every rule is a conjunction
of one or more base conjuncts describing the form of the current substring
(either as a concatenation of the form BC or as a single symbol a), with
any context specifications (<D, <FE, >F, >H). The transformation to the
normal form proceeds in three steps. First, all rules generating the empty
string in any contexts are eliminated. Second, all rules with an explicit
empty context specification (<le, >>¢) are also eliminated. The final step is
elimination of the rules of the form A — ... & B, where the dependency of
A on B potentially causes cycles in the definition.

This normal form is used to extend the basic Cocke-Kasami—Younger
parsing algorithm to grammars with contexts. The parsing algorithm for
grammars with one-sided contexts works in time O(n?), where n is the length
of the input string. A variant of this algorithm works in time O(n?) for unam-
biguous grammars with one-sided contexts; this algorithm extends a similar
algorithm for unambiguous Boolean grammars [62|, which is in turn based
upon the algorithm of Kasami and Torii [37]. The extension of the Cocke-
Kasami—Younger algorithm for grammars with two-sided contexts works in
time O(n*).

It is also demonstrated that every language defined by a grammar with
contexts can be recognized in deterministic linear space.

In Chapter 5, the Generalized LR (GLR) parsing algorithm [47, 83, 89|
is extended to handle the case of grammars with left contexts. The original
GLR algorithm is an extension of one of the most well-known and widely used
parsing methods, LR parsing [40|. This extension is applicable to the whole
class of context-free grammars: wherever an LR(k) parser would not be able
to proceed deterministically, a Generalized LR parser simulates all available
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actions and stores the results in a graph-structured stack. The extension of
this algorithm to the case of grammars with one-sided contexts has to check
multiple conditions for a reduction operation, some of them referring to the
context of the current substring. The conditions are represented as paths in a
graph-structured stack, and accordingly require table-driven graph searching
techniques. In spite of these complications, a direct implementation of the
algorithm works in time O(n*), whereas a more careful implementation leads
to a O(n?) upper bound on its running time. On “good” grammars, the
running time can be as low as linear. This algorithm becomes the first sign
of possible practical implementation of grammars with contexts.

In the literature, ideas of (extended) right contexts of the form >a¥* (in
the terminology of this thesis) have occasionally arisen in connection with
parsing; those contexts are considered as “lookahead strings” and are used to
guide a deterministic parser. If o represents a regular language, these simple
forms of contexts occur in LR-regular [11], LL-regular [29] and LL(*) [72]
parsers. Some software tools for engineering parsers, such as those devel-
oped by Parr and Fischer [72] and by Ford [18], allow specifying contexts
>aX*, with o defined within the grammar, and such specifications can be
used by a programmer for ad hoc adjustment of the behaviour of a determin-
istic recursive descent parser. Chapter 6 describes a variant of recursive
descent parsing, extended to handle the case of grammars with contexts,
additionally allowing a limited backtracking. The conjunction operation is
implemented by scanning a single substring multiple times, as in the case of
conjunctive grammars [61]. Possible rules are tested one by one in a given
order; the applicability of the rule is determined by checking the context
specifications suitable during the parsing. A direct implementation of the
algorithm may use exponential time on some extreme grammars, however,
using the memoization technique guarantees the linear time complexity of
the parser.

A special case when all context operators in a grammar define regular
languages is discussed in Chapter 7. A grammar with regular contexts is
equipped with a finite automaton and the context operators in grammar rules
refer to its states: if the automaton accepts from a given state, then the cor-
responding context operator is considered satisfied. It turns out that regular
context operators can be effectively eliminated from every such grammar.
This means, in particular, that every context-free grammar which addition-
ally has regular context operators can be in fact converted to an ordinary
grammar.

Chapter 8 investigates the linear subclass of grammars with one-sided
contexts, where linearity is understood as a restriction to concatenate non-
terminal symbols only to terminal strings. Linear grammars with one-sided
contexts are proved to be computationally equivalent to a special kind of
cellular automata. Such an automaton, processing an input string over a
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one-symbol alphabet, turns out to be able to simulate a fixed Turing machine.
This subsequently allows uniform undecidability proofs for linear grammars
with contexts. Some further examples of linear grammars with contexts are
also constructed.

Possible directions for future work on grammars with contexts are dis-
cussed in Chapter 9, which concludes the present thesis.
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Definitions and examples






Chapter 2

Grammars with contexts

Formal grammars deal with finite strings over a finite alphabet ». The set
of all such strings is denoted by %*. The length of a string w = ay...ay,
with a; € ¥, is the number of symbols in it, denoted by |w| = ¢. The
unique string of length 0 is known as the empty string and denoted by e.
The concatenation of two strings u,v € X* is the string u - v = uwv. For all
strings u, v, w € X*, consider their concatenation uvw: then the string v is
known as a substring of uvw, the string w is its left context and w is its right
context.

Any subset of ¥* is a (formal) language over . Since languages are
sets, all Boolean operations on sets apply to them. In addition, for any two
languages K, L C ¥*, their concatenation is KL = {uv | u € K, v € L}.
The concatenation of arbitrarily many strings from the same language L C
¥*, defined by L* = {wy ... wy | £ > 0, w; € L}, is known as the Kleene star
of a language, or simply the star.

A formal grammar defines a language, viewed as a set of syntactically
correct strings, by specifying their syntactic structure. The model introduced
in this chapter, grammars with contexts, uses concatenation, conjunction and
disjunction, as well as the new context operators for left contexts (<1, <) and
for right contexts (>, ) to specify the syntax of languages.

2.1 Grammars with one-sided contexts

Let us consider left contexts of strings: a substring v occurring in a left
context u shall be denoted by u(v). Formally, this is a pair of a string and
its left context. It shall occasionally be referred to as simply a string, so
that a reference to “a string u(v)” assumes a substring occurring in a given
context.

In this section, grammars with left contexts are formalized by a deduc-
tion of elementary propositions of the form A(u(v)), where A is a syntactic
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property defined by the grammar (“nonterminal symbol” in Chomsky’s ter-
minology); this proposition asserts that v has the property A in the context
u. Though left contexts are assumed below, all results symmetrically hold
for grammars with right contexts.

Definition 2.1. A grammar with left contexts is a quadruple G =
(X,N,R,S), where

e 3 is the alphabet of the language being defined;

e N is a finite set of auxiliary symbols (“nonterminal symbols” in Chom-
sky’s terminology), disjoint with X, which denote the properties of
strings defined by the grammar;

o R is a finite set of grammar rules, each of the form

A= &.. . &ap&<bi&.. . &<Bn &I & ... & <n, (2.1)
with A€ N, k>1, m,n >0, a;, i, € (EUN)*;

e S € N is a symbol representing syntactically well-formed sentences of
the language (in the common jargon, ‘“the start symbol”).

For each grammar rule (2.1), each term «;, <8; and <v; is called a
conjunct. Each base conjunct «; gives a representation of the substring being
defined as a concatenation of shorter substrings. A conjunct <I5; similarly
describes the form of the left context or the past of the substring being
defined. Conjuncts of the form <v; refer to the form of the left context and
the current substring, concatenated into a single string.

A grammar with left contexts degenerates to a conjunctive grammar [50]
if no context operators are ever used, that is, if m = n = 0 for every rule (2.1);
and further to an ordinary context-free grammar if conjunction is never used,
that is, if £k = 1 in every rule.

Intuitively, a rule (2.1) can be read as follows: a substring v occurring in
a left context u has the property A, if

e for each base conjunct o; = X7 ... X, in the rule, with X7,..., X, €
> U N, the string v is representable as a concatenation X; ... Xy, that
is, v = vy ...vp, where each substring v; has the property X;, and

e for each conjunct <1f;, the left context w is similarly representable as
Bi, and

e for each conjunct <v;, the string wv is representable as ;.
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Asin an ordinary context-free grammar, multiple rules A — &1, ..., A — &y
for a single symbol A represent logical disjunction of conditions, and are
denoted by A — @1 | ... | ®p.

The semantics of grammars with contexts are formally defined by a de-
duction system, which deals with elementary propositions of the form “a
string v € ¥* written in a left context u € ¥* has the property X € XU N7,
denoted by X (u(v)) The deduction begins with axioms, such as that any
symbol a € ¥ written in any context has the property a, which is denoted
by a(x(a)) for all x € ¥*. Each rule in R is then regarded as a schema for
deduction rules. For example, a rule A — BC' allows making deductions of
the form

B(u(v)),C(w(w)) ke A(u{vw))  (for all u,v,w € X¥),

which is essentially a concatenation of v and w that respects the left contexts.
If the rule is of the form A — BC & <D, then this deduction requires an
extra premise ensuring that the left context u has the property D.

B(u(v)),C(uwv(w)), D(e(u)) Fa A(u(vw))  (for all u,v,w € X¥)
And if the rule is A — BC §& <F, the deduction proceeds as follows.
B(u(v)),C(w(w)), E(e(uvw)) e A(u(vw))  (for all u,v,w € T¥)

The general form of the deduction schemata induced by rules in R is defined
below.

Definition 2.2. Let G = (X, N, R, S) be a grammar with left contexts, and
define the following deduction system on propositions of the form X(u<v>),
with X € XUN and u,v € X*. There is a single aziom scheme:

Fa a(z(a)) (for alla € ¥ and z € X%).

Each rule A — o1& ... &ar& <61 & ... & <PBm & 11 & ... & <V in the
grammar defines the following scheme for deduction rules:

IFa A(u<v>),

for all u,v € ¥* and for every set I of propositions satisfying the properties
below:

e for every base conjunct a; = Xq... Xy with £ > 0 and X; € X UN,
there should exist a partition v = vy ... vp with X; (uv1 . vj_1<vj>) el
forallje{l,...,0};

13



o for every conjunct <3; = X1 ... Xp with £ > 0 and X; € XUN, there
should be such a partition v = uy ...uy, that X; (ul .. .uj_1<uj>) el
forallj e {1,...,0};

e cvery conjunct dy; = Xi...Xp with £ > 0 and X; € ¥ U
N should have a corresponding partition uv = wy...wp with
Xj(wr...wj—i(w;)) €1 forall j €{1,... 0}

Note that if a; = € in the first case, that is, if £ = 0, then the given condition
mmplies v = e, and deduction is possible only if v = &; similarly, B; = ¢
implies u = €, and y; = € implies u = v = €.

Then the language generated by a symbol A € N is defined as the set
of all strings with contexts u(v), for which the proposition A(u(v)) can be
deduced from the axioms in one or more steps:

La(A) = {u() |u,v € £*, kg Au(v)) }.

The language generated by the grammar G is the set of all strings in left
context € generated by S:

LG)={w|weX* kg S(s(w)) }.

Using both kinds of left context operators (proper < and extended <) is
actually redundant, since each of them can be expressed through the other
as follows. Let ¥* define all strings in any contexts, then:

e a proper left context <D is equivalent to a concatenation D'Y*, for a
new nonterminal symbol D’ with a single rule D’ — ¢ & <D;

e an extended left context <{F can be replaced by a concatenation X*E’,
where the new nonterminal E’ has a single rule E' — ¢ & <FE.

Using both context operators shall become essential later in Section 4.4, when
transforming the grammar to a normal form, in which the empty string is
prohibited.

The following sample grammar with contexts defines a rather simple
language, which is an intersection of two ordinary context-free languages,
and hence could be defined by a conjunctive grammar without contexts.
The value of this example is in demonstrating the machinery of contexts in
action.

Example 2.1. The following grammar generates the language { a"b"c"d" |
n>0}.
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S — aSd|bSc|e&<A
A — adb|e

The symbol A generates all strings a™b", with n > 0, in any context.
Without the context specification <A, the symbol S would define all strings
of the form w - h(w®), where w € {a,b}*, w? denotes the mirror image of
w, and h is a mapping a to d and b to ¢. However, the rule S — ¢ & <A
ensures that the first half of the string is of the form a™b" for some n > 0,
and therefore S generates only strings of the form a™b"c"d™ with n > 0.
Consider the following logical derivation of the fact that the string abed in
left context ¢ is defined by S.

- a(e(a)) ariom
- b(a(b)) axiom
- c(ab(c)) '

- A(ale))
a(s(a>),A(a<€)),b(a<b>) - A(s(ab)) A — aAbd)
((ab)) F S(able)) S — e & <A)
b(a(b)), S(able)),c(ablc)) + S(albe)) S — bSe)

The tree corresponding to this deduction is given in Figure 2.1, where the
reference to a context is marked by a dotted arrow. This tree represents a
parse of the string according to the grammar.

In the next example a similar language is defined by a grammar that uses
an extended context operator.

Example 2.2. Consider a grammar defining the language { a"0"c™ | n > 0 }.

S — aSc|B&<E
B — bB|e¢
E — aFEb]|¢

The nonterminal E generates all strings a™b™, with n > 0, in any con-
texts. Without the context operator <{F, the symbol S would define the
language {a"b™c"™ | n,m > 0}. However, the rule S — B & <E ensures
that the prefix of the string is of the form a*b*, for some k > 0, and there-
fore S only defines strings of the form a™b"c"™, with n > 0.
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S—aSd

Figure 2.1: A parse tree of the string abcd according to the grammar in
Example 2.1.

Consider the following logical deduction of the fact that the string abc is
defined by this grammar.

Fa(e(a)) (axiom)
- b(a(b)) (axiom)
F c(ab(c)) (aziom)
- E(a(e)) (E —¢)
a(e(a)), E(ale)),b(a(b)) - E(c(ab)) (E — aEb)
- B(ab(e)) (B —e¢)
b(a(b)), B(able)) - B(a(b)) (B — bB)
B(a(b)), E((ab)) + S(a(b)) (S — B&<E)
a(e(a)), S(a(b)),c(ablc)) - S(e{abe)) (S — aSc)

The deductions according to Definition 2.2 are just a formalization of
such parse trees as the one in Figure 2.1, in the same way as Chomsky’s
string rewriting formalizes context-free parse trees. Even though deductions
look bulkier than string rewriting, they ultimately represent the same logical
content, which is as simple as a parse tree.

2.2  Grammars with two-sided contexts

Let us now consider grammars which allow operators for expressing the form
of the left (<1, <) and the right contexts (>, I>) of a substring being defined.
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Definition 2.3. A grammar with two-sided contexts is a quadruple G =
(3,N,R,S), where

e X is the alphabet of the language being defined;

e N is a finite set of auziliary symbols (“nonterminal symbols” in Chom-
sky’s terminology), which denote the properties of strings defined in the
grammar;

o R is a finite set of grammar rules, each of the form

A& & &dbi&. . &<WBn&kdIn&. . . &dn&

(2.2)
&R & & By & D01 & - & >0,

with A€ N, k=1, myn,m',n’ >0 and «;, Bi, Vi, ki, 0; € (X UN)*;
e S € N is a symbol representing well-formed sentences of the language.

If all rules in a grammar have only left contexts (that is, if m’ = n/ = 0),
then this is a grammar with one-sided contexts. If no context operators are
ever used (m = n = m/ = n’ = 0), this is a conjunctive grammar, and if
the conjunction is also never used (k = 1), this is an ordinary context-free
grammar.

For each rule (2.2), each term «;, <15;, <v;, =k; and >J; is called a
conjunct. Denote by u(w)v a substring w € ¥*, which is preceded by u € ¥*
and followed by v € ¥*. Intuitively, such a substring is generated by the
rule (2.2), if

e cach base conjunct a; = X7 ... Xy gives a representation of w as a con-
catenation of shorter substrings described by X1, ..., Xy, as in context-
free grammars;

e cach conjunct <18; similarly describes the form of the left context u;
e each conjunct <v; describes the form of the extended left context uw;
e cach conjunct >k, describes the extended right context wv;

e cach conjunct >9; describes the right context v.

The semantics of grammars with two-sided contexts, similarly to the one-
sided case, are defined by a deduction system of elementary propositions of
the form “a string w € ¥* written in a left context u € ¥* and in a right
context v € X* has the property X € ¥ U N”, denoted by X(u(w)v). The
deduction begins with axioms: any symbol a € ¥ written in any context has
the property a, denoted by a(u(a)v) for all u,v € ¥*. Each rule in R is
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then regarded as a schema for deduction rules. For example, a rule A — BC
allows making deductions of the form

B(u(w)yw'v), C(vw(w')v) Fa A(u{ww)v)  (for all u,w,w’,v € X¥),

which, similarly to the case of grammars with one-sided contexts, is a con-
catenation of w and w’ respecting the contexts. If the rule is of the form
A — BC & <D, this deduction requires an extra premise for the context
operator <1D.

B(u(w)yw'v), C(vw(w')v), D(e(uyww'v) Fa A(u(ww')v)
And if the rule is A — BC & =F, the deduction proceeds as follows.
B(u{w)w'v), C(vw({w')v), F(u{ww'v)e) ko A(u{ww)v)

Now the general form of the deduction schema induced by a rule in R shall
be defined.

Definition 2.4. Let G = (X, N, R, S) be a grammar with two-sided contexts.
Define the following deduction system of propositions of the form X(u(w)v),
with X € Y UN and u,w,v € X*. There is a single axiom scheme g
a(u{a)v), for all a € ¥ and u,v € T*. Each rule (2.2) in R defines the
following scheme for deduction rules:

Itg A(u<w>v),

for allu,w,v € ¥* and for every set of propositions I satisfying the properties
below.

e [or every base conjunct a; = Xy1... Xy, with £ > 0 and X; € ¥ U
N, there should exist a partition w = wy ... wp with the proposition
X (uws .. wj—y(wj)wjyr .. wev) in I for all j € {1,...,4}.

o For every conjunct <18; = <1X1 ... Xy there should be such a partition
U = ui...u that Xj(ul...uj_l(uj>uj+1...ung) e I for all j €

(1,....0}.

o Fvery conjunct Lv; = X1 ... Xy should have a corresponding partition
UW = Ty...Tp With Xj(ml ...xj_1<xj>xj+1...xgv) e I forall j €

a,...,0.

e For every conjunct t>6; and =k;, the conditions are defined symmetri-
cally.
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The language defined by a symbol A € N is defined as
La(A) = {u(w)v | u,w,v € %, Fa A(u(w)v) }.

The language generated by the grammar G is the set of all strings with empty
left and right contexts generated by S.

L(G)={w|we X kg S(e(w)e) }

The following grammar with two-sided contexts defines the language of
all strings of the form a™b"c"d"™ (n > 0), possibly with a symbol e inserted
anywhere in d".

Example 2.3. The following grammar generates the language { a™b"c"d" |
n>0}uU{ac"ded”* |n>0>0}.

S — aSd|bSc|e&<A| Se&>D
A — aAb|e
D — Dd|e

The rules S — aSd and S — bSc match each symbol a or b in the first
part of the string to the corresponding d or ¢ in its second part. In the middle
of the string, the rule S — € & <1A ensures that the first half of the string is
a™b™. These symbols must have matching symbols ¢*d™ in the second half.
Furthermore, the rule S — Se & >D allows inserting the symbol e only in a
right context of the form d*.

The following deduction proves that the string abced has the property S.

- a(e(a)beed) (axiom)

- b(a(b)ced) (azxiom)
- c(ab(c)ed) (azxiom)
- e(abc(e ) (azxiom)
(ab dye) (azxiom)
A(ale bced) (A—e)
a(e(a)beed), A(ale)beed), b(a(b) ced) A(e(ab)ced) (A — aAb)
A( ced) (a ced) (S = e&<A)
b(a(b)ced), S(ab(e)ced), c(ab )ed) S (a(be) ed) (S — bSc)
D(abce(e)d) (D —e)
D(abce(e)d), d(abce(d 5) D(abce(d)e) (D — Dd)
S(a(bc)ed), e(abele)d), D (abce(d)e) b S (a(bee)d) (S — Se&>D)
a(e(aybeed), S(albee)d), d(abce(d)e) - S(e({abeed)e) (S — aSd)

This deduction can be represented as the tree in Figure 2.2.
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S —aSd

Figure 2.2: A parse tree of the string abced according to the grammar in
Example 2.3.

Note, that in fact, using both kinds of left context operators and both
kinds of right context operators is redundant, since they can be expressed
through each other as follows:

e <D is equivalent to ]_52*, where the new nonterminal symbol D has
the sole rule D — ¢ & <D;

e <JE can be replaced by E*E, where the new nonterminal F has the
unique rule E — € & <F;

e >F can be expressed as ﬁE*, where the new nonterminal F has the
only rule F' — e & > F;

e >H is representable as S*H , where the new nonterminal H has the
unique rule H - e & >H.

Again, having all four kinds of context operators shall become essential
when a grammar is transformed to a normal form (Section 4.5), where the
empty string is prohibited.

Context operators can also be used to refer to the form of the entire string,
as follows. Consider a rule B — ® & <1.X 4, with ® being any conjuncts and
let nonterminal X 4 have rules X4 — X ga (foralla € ¥) and X4 — e & >A.
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Then the context specification <1.X 4 in the rule for B allows referring to the
form of the entire string.

2.3 Examples of grammars

Several examples of grammars with contexts generating important syntactic
constructs are given below. All examples use ordinary context-free elements,
such as a grammar for {a™b" | n > 0}, and combine these elements using
the new context operators. This leads to natural specifications of languages
in the style of classical formal grammars.

The ideas of the examples given in this section have been implemented
in an extensive example of a grammar with left contexts, which defines the
complete syntax of a simple typed programming language. That grammar
is discussed in the next chapter.

2.3.1 Declarations of objects before use

The following example defines an abstract language representing declaration
of identifiers before their use. Though the same language can be defined by
a conjunctive grammar [68, Ex. 3|, the grammar with contexts given below
provides a more natural definition of this construct.

Example 2.4. The following grammar defines the language

{ul ... uy | for every u;,
either u; € d*a, (2.3)

or u; = c’a and there exists j < 4, for which uj = dka}.

S — DS|US|e
D — dD]la

C — cCla

U — C&<dEFa

E — CE|DE|¢
F — dFc|aFE

Substrings of the form d*a stand for declarations, while every substring
of the form c*a is a reference to a declaration of the form d*a. The claim
is that S generates a string wuy ... up(Ussq ... un), with u; € c*a U d*a, if
and only if every reference u; in the suffix wgyq...u, has a corresponding
earlier declaration in the prefix u; ...wu;—1. The grammar defines all strings
satisfying this condition inductively on £. The base case is given by the rule
S — e: the string uy ... u,(e) has the desired property. The rule S — DS
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appends any declaration (D), while the rules S — US and U — C' & <EFa
append a reference (C'), which has a matching earlier declaration (JEFa).
The latter context specification checks the declaration as follows: the symbol
FE represents the prefix of the string up to that declaration, while F' matches
the symbols d in the declaration to the symbols ¢ in the reference.

In the examples given in this chapter, identifiers are given in unary no-
tation, and are matched by rules of the same kind as the rules defining the
language {a"b™ | n > 0}. In fact, it is possible to extend the examples
so that identifiers over an arbitrary alphabet ¥ can be used. This is due
to the fact that there is a conjunctive grammar generating the language
{w#w | w e E*}, for some separator # ¢ X [50, 68].

2.3.2 Declarations of objects before or after use

Consider a variant of the problem of checking that every identifier is declared
before use, where the identifiers may be declared before or after their use.
This is fairly common: consider, for instance, the declaration of classes in
C++, where an earlier defined method can refer to a class member defined
later. However, no conjunctive or Boolean grammar expressing this construct
is known.

Example 2.5. Consider the language

{u1 ... uy | for every u;,
either u; € d*a, (2.4)
or u; = c*a and there exists j € {1,...,n} with u; = dka}.
This is an abstract language representing declaration of identifiers before
or after their use. As in Example 2.4, substrings d*a are declarations and
substrings c*a are references. This language is generated by the following
grammar.

S — DS|US|CS&HaE | ¢
D — dD]|a

C — cCla

U —- C&<EFa

E — CE|DE]|e

F - dFc|aE

H — cHd|aFE

As compared with the grammar in Example 2.4, this grammar allows
matching a reference to a declaration located later in the string, which is
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done by the rule S — CS & HaFE. Here the first conjunct C'S appends a
reference, while the other conjunct HaFE uses H to match the c¢s forming
this reference to the ds in the later declaration.

The grammar in Example 2.5 uses context specifications (JEFa) along
with iterated conjunction (S — CS & HaFE) to express what would be more
naturally expressed in terms of two-sided contexts. The following grammar
defines the language in a much more natural way.

Example 2.6. The following grammar with two-sided contexts defines lan-
guage (2.4).

DS|US|VS|e
dD | a

cCla
C&<LEFa
C&>HaFE

CE | DE | ¢
dFc | aFE
cHd | aFE

T < SQ0wn
T e A A

Declarations of the form d*a are added by the rule S — DS. The rule
S — US appends a reference of the form c*a, restricted by an extended
left context <E Fa, which ensures that this reference has a matching earlier
declaration; here F represents the prefix of the string up to that earlier
declaration, while F' matches the symbols d in the declaration to the symbols
¢ in the reference. The possibility of a later declaration is checked by another
rule S — V'S, which adds a reference of the form c*a with an extended right
context >HaF, where H is used to match the ¢s forming this reference to
the ds in the later declaration. Using these rules, S generates substrings of
the form wy ... wg{upsq ... up)e, with 0 < £ < n and u; € c*aUd*a, such that
every reference in w41 ... u, has a corresponding declaration somewhere in
the whole string u; . . . uy.

2.3.3 Forward declarations of objects

The next example abstracts the syntactic mechanism of function prototypes,
found in the C programming language and, under the name of forward dec-
larations, in the programming language Pascal [30]. The grammar for this
language, that is given below, is based on the grammar from the previous
example.
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Example 2.7. Consider the language

{u1 LU ‘ for every u;, either u; = d*a and there exists 7>,

such that u; = vea,

or u; = c*a and there exists j < 1,

for which u; = d*a,

or u; € b*a}.

A substring of the form d*a represents a function prototype and a sub-
string b*a represents its body. Calls to functions are expressed as substrings
c*fa. The first condition in the definition of the language means that every
prototype must have a body somewhere later, while the second restriction
requires that a call to a function must be preceded by its prototype. It is
also possible to further extend the language so that a call could refer directly
to a preceding function body, without using a prototype.

anything anything
( D V—D &> HaE \

—
[ [3{[a[ala] c[clalb]B]a]} {]
i )T

Figure 2.3: The grammar from Example 2.7: how a following body is found
for a declaration.

This language can be generated by the following grammar with two-sided
contexts.

S — US|VS|BS|e
B — bB]la

C — cCla

D — dD|a

U — C&<dEFa

V. — D&BZHaE

E — BE|CE|DE|e
F — dFc|aFE

H — dHb|aE
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The idea of the grammar is that nonterminal S should generate a sub-
string uy ... up(Ugyy ... up)e, with 0 < £ < n and u; € b*a U c*a U d*a if and
only if every prototype u; = d*a in wugyy ...u, has a corresponding body
bFa in Ujt1 - .. Uy and every call u; = cFa in Ugy] - - - Up has a corresponding
prototype d*a in u; ... u;—1. The rules for S define all substrings satisfying
these conditions inductively on the length of those substrings, until the en-
tire string e(u;j ... uy)e is defined. The rule S — ¢ defines the base case: the
string u; . .. up(€)e has the desired property.

anything anything
( U—-C &<{EFa C \

A
[?¢[d][d[a]c]ec]a]b]blal} ] |
H_/&__\/—/

Qe

E F

Figure 2.4: The grammar from Example 2.7: how a preceding declaration is
found for a call.

The rules S — V.S and V — D & >HaFE append a prototype d*a and the
extended right context of the form d*a...b%a ... ensures that this prototype
has a matching body somewhere later within the string. The rules S —
US and U — C & <EFa append a call ¢*a, and the context specification
...dFa...cFa checks that it has a matching prototype earlier in the string.
Function bodies b*a are added by the rule S — BS.

2.3.4 References in natural languages

The next example uses the ideas of Example 2.6 to represent a linguistic
phenomenon of anaphora [22].

Example 2.8. Consider the following two English sentences.
(1) John; skipped the lecture, because he; was busy.
(2) Because he; was busy, John; skipped the lecture.

Both sentences have a pronoun in one of the clauses, which refers to a
noun in the other clause. In sentence (1), the pronoun he points to its left
towards its antecedent John, while the pronoun in sentence (2) refers to its
right towards its postcedent (such a reference to the right is sometimes called
a cataphora).

The following grammar with two-sided contexts defines complex sen-
tences, where a pronoun always refers to a contextual entity within the same
sentence. For the sake of simplicity, the grammar does not allow for agree-
ment of gender or grammatical number.
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X
to do the job, bwas busy.
X
Becauseas bus had to do the job.

Figure 2.5: Examples of sentences not defined by the grammar from Exam-
ple 2.8.

ComplexSentence — Clause , SubordinatingConjunction Clause |
SubordinatingConjunction Clause , Clause

SubordinatingConjunction — because |...

Clause — NounPhrase VerbPhrase

NounPhrase — Noun | ValidPronoun

Noun — ...

VerbPhrase — ...

Pronoun — he |...

ValidPronoun — Pronoun & < anything Noun anything |
Pronoun & > anything Noun anything

anything — a anything | b anything | ...

The sentences defined by this grammar may only have a single
main clause and a single subordinary clause, both of which follow the
subject—verb—object (SVO) positioning. The rules for the nonterminal
ValidPronoun define a pronoun if and only if there is a noun located ei-
ther to the left of it (antecedent) or to the right of it (postcedent).

Another example deals with reflexive possessive pronouns, met, for in-
stance, in Swedish [26]. Such a pronoun reflects that the subject in the
phrase owns the object.

Example 2.9. Consider the following Swedish sentence.

(3) Jonas; dri Oslo och Erik; gar pa bio med hans; fru.
Jonas is in Oslo and Erik goes to cinema with his  wife.

In this sentence, possessive pronoun hans (“his”) refers to Jonas, but not
to the subject of the clause (Erik). In order to make a reference to Erik in
the second clause, the reflexive pronoun sin (“his own”) should be used, as
in the following sentence.
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(4) Jonas; éri Oslo och Erik; gdr pad bio  med sin;  fru.
Jonas is in Oslo and Erik goes to cinema with his own wife.

The following fragment of a grammar with contexts defines sentences
where a possessive pronoun can only be used if the sentence is complex, and
a reflexive possessive pronoun is only allowed when it refers to a noun to
its left and the sentence has only one clause. This means that the use of
reflexive possessive pronouns is preferred to the use of possessive pronouns.

ComplexSentence — Clause CoordinatingConjunction Clause |
Clause
CoordinatingConjunction — och | ...
Clause — NounPhrase VerbPhrase
VerbPhrase — Verb NounPhrase
Prepositional Phrase — Preposition NounPhrase
Preposition — med | ...
NounPhrase — Noun | NounPhrase Prepositional Phrase |
ValidPossessive Pronoun Noun
Noun — ...
PossessivePronoun — hans |. ..
ReflexivePossessive Pronoun — sin | ...
ValidPossessive Pronoun —
Possessive Pronoun
& <0 Noun anything CoordinatingConjunction anything |
Reflexive Possessive Pronoun & < anything Noun anything

As in the previous example, for the sake of simplicity, the grammar does
not allow for agreement of grammatical gender and number.

2.3.5 Defining arbitrary cross-references

The next example gives a grammar with contexts that defines reachability on
graphs. Sudborough [85] defined a linear context-free grammar for a special
encoding of the graph reachability problem on acyclic graphs, in which every
arc goes from a lower-numbered vertex to a higher-numbered vertex. The
grammar presented below allows any graph and uses a direct encoding. This
example illustrates the ability of grammars with contexts to define arbitrary
cross-references.

Example 2.10. Consider encodings of directed graphs as strings of the form
bf a.“bjl a2 ... abnal, with s,t > 1, n > 0, iy, jr > 1, where each block
a't’ denotes an arc from vertex number i to vertex number j, while the
prefix b° and the suffix a’ mark s as the source vertex and ¢ as the target.
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Formally, the language of graph reachability is defined as follows.
{bS a2 L g o ‘ s, t =21, n>0, i, jk =1,
1, b S =gy, Jo, =g, Sty = ltay s Jlmy = Uty Jo =t}

Then the following grammar defines all graphs with a path from s to t.

S — FDCA|F

A — dAla

B — bB|b

C — ABC|e¢

D — B&<BCE | B&BFDCA | B&BF
E — aEb|DCA

F — 0bFa|bCa

The grammar is centered around the nonterminal D, which generates all
substrings b%a’ b7t . .. a® (bk)ak+1bIk+1 | ainbingt, such that there is a path
from ji to ¢ in the graph. If this path is empty, then j, = t. Otherwise,
the first arc in the path can be listed either to the left or to the right of /.
These three cases are handled by the three rules for D. Each of these rules
generates b/ by the base conjunct B, and then uses an extended left or right
context operator to match b to the tail of the next arc or to a’.

The rule D — Bg& IBCE considers the case when the next arc
in the path is located to the left of b7. Let this arc be a%bt, for
some ¢ < k. Then the extended left context BCE covers the sub-
string b%a’'b’t ... a"bt ... a’*b*. The concatenation BC' skips the prefix
b%a’1bit ... a'-1b/e-1 and then the nonterminal F matches a* to bk, verify-
ing that iy = j,. After this, the rule F — DCA ensures that the substring
bt is generated by D, that is, that there is a path from j; to t. The concate-
nation C'A skips the inner substring a®+1b/t+1 ... a'*.

The second rule D — B&EBFDCA searches for the next arc to the
right of b%. Let this be the ¢-th arc in the list, with ¢ > k. The extended
right context F'DC A should generate the suffix b/% ... a*b/ ... a""bmal. The
symbol F covers the substring b’ ...a%, matching b* to a’. Then, D
generates the substring b, checking that there is a path from j, to t. The
concatenation C'A skips the rest of the suffix.

Finally, if the path is of length zero, that is, ji = ¢, then the rule D —
B & >F uses F to match b to the suffix a! in the end of the string.

Once the symbol D checks the path from any vertex to the vertex ¢, for
the initial symbol S, it is sufficient to match b® in the beginning of the string
to any arc a/*b’*, with j, = s. This is done by the rule S — FDCA, which
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Figure 2.6: An informal diagram representing a parse of the string
bt a®b® alb* a?b? alb? a®b? a? according to the grammar in Example 2.10.
Highlighted blocks correspond to the substrings constituting the path 1-4—
3-5-2.
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operates in the same way as the second rule for D. The case of s and ¢ being
the same node is handled by the rule S — F.

Note, that for succinctness, one could replace the rules D —
B&E2FDCA and D — B & > F with a single rule D — B § >S5,

The following example gives an instance of a correct graph encoding and
its representation as a parse tree.

4

<

Consider a directed graph with five vertices, numbered from 1 to 5, and
the arcs 3—5, 1—4, 4—3, 1—3, and 5—2, where the path from vertex 1 to
vertex 2 is sought, and an encoding for this instance of the problem as a
string b' a3b® a'b* a?b® a'b® a®b? a®. One of the paths from 1 to 2 is 1, 4,
3, 5, 2, and Figure 2.6 informally illustrates the parse of this string which
follows that path according to the grammar.

2.4 Alternative characterizations of grammars with
contexts

In this section, the semantics of grammars with contexts are formalized in
two more ways, both of which are equivalent to the definition by deduction.
One of these definitions directly expresses grammars in first-order logic over
positions in a string [79], while the other one uses a generalization of language
equations, in which the unknowns are sets of strings with contexts u(v). All
connectives in the rules of a grammar—that is, concatenation, disjunction,
conjunction and both context operators—are then interpreted as operations
on such sets, and the resulting system of equations is proved to have a
least fixpoint, as in the known cases of ordinary context-free grammars [20]
and conjunctive grammars [51]. This least solution defines the language
generated by the grammar.

2.4.1 Definition in the first-order logic over positions in the
input

In the semantics defined in this subsection, nonterminal symbols of the gram-
mar become binary predicates, with the arguments referring to positions in
the string.

Definition 2.5. Let w € ¥* be a string and consider a set of variables,
representing positions in w, ranging from 0 to |w|. Then the set of terms
over these variables is defined inductively as follows:
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a variable is a term;

o the symbols begin and end are constant terms, which refer to the first
and the last positions in the string;

e ift and t' are terms, thent <t' and t =t' are terms;

e ift is a term, then so are t +1 and t — 1, representing the operations
of increment and decrement.

Every predicate has two arguments, corresponding to positions in the
string: the beginning of the current substring and its ending. There are
built-in unary predicates a(t), for each a € X, which assert that the symbol
in position ¢ in the string is a, and binary predicates t < ¢’ and t = t’ for
comparing positions. Arguments to predicates are given as terms, which
are either variables (¢ = x) or constants referring to the first and the last
positions (¢ = begin, t = end), and which may be incremented (¢ + 1) or
decremented (¢t — 1). Each formula is constructed from predicates using
conjunction, disjunction and first-order existential quantification.

Definition 2.6. Let X be an alphabet, let N be a finite set of predicate
symbols, and let A € N. Then:

o ift and t' are terms, then A(t,t') is a formula;

o ifa € andt is a term, then a(t) is a formula;

o ift and t' are terms, then t <t and t =1t are formulae;

o if ¢ and v are formulae, then so are p N and @ V P;

e if v is a formula and x is a free variable in @, then so is Jz(p).

Each predicate A(z,y) is defined by a formula ¢ 4(z,y) that states the
condition of a substring delimilited by positions x and y having the property

A.

Definition 2.7. A grammar over positions in the input is a quadruple G =
(Ea Nv <SOA>A€N, U), where

e X is the finite alphabet of the language being defined;
e N is a finite set of predicate symbols, each of rank 2;

o cach p(x,y) is a formula with two free variables x andy, which defines
the predicate A(z,y);

e o0 is a formula with no free variables, which defines the condition of
being a syntactically well-formed sentence.
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The membership of a string w in a language is expressed by the statement
of the form o, which may be true of false.

The following example demonstrates the definition.

Example 2.11. Consider the grammar with two-sided contexts that defines
the singleton language {abca}.

aS | Sa | BC
a
b& <A

N
N
N
— c&D>A

QW > »

This grammar is expressed by the following formulae defining predicates
S(z,y), B(x,y), A(x,y) and C(x,y), respectively.

Sz.y) = (az+1)AS@E+1y) vV (S@y—1)Aaly))
V(3z(x<zANz<yAB(z,z) NC(z,9)))

Alz,y) = alz+1)ANz+1=y

B(z,y) = blx+1)Ax+1=yA A(begin, )

C(z,y) = clr+1)Ax+1=yA A(y,end)

In general, the language defined by some nonterminal A € N of a gram-
mar with contexts can be represented in this logic as follows. First, assume
that all rules of the grammar are of the following form.

A— BiCi&...&ByCr & <AD1 & ... & <ADy & LB & . . . & 1y & (2.5)
DR &... &BFy &>H1 & ... & > Hyy
A= a&<D1&...& <Dy & E1 & ... & <En & (2.6)
DR &. . . &BFy &>H & ... & >H,y,

(k=1,mn,n",m' >0, B;,C;, D, E;, Fi, H; € N, a € ¥)
As will be shown later in Section 4.5, there is no loss of generality in this
assumption.

The formula corresponding to a nonterminal A € N is a disjunction of two
subformulae, one representing all rules for A of the form (2.6) and another
all rules of the form (2.5). For a set X = {Xy,...,X,} with X; € N, and
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for a context operator @ € {<,<,>,>}, denote QX := QX1 & ... & QXy.

valz,y) = \/ alz+1)ANz+1=yA
A—a & <D & LE &
EF&D>HER

/\ D(begin,z) A [\ E(begin,y) A [\ F(z,end) A /\ H(y,end) | v

DeD Ee€ FeF HeH
k
\/ /\Elz(x<z/\z<y/\Bi(:1:,z)/\Ci(z,y))/\
A—B1C1 &... & BrCr & i=1
D& LE & F & SHER

A\ Dibegin,z) A A\ Ebeging) A A Flz.end) A\ H(y,end)
DeD Ec& FeF HeH

The first subformula is a disjunction over all rules of the form (2.6),
which has A on its left-hand side. The subformula corresponding to such a
rule, is, in its turn, a conjunction of all conjuncts in it. The base conjunct
a is expressed as a term a(x + 1), meaning that the (z + 1)th symbol of
the string is the terminal a. Every context specification <D is expressed
as D(begin, z), asserting that D defines exactly the fragment of the string,
beginning from its first position and ending at position x, which is essentially
the left context with respect to the position z. Similarly, each conjunct <FE
is represented as F(begin,y), that is, this time the fragment again starts
from the very first position of the string, but ends at position y. That is,
it begins where the string itself begins and includes the fragment between
the positions z and gy, which is exactly the definition of the extended left
context. Conjuncts of the form >F and >H are expressed in the formula in
a symmetric way.

The second subformula corresponds to rules of the form (2.5). It is again
a conjunction corresponding to all conjuncts of the rule. Every base con-
junct of the form BC', which is a concatenation of two symbols B and C,
is represented as a conjunction of two conditions: the fragment between the
positions x and z should be defined by B and the fragment between 2z and
y should be defined by C. The existence of a “middle” position z is given by
the existential quantifier.

2.4.2 Definition by language equations

The representation of ordinary context-free grammars by language equa-
tions, introduced by Ginsburg and Rice [20], is one of the several ways of
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defining their semantics. For example, a grammar S — aSb | € is regarded
as an equation S = ({a} - S - {b}) U {e}, which has the unique solution
S ={a"" | n > 0}. Conjunctive grammars inherit the same definition
by equations [51], with the conjunction represented by the intersection op-
eration. This important representation shall now be extended to grammars
with contexts.

In order to represent contexts in the equations, the whole model has to
be extended from ordinary formal languages to languages of strings with
contexts. In the case of grammars with one-sided contexts, these strings are
of the form u(v), and a language of strings with contexts is a set of pairs
of strings L C ¥* x ¥*. In what follows, only grammars with left contexts
are considered; the results can be extended to the case of grammars with
two-sided contexts in a straightforward way.

All usual operations on languages used in equations will have to be ex-
tended to languages of strings with contexts. For all K, L C ¥* x>*, consider
their:

o union K UL ={u() |u(v) € K or u(v) € L},

o intersection K N L ={u(v) |u(v) € K, u(v) € L };

o concatenation K - L = {u(vw) | u(v) € K, uv(w) € L };
o (proper) left context <L = {u(v)|e(u) € L, v € ¥*};
o catended left context AL = {u(v) | e{uv) € L }.

A language of strings with contexts shall be occasionally called a language
with contexts or simply a language. Given a grammar with contexts, the plan
is to define a system of equations, in which the unknowns are languages (of
strings with contexts) defined by the nonterminal symbols of the grammar.
A solution of the system is any assignment of languages to the variables that
turns each equation into an equality. The system will be defined such that it
always has solutions, and among them there is a least solution with respect
to the partial order C of componentwise inclusion, and this solution will be
used to define the language generated by the grammar. In a similar way one
can define the notion of componentwise intersection L.

The order of componentwise inclusion is defined on the set (2% **")" of
n-tuples of languages, where n is the number of nonterminal symbols in the
grammar. For any two such n-tuples, let (Ky,...,K,) C (L,...,Ly) if and
only if K1 C Ly, ..., K, C L,. The least element under this order is the
vector of empty sets L= (&,..., ).

Definition 2.8. For every grammar with contexts G = (X, N, R, S), the
associated system of language equations is a system of equations in variables
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N, in which every variable assumes a value of a language with contexts L C
¥* x ¥*, and which contains the following equation for every variable A.

k m m’
A= LJ [(]aim f]<ﬁiﬂ r]ﬂ%}. (2.7)
A—al &... & ok & i=1 =1 =1

& <1 & &<IPm &

& & &y, ER
FEach string a;, B; or~y; in such a system denotes a concatenation of variables
and symbols, where each instance of a symbol a € X defines a constant
language {x{a) | x € X*}. If any of the oy, B; or 7; is an empty string,
it denotes the language { x(e) | x € ¥* }.

Let N = {Ay,..., Ay} and let (Lay,...,La,), with Ly, C ¥* x ¥, be
the least solution of the system (2.7). Define the language generated by each
nonterminal symbol A € N as the corresponding component of this solution:
Lg(A) =Lj. Let L(G) = {w | 5(w) S Ls}.

For this definition to be correct, it should be proved that any such system
has a least solution with respect to the partial order C of componentwise
inclusion. Let N = {Ay,..., A,} be the set of variables. Then the system
of language equations (2.7) can be denoted by

Ay = Spl(Ab"'aAn)

: (2.8)
ATL = QDTL(Ala s 7An)
where the functions o;: (277" )" — 2% *%" in the right-hand sides are
defined as a composition of the operations of concatenation, union, intersec-
tion, left contexts (<) and extended left contexts (). The right-hand sides
of such a system can be represented as a vector function ¢ = (¢1,..., @),
which has the following properties.

Lemma 2.1. For every grammar with contexts, the vector function ¢ =
(@15, pn) in the associated system of language equations is monotone, in
the sense that for any two vectors K and L, the inequality K T L implies

o(K) Co(L).

The proof of Lemma 2.1 follows directly from the definitions of the op-
erations, like in the case of conjunctive grammars [51].

Another property of functions in the right-hand sides of these equations
is their continuity: whenever a sequence of arguments {L(i)}gﬁl converges
to L, the sequence formed by applying ¢ to all elements of the sequence
converges to ¢(L). It is actually sufficient to prove the weaker property
of U-continuity, defined with respect to ascending sequences of the form
Wer@c. .. c®eo. ..
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Lemma 2.2. For every grammar with contexts, the vector function ¢ =
(@1, .., ¢n) in the associated system of language equations is U-continuous,
in the sense that for every ascending sequence {L(i) >, of vectors of lan-

guages with contexts, it holds that
| (L) = (p( || L@).
i=1 i=1

The proof of this lemma is based on the fact that the membership of any
element u(v) in an n-tuple of sets ¢(L(*) depends on finitely many elements
in the argument L.

The next result follows by the standard method of fixpoint iteration,
as explained, for instance, in the handbook chapter by Autebert et al. [4].
According to this method, the vector function ¢ on the right-hand side of the
system is iteratively applied to the vector of empty sets, and after countably
many iterations, the process converges to the least solution of the system.
The method applies to every system of equations (2.7) corresponding to a
grammar with contexts, due to monotonicity and continuity of its right-hand
sides (Lemmata 2.1 and 2.2).

Lemma 2.3. Every system of language equations (2.8), where ¢ is mono-
tone and U-continuous, has a least solution, which is given by

| ] &* (1)
k=0

Example 2.12. The following system of equations represents the grammar
in Example 2.1.

Consider the sequence of iterations leading to the least solution of the
system.
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g), albc), a’b?(e)}
U X*(a?b?) U Z*<a3b3>>
),

{e(e), ab(e), a®b?(e), a®b3(e), albe), aab(be), e{abed)} .
<2*<5> U Z*(ab) U Z*(a2b?) U T*(a363) U E*(atbt) > e

—~

This sequence tends to a pair S = {a" (a’b"c"d’) | 0 < i < n,n €
N} U {aw"bic) |0<i<n,neN}, A= {x(a"b") | x € ¥*}, which is
therefore the least solution of the system.

This proves that every system of equations corresponding to a grammar
with contexts has a least solution, and hence Definition 2.8 is correct. It
remains to prove that Definitions 2.2 and 2.8 are equivalent, that is, they
define the same languages Lg(A), for all A € N.

Let N be the set of nonterminal symbols, let |[N| = n. For every n-tuple
of languages with contexts L € (2°**")" and for every symbol A € N,
denote the A-component of this tuple by [L] 4.

Theorem 2.1. Let G = (X, N, R, S) be a grammar with left contexts, where
N ={Ay,..., A}, andlet A; = pi(A1,..., An) (1 < i< n)be the associated
system of language equations. Let u(v) € ¥* x ¥* be a string with a contezt.
Then, for every A € N,

u(v) € [I_I got(g,...,g)]A if and only if Fg A(u(v))

>0

Proof. The argument uses the notation «(L) for the substitution of an n-
tuple of languages with contexts L into a concatenation o = X ... Xy, with
X; € Y UN. Its value is a language with contexts, defined as a(L) =
[L]x, ...[L]x,, where [L]4 with A € N is the A-component of L, while
[Llg ={z(a) |z €¥*} forall a € X.

& The proof is by induction on ¢, the number of iterations made until
the string u(v) appears in [¢'(2, ..., @)]A.
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Basis. For t = 0, there are no A € N satisfying the assumptions.

Induction step. Let the string u(v) be obtained in t iterations, that
is, u(v) € [p'(L)]a = A(p'"1(L)). Then, substituting ¢'~!(L) into the
equation for A yields

wye U (Nae ™ @n

A=y &... & ag & =1
& <P1 & & Pm &
& & &y, ER

’

N DBl N ) (et (L)

i=1 1

3

<.
Il

Hence, there should exist such a rule

A—>al&...&ak&ﬁﬂl&...Qﬁm&ﬂ’yl&...&ﬂ’ym/, (29)

that a substitution of the languages ©'~!(_L) into each conjunct of this rule
(i, <1B; or ;) evaluates to a language containing u(v).

Consider each base conjunct «;, with ¢ € {1,...,k}. Let o =
Xi1...Xiy, where 4; > 0 and X;; € XUN for all j € {1,...,4}. It
is known that u(v) € a;(¢'~1(L)). Then, by the definition of concatenation
with contexts, there is such a partition v = vy ... vy,, that

uvq . .. ’Uj,l<’Uj> S Xi,j(cpt_l(J_)), (210)

for all j € {1,...,4;}. For each X;;, if X;; is a terminal symbol X;; =
a € ¥, then the substitution gives a constant language X;;(¢'"1(L1)) =
{z(a) | * € ¥*}, and the above condition (2.10) implies that v; = aq;
hence, the proposition Xj ; (um . vj_1<vj)) is deduced by an axiom. If X ;
is a nonterminal symbol X;; = B € N, then the string uv; ...v;_1(v))
should be in X; ;(¢' (L)) = [¢'"!(L)] ; by the induction hypothesis, ¢
Xi, i (U’U1 e ’Uj_1<’l)j>).

The cases of conjuncts <15; and <v; are analogous. Consider, for instance,
<Bi,andlet B =Y ... Y;vg;, where Y; ; € XUN. Ifu(v) € ﬂi(got_l(J_)), then
there is a partition u = uy ... up, for which uy ... uj_1{u;) € Y; j(o"7 (1)),
for all j € {1,...,¢;}. For everly Y;; = B € N, the induction hypothesis
can be used to show that ¢ Yij(u1...uj—1(u;)); for a terminal symbol
Y; ; = a € ¥, this proposition is an axiom.

For each extended context <v;, let v; = Zi,l...ZM;/. Here u(v) €
7i(p!~1(L)) implies that there is a partition uv = wi ... wyy, such that
wy ... wj_1{w;) € Z; j(pt1(L)), for all j € {1,...,£/}. Again, it is proved
that F¢ Z;j (w1 ... wj—1(w;)), using the induction hypothesis for nontermi-
nal symbols and the axiom for terminal symbols.
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Thus all the premises for deducing the proposition A(u(v)) according
to the rule (2.9) have been obtained, and one can make the desired step of
deduction:

{Xij(uor v (vi) b, o {Vis (i (ug)) b
{Z;; (w1 ... wj—1{w;)) }i,j Fa A(u(v)).

© Assume that A(u(v)) is deducible in the grammar, and let p be the
number of steps in its deduction. It is claimed that u(v) € [¢'(L)], for
some t depending on p. The proof is by induction on p.

Basis. Let p = 1, that is, the proposition A(u(v)) is deduced in a single
step by a rule A — v. Then u(v) € [¢'(@,...,2)] ,.

Induction step. Assume that a proposition A(u<v>) is deduced in p steps,
and consider the rule used at the last step of deduction:

A—-a&. . . &op&<fr&.. . &<Bm&I&. .. & -
Then,

e for each conjunct a; = Xj;1...X;, in the rule, there is a partition
v =01...0, so that F¢ X ; (uvl ) ..vj_1<vj)) for all j € {1,...,4;};

e for each conjunct <1f; = <Yi1...Y, e, there is a partition u =
uy ... up, for which F¢ Y5 ; (u1 ) ..uj_1<uj>) for all j € {1,...,¢};

e for each conjunct <v; = @Zi,l'-.Z@g;f there is a partition uv =
wy ... wyr, satistying b Z; (w1 ... wj—1(w;)) forall j e {1,...,¢/}.

Consider any base conjunct a; = X;1...X;y, with X;; € Y UN,
and its j-th symbol X;;. If X;; = B € N, then the deduction of
the proposition Xj ; (uvl .. .vj,1<v]->) takes fewer than p steps, and there-
fore, by the induction hypothesis, there exists such a number t;;, that
uvy ...vj—1(vj) € B(phi(Ll)). If X;; = a € ¥, then v; = a and
uvy ... vj—1(vj) = wvr...vj—1{a) € ¥*(a). The concatenation of these
strings with contexts u(vq), uvi(v2), ..., up to uvy ...v;j—1(v;), is u(v), and
therefore u(v) € a;(¢' (L)), where t; = max; t; ;.

Applying the same procedure to each conjunct <15; or <v; similarly yields
u(v) € <Bi(p% (L)) or ulv) € Lyi(¢% (L)), for some appropriate numbers ¢
and t/. Let ¢t be the maximum of all these numbers. Then,

3

u(v) €

k ’
1=

ai(@'(L) N () DB (L) N ) Dil@' (L) € [¢" 1 (D)] 4
=1

1 1

-.
Il

as desired. O
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2.4.3 Definition of grammars with two-sided contexts by lan-
guage equations

For grammars with two-sided contexts, the model uses another generalization
of language equations, in which the unknowns are accordingly sets of triples
u{w)v.

Definition 2.9. Let K, L C ¥X* x ¥* x ¥* be languages of triples and define
the following operations on them:

e union K UL = {u(w)v | u(w)v € K or u(w)v € L};

o intersection KN L = {u(w)v | uw(w)v € K, u(w)v € L};

e concatenation K - L = { u(ww')v | w(w)w'v € K, vw({w')v € L };
o left contert <L = {u{w)v | e(u)wv € L };

o catended left context IL = {u(w)v | e(uw)v € L};

o right context >L = { u(w)v | vw(v)e € L};

o catended right context =L = { u(w)v | u(wv)e € L}.

For every grammar with two-sided contexts G = (X, N, R, S), is a system
of equations in variables N, in which each variable assumes a value of a
language of triples L C X* x ¥* x X*, and which contains the following
equation for every variable A.

k m n m’ n’
A= U <ﬂaiﬂﬂ<l,3iﬂﬂﬂ’}’iﬂﬂkﬁiﬂﬂ>5i>.
Asar & & o & i=1 i=1 i=1 i=1 i=1

&<P1 & & <Pm &

&M & & &

&K1 &... &BK, 1 &

&>01 &... & 58,1 €ER
Similarly to the case of grammars with one-sided contexts, each instance
of a symbol @ € ¥ in such a system denotes the language { x{a)y | z,y € ¥* },
and each empty string denotes the language { x(¢)y | x,y € ¥* }. A solution
of such a system is a vector of languages (..., L4,...)aen, such that the
substitution of L4 for A, for all A € N, turns each equation into an equality.
Again, similarly to the one-sided case, such a system has a least solution

and the following result holds.

Theorem 2.2. Let G = (X, N, R, S) be a grammar with two-sided contexts,
where N = {Ay,..., An}, and let A; = @i(A1,...,Ay) (1 <@ < n) be the
associated system of language equations. Let u{w)v € ¥* x ¥* x ¥* be a
string with a context. Then, for every A € N,

u{w)v € “_l o'(a,..., @)]A if and only if Fa A(u(w)v).
>0
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Chapter 3

Raison d’étre: specifying a
programming language

Since the era of Algol 60, the specification of syntax of programming lan-
guages has been based on different grammatical models, mainly on context-
free grammars and so called Backus-Naur Form [49]. For educational pur-
poses Wirth, the author of the Pascal programming language, has used syn-
tactic diagrams [30] in descriptions of languages.

These models allow one to define syntactic structure of a language, in-
cluding, for example, correctness of parentheses in nested expressions, or of
every if statement having at most one else branch, and so on. However,
such natural restrictions as declaration of every variable before use or agree-
ment of the number of formal parameters and actual arguments in a function
call, not to mention the agreement of their types, can not be described by
context-free grammars.

In 1962, Floyd has shown [17] that Algol is not a context-free language
by considering the following valid program.

beginreal x...x ; x...x :=x...xend
— T~ S——

n n n

Under a certain encoding, one can represent such programs as strings of the
form a™b"c", with n > 1, which is a well-known non-context-free language.

As a matter of fact, the requirement that every identifier has to be de-
clared before use, can be abstracted by the language { wew | w € ¥*, ¢ ¢ ¥ },
called sometimes the copy language with central marker. In its turn, the
language {a"b™c"d™ | n,m > 1} abstracts the agreement of the number
of formal parameters and actual arguments in function calls (but not the
agreement of their types, though). Both languages are known to be non-
context-free.

Context-sensitive grammars, initially proposed by Chomsky to describe
the syntax of natural languages, turned out to be powerful enough to define
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the mentioned abstract languages; however, they are equivalent to nondeter-
ministic linear-bounded Turing machines, which essentially means that no
efficient parsing algorithm exists for such “grammars”.

These issues have inspired a subsequent research to develop a reason-
able (that is, efficiently parsable) grammatical model, which would be able
to specify the mentioned abstract languages. Of many such attempts, one
could emphasize indexed grammars by Aho [1] and two-level grammars by
van Wijngaarden [93, 10]. Unfortunately, one has never found a polynomial
parsing algorithm for the former model, while the latter has been shown
computationally universal, making it practically irrelevant. Nonetheless,
two-level grammars have been used in specification of Algol 68 programming
language [93], with all “context conditions” being defined formally.

One can notice that the language {a™b™c"d™ | n,m > 1} can be rep-
resented as an intersection of two context-free languages, which means, in
addition, that it can be parsed in polynomial time by invoking the appro-
priate context-free grammar parsing algorithm. A generalization of this idea
led to the Boolean closure of context-free languages, for which polynomial-
time parsing algorithms have been developed (see, for example, the paper
by Heilbrunner and Schmitz [25]). However, as it has been later shown by
Wotschke [95], the above-mentioned copy language with central marker is
not representable as a finite intersection of context-free languages, and thus
some other apt formalisms had to be discovered.

Meanwhile, the development of fast polynomial time parsing algorithms
for subclasses of context-free grammars [40, 41|, as well as the need to specify
the syntax of programming languages by models as natural as context-free
grammars, led to research on attribute grammars [42| and syntax-directed
translation [2]. Every rule is associated with semantic actions, which, for
example, may use symbol tables to look-up whether a certain variable has
been previously declared. Such essentially ad hoc techniques are used even
until now.

Apparently the first specification of a programming language entirely by
a (polynomially parsable) formal grammar has been made by Okhotin [58],
who constructed a Boolean grammar for a certain simple programming lan-
guage. That language, however, had only one data type and hence no ap-
proach of how to implement type checking has been suggested.

This chapter specifies a very similar language named Kieli (Finnish for
“language”), augments it with two data types (integer and Boolean), and
uses grammars with contexts to specify the language in a formal way.

The grammar takes its ideas from Example 2.4, which abstracts declara-
tion of identifiers (represented in unary notation) before their use. To gen-
eralize this example to identifiers over a many-letter alphabet, the technique
for matching the symbols in a declaration and a reference (see nontermi-
nal F') shall be much more involved than just checking the number of the
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copy language with central marker

;lilnlt] [i] tlel ([1]o0]*

Q.
&
)
'_l

Figure 3.1: How the language { wew | w € ¥*,¢ ¢ X } abstracts the problem
of matching identifiers.

appropriate a’s and b’s.

Example 3.1 (|50]). The following conjunctive grammar generates the lan-
guage { wew | w € {a,b}* }.

S —- C&D

A — XAX |cFEa

B — XBX | cEb

X — alb

C — XCX|c

D — aA&aD |bB&bD | cE
E — XE|e¢

The nonterminal C defines the strings consisting of two parts of equal
length separated by a central marker, that is, L(C) = {wijcwy | wi, w2 €
{a,b}*, |w1| = |wa|}. The actual comparison of symbols in corresponding
positions is made by nonterminal D, which defines the language L(D) =
{uczu | u,z € {a,b}*}. The conjunction of C' and D ensures that the
strings generated by the grammar are of the desired form.

The language L(D) is defined inductively as follows. The base case gives
strings of the form c{a,b}*, that is, with u = ¢. The induction ensures
that a string is in L(D) if and only if its first symbol is the same as the
corresponding symbol on the other side, and the string without this first
symbol is also in L(D).

A similar language shall be used later in Section 3.2, when a grammar
for a programming language is defined.

3.1 Definition of the language Kiel:

The complete definition of the programming language Kieli is presented
below.
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[I] Lexical conventions.

[I.1] Alphabet of the language. A program is a string over the following
alphabet of: letters (a, ..., z), digits (0, ..., 9), punctuators ((,
L4 b -k & | =< >0, ), and a whitespace character
(o)
[I.2] Lexzemes, the set of the following strings over the alphabet:
[I.2.1] Keywords: int, bool, if, else, while, return, void, true,
false.
[I.2.2] Identifiers:

[I.2.2.1] Identifier is a nonempty sequence of letters and digits,
starting from a letter.

[I.2.2.2] Identifier should not coincide with any of the keywords.
[I.2.3] Number is a nonempty sequence of digits.

[II] Syntactic structure.

[II.1] A program is a finite sequence of function declarations, containing
exactly one main function.

[I1.2] Function:

[I1.2.1] For every identifier z, not declared before as a name of a
parameter of the current function, int x and bool x are dec-
larations of a function parameter.

[I1.2.2] For every identifier f, not used as a name of a function before,
for every keyword ¢ € {int,bool, void}, and for every set ay,
..., ap (with n > 0) of declarations of a function parameter,
tfCay, ..., an ) is a function header. The identifier f is
the name of the function, a1, ..., a, are parameters of the
function, and t is the type of the function.

[I1.2.3] For every identifier z, int main ( int x ) is a main function
header.

[I1.2.4] For every function header F' and for every properly returning
statement s, F'{s} is a function description.

[I1.3] Ezpression:
[I1.3.1] Integer expression:

[I1.3.1.1] A number is an integer expression.

[I1.3.1.2] An identifier x, declared either in an integer variable dec-
laration or an integer parameter declaration, is an integer
expression.

[II.3.1.3] For every integer expression e, ( e ) is an integer expres-
sion.
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[II.3.1.4] For two integer expressions e; and ez and for binary op-
erator op € {+,-,*,/}, e1 op ey is an integer expression.

[I1.3.1.5] For every integer expression e and for unary operator op €
{-}, op e is an integer expression.

[II.3.1.6] For every identifier f, declared as a name of a function
returning an integer value, and for every set of expressions

e1, ..., en (with n > 0), the integer function call f ( ey
, ..., €y ) IS an integer expression.
e The number of actual arguments ey, ..., e, must co-

incide with the number of formal parameters in the
declaration of the function f.

e The types of expressions ey, ..., e, must be the same
as the types of the corresponding formal parameters of
the function f.

[I1.3.2] Boolean expression:

[II.3.2.1] A Boolean value (that is, true or false) is a Boolean ex-
pression.

[II.3.2.2] An identifier z, declared either in a Boolean variable
declaration or in a Boolean parameter declaration, is a
Boolean expression.

[I1.3.2.3] For two integer expressions e; and eg and for binary op-
erator op € {<,> <=,>=<> ==} e; op ey is a Boolean
expression.

[I1.3.2.4] For two Boolean expressions e; and ez and for binary
operator op € {<>, ==}, e1 op e is a Boolean expression.

[I1.3.2.5] For every Boolean expression e and for unary operator
op € {'}, op e is a Boolean expression.

[I1.3.2.6] A Boolean function call is defined analogously to an in-
teger function call.

[I1.4] Statements:

[I1.4.1] Declaration statement: For every set of identifiers xy, ..., x,
(with n > 1), not declared before as names of variables or
parameters within the current scope, and for every keyword
t € {int,bool}, the wvariable declaration statement t x; ,

.» T ; IS a statement.

[I1.4.2] For every expression e, the expression statement e; is a state-
ment.

[I1.4.3] A void function call is a statement and is defined similarly to
an integer function call.

[I1.4.4] For every identifier x, declared either in an integer (Boolean)
variable declaration or in an integer (Boolean, respectively)
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[I1.4.5]

[11.4.6]

[11.4.7]

parameter declaration, and for every integer (Boolean, re-
spectively) expression e, the assignment statement x = e ; is
a statement.

Conditional statement: For every Boolean expression e, and
for all properly returning statements s; and so, the if-
statement if (e ) {s1} and the if-then-else statement if
(e) {s1} else {so} are statements.

Iteration statement: For every Boolean expression e and for
every properly returning statement s, the while-statement
while (e ) {s} is a statement.

For every sequence of statements s1, ..., s, (with n > 0),
the compound statement {s1s2...s,} is a statement.

[I1.5] Properly returning statements:

[11.5.1]

[IL.5.2]

[11.5.3]

For every expression e, the return statement return e ; is
a properly returning statement. The type of the expression e
must be the same as the type of the function, within which
the return statement is used.

Every compound statement s, such that the last of the state-
ments inside is a properly returning statement, or a condi-
tional statement with an else clause, such that each of the
alternatives is properly returning statement, is a properly re-
turning statement.

Every statement within a void function is a properly returning
statement.

[I1.6] Scopes of visibility:

[11.6.1]

[11.6.2]

[11.6.3]

The scope of visibility of a formal parameter of a function is
the body of that function.

The scope of a variable declaration located within a com-
pound statement covers all statements in this compound
statement, starting from the declaration statement itself.

The scopes of visibility for any two identifiers of the same
kind sharing the same name must be disjoint.

3.2 Grammar with contexts for Kiel:

Verbatim to the specification, a program written in the language Kieli is
a sequence of function declarations, and it should have exactly one main
function.
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S — Functions MainFunction Functions
Functions — Function Functions | ¢

A function declaration consists of a function header followed by a set of
statements.

Function —
FunctionHeaderDeclaration
tOpenBrace Statement tCloseBrace

MainFunction —
MainFunctionHeaderDeclaration
tOpenBrace Statement tCloseBrace

FunctionHeaderDeclaration —
IntegerFunctionHeaderDeclaration |
BooleanFunctionHeaderDeclaration |
VoidFunctionHeaderDeclaration

Each of the nonterminals IntegerFunctionHeaderDeclaration,
BooleanFunctionHeaderDeclaration, and VoidFunctionHeaderDec-
laration defines a header of a function, which returns an integer, a Boolean,
or a void value, respectively. The syntax of this construct includes a corre-
sponding type keyword (or void) followed by a signature of a function, that
is, its name and the list of its formal parameters.

IntegerFunctionHeaderDeclaration —

KeywordInt _ FunctionSignature
BooleanFunctionHeaderDeclaration —

KeywordBool _ FunctionSignature
VoidFunctionHeaderDeclaration —

KeywordVoid _ FunctionSignature
FunctionSignature —

InvalidFunctionldentifier tOpenParenthesis

ParametersOrNoParameters tCloseParenthesis

The name of a function should be unique among the names of functions
within a program; this restriction is guaranteed by the nonterminal Invalid-
Functionldentifier, the rules for which shall be explained in what follows.

A function can, in general, have no parameters at all.

ParametersOrNoParameters — Parameters | ¢

In a list of parameters, every parameter is separated from each other by
a comma.
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Parameters —
Parameter tComma Parameters |
Parameter

A declaration of a function parameter should specify the type of the
parameter and its name.

Parameter — TypeKeyword _ Identifier WS

The main function has to return an integer value and have exactly one
integer parameter.

MainFunctionHeaderDeclaration —
KeywordInt _m a i n WS tOpenParenthesis
KeywordlInt _ Identifier tCloseParenthesis

A body of every function contains (a possibly empty) set of statements.

StatementsOrNoStatements — Statements | ¢
Statements —
Statement Statements |
ProperlyReturningStatement

A statement is defined verbatim according to its specification.

Statement —
VariableDeclaration |
ExpressionStatement |
VoidFunctionCall |
AssignmentStatement |
IfStatement |
WhileStatement |
tOpenBrace Statements tCloseBrace

The keywords and the white space are defined as follows.

KeywordInt — i n t WS

KeywordFalse — f a1l s e WS
TypeKeyword — KeywordInt | KeywordBool
WS — _WS | e

An identifier is defined exactly to its specification.
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Identifier — Letter LettersOrDigits WS & NotKeyword WS
NotKeyword — NotKeywordInt & ... & NotKeywordFalse

Every nonterminal NotKeywordInt, ..., NotKeywordFalse defines a cor-
responding regular language ¥* \ {int}, ..., ¥*\ {false}.

A declaration of variables starts with the keyword specifying their type,
followed by a list of “invalid” identifiers.

VariableDeclaration —
TypeKeyword _ Invalidldentifiers
Invalidldentifier tSemicolon

Invalidldentifiers —
Invalidldentifier tComma Invalidldentifiers | ¢

The rules for the nonterminal InvalidIdentifier shall be explained later.
Expressions can be either integer or Boolean.

Expression — IntegerExpression | BooleanExpression

Integer and Boolean expressions are defined inductively on their struc-
ture, as follows.

IntegerExpression —

IntegerConstant |

ValidIntegerIdentifier |

tOpenParenthesis IntegerExpression
tCloseParenthesis |

IntegerExpression IntegerBinaryOperation
IntegerExpression |

IntegerUnaryOperation IntegerExpression |

IntegerFunctionCall

BooleanExpression —

KeywordTrue | KeywordFalse |

ValidBooleanIdentifier |

tOpenParenthesis BooleanExpression
tCloseParenthesis |

BooleanExpression BooleanBinaryOperation
BooleanExpression |

IntegerExpression BooleanBinaryOperation
IntegerExpression |

BooleanUnaryOperation BooleanExpression |

BooleanFunctionCall
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Identifier
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kwint Identifiers C

Figure 3.2: How the nonterminal ValidIntegerldentifier works.

The nonterminal ValidIntegerIdentifier (ValidBooleanIdentifier)
defines an identifier that has been previously declared either as an integer
(Boolean, respectively) parameter of a function or as an integer (Boolean, re-
spectively) variable inside a function, with the scopes of visibility respected.

The condition of being previously declared can be naturally expressed by
an extended left context.

ValidIntegerIdentifier — Identifier
& < Functions anything-except-function-header
KeywordInt _ Identifiers C
ValidBooleanldentifier — Identifier
& < Functions anything-except-function-header
KeywordBool _ Identifiers C
Identifiers — Identifier tComma Identifiers | ¢

Nonterminals, written in slanted font (for example, anything), define
simple regular languages that speak for themselves. That is why rules for
such nonterminals are omitted here.

First, the nonterminal Functions “skips” the prefix of the program until
a declaration of some function starts. Then, the keyword int (or bool) and
a list of identifiers is matched.

Finally, the nonterminal C [58] is used to compare the identifier in ap-
plicative use to the identifier in declarative use.

C — CLEN & CITERATE | C WS
CLEN —
LetterOrDigit CLEN LetterOrDigit |
LetterOrDigit CMID LetterOrDigit
CA —
LetterOrDigit CA LetterOrDigit |
a LettersOrDigits CMID

C9 — LetterOrDigit C9 LetterOrDigit | 9 LettersOrDigits CMID
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Figure 3.3: How nonterminal C compares names of identifiers and scopes of
visibility: (a), (b) valid strings; (¢) invalid string.

CITERATE —
CA a & CITERATE a | --- | CZ z & CITERATE z |
CO0 0 & CITERATE O | --- | C9 9 & CITERATE 9 |
LettersOrDigits CMID

CMID — CMIDDLE & CMIDDYCK

CMIDDLE — any-punctuator any-string any-punctuator |
_ any-string any-punctuator | any-punctuator any-string _ |
_ any-string _ | any-punctuator | _

The scopes of visibility are checked by the nonterminal CMIDDYCK,
which defines the language of such strings w € ¥*, that braces in w are
balanced, with possibly some open braces left unmatched.

CMIDDYCK —
anything-except-braces |
CMIDDYCK anything-except-braces CMIDDYCK |
tOpenBrace anything-except-braces tCloseBrace |
tOpenBrace anything-except-braces CMIDDYCK
anything-except-braces tCloseBrace |
tOpenBrace

This allows one to correctly process scopes of visibility, as shown in Fig-
ure 3.3.

Now when the nonterminals ValidIntegerIdentifier and Valid-
BooleanlIdentifier have been defined, the rule for the nonterminal
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InvalidIldentifier can be given.

Invalidldentifier — Identifier
& < Functions anything-except-function-header
TypeKeyword _ Identifiers D,

Here the nonterminal D defines the conjunctive language of strings of
the form wizjwazs ... wexpwesq, such that every x; starts and ends with
anything but letters or digits and

e cither all w; are different,

e or some of them are equal but at least one z; contains more “}”-braces
than “{"-braces.

Though the negation is not defined within the formalism of grammars
with contexts, its use might be particularly handy for shortness of notation.

InvalidIdentifier — Identifier & — ValidIdentifier
Validldentifier —
ValidIntegerldentifier | ValidBooleanlIdentifier

Similarly to the nonterminal InvalidIdentifier, one can define the non-
terminal InvalidFunctionldentifier.

InvalidFunctionldentifier — Identifier & < Functions D

Calls to functions require checking the name of the function in question,
as well as agreement of formal parameters and actual arguments types.

ValidFPunctionNameAndArguments —
C tOpenParenthesis Expressions tCloseParenthesis &
Identifier tOpenParenthesis Q tCloseParenthesis
Expressions —
Expressions tComma Expression |
Expression
IntegerFunctionCall —
Identifier tOpenParenthesis
Expressions tCloseParenthesis
& < Functions KeywordInt _
ValidFunctionNameAndArguments
BooleanFunctionCall —
Identifier tOpenParenthesis
Expressions tCloseParenthesis
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& < Functions KeywordBool _
Valid FunctionNameAndArguments

The first conjunct in the rule for nonterminal ValidFunctionName-
AndArguments uses nonterminal C to check that the function name has
been previously declared. The comparison of formal parameters and actual
arguments of a function is done by the second conjunct of that rule, which
uses the nonterminal Q, as shown in Figure 3.4. Informally, this nontermi-
nal defines a variation of the copy language with central marker over the
“alphabet” {Bool, Int} of types.

Q — QLEN & QITERATE | Q WS
QLEN — TypeKeyword _ Identifier QLEN Expression
tComma QLEN tComma | QMID
INTVAROREXPR —
KeywordInt _ Identifier |
IntegerExpression
BoOOLVAROREXPR —
KeywordBool _ Identifier |
BooleanExpression
QX — INTVAROREXPR | BOOLVAROREXPR | tComma
Qy - Qx QY | e
QINT — Qx QINT QX | INTVAROREXPR QY QMID
QBOOL — QX QBOOL QX | BOOLVAROREXPR QY QMID
QcoMMA — QX QcoMMA QX | tComma QY QMID
QITERATE —
QINT INTVAROREXPR. &
QITERATE INTVAROREXPR |
QBOOL BOOLVAROREXPR &
QITERATE BOOLVAROREXPR |
QcoMMA tComma & QITERATE tComma |
QY QMID
QMID — tCloseParenthesis anything tOpenParenthesis

An expression statement is defined as an expression followed by a semi-
colon.

ExpressionStatement — Expression WS tSemicolon

A call to a void function is defined in a way similar to integer and Boolean
function calls.
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Figure 3.4: How the agreement of formal parameters and actual arguments
in a function call is checked by nonterminal ValidFunctionNameAndAr-
guments.

Assignment — Ident= Expr

(EISTE DL -0y

'\M

Expr + Expr

Figure 3.5: How the nonterminal AssignmentStatement works.

VoidFunctionCall —
Identifier tOpenParenthesis
Expressions tCloseParenthesis
& < Functions KeywordVoid _
ValidFunctionNameAndArguments

An assignment statement respects the types of the variable being assigned
and of the expression in the right-hand side part of the statement.

AssignmentStatement —
ValidIntegerIdentifier tEqual
IntegerExpression tSemicolon |
ValidBooleanldentifier tEqual
BooleanExpression tSemicolon

Now conditional and iteration statements can be defined in a natural
way, explicitly stating that the conditions should be of Boolean type.

IfStatement —
KeywordIf tOpenParenthesis
BooleanExpression WS tCloseParenthesis
tOpenBrace Statements tCloseBrace
OptionalElse WS
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OptionalElse —
KeywordElse tOpenBrace Statements
tCloseBrace WS | e
WhileStatement —
KeywordWhile tOpenParenthesis
BooleanExpression WS tCloseParenthesis
tOpenBrace Statements tCloseBrace WS

Every compound statement in a program must be properly returning. If
the function has been declared as of integer or Boolean type, its body must
explicitly return a value in a return statement.

ProperlyReturningStatement — KeywordReturn
IntegerExpression WS tSemicolon
& <1 Functions KeywordInt
anything-except-function-header
ProperlyReturningStatement — KeywordReturn
BooleanExpression WS tSemicolon
& <1 Functions KeywordBool
anything-except-function-header

If the function has been declared as void, no explicit return statement is
needed, and every statement can be deemed as properly returning.

ProperlyReturningStatement —
Statement
& <1 Functions KeywordVoid
anything-except-function-header

Thus, an application of grammars with contexts to the formal definition
of the syntax of programming languages has been studied. Type checking is
carried out apparently for the first time by a formal grammar constructed
along the lines of this chapter. It is worth noticing that if all context op-
erators were removed from the grammar, it would still define the “syntactic
structure” of programs, with no “semantic checks” done.

A direction for further research is to study constructions of programming
languages [80] which can be formally expressed by grammars with contexts.
Thus, for example, already in the grammar constructed in this chapter, the
nonterminal Q could consider two methods of passing parameters — by ref-
erence and by value. In the former case, the argument, corresponding to a
parameter passed by reference, should be a variable. Another requirement
could be that every variable should be initialized. Such a constraint can
be expressed using grammars with right contexts. Thus, when a variable
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is being declared, one can state that “there will be later an assignment to
an identifier with the same name”. Yet another use of the right contexts
is feasible when processing forward subroutine declarations. When a signa-
ture of a function is being declared, it could be checked that “there will be
later a body of a function with the same name and the same list of formal
parameters”.
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Part 11

Parsing algorithms
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Chapter 4

Tabular parsing

A parsing algorithm determines whether a given string is generated by a
grammar (given or fixed), and if it does, constructs a parse tree of that
string. The existence of parsing algorithms of low complexity is a crucial
property for any family of formal grammars. The basic parsing algorithm
for ordinary context-free grammars is the Cocke—Kasami—Younger algorithm,
which determines the membership of all substrings of the input string in the
languages generated by the nonterminals of the grammar, and stores the
results in a table; a parse tree can then be constructed on the basis of the
table. The algorithm works in time O(n?), where n is the length of the input
string. The Cocke-Kasami—Younger algorithm has earlier been extended to
conjunctive grammars [50], with very few differences to the ordinary case.

This chapter presents a further extension of this algorithm, applicable to
grammars with contexts. Though the differences from the original Cocke—
Kasami—Younger algorithm are more substantial this time, the running time
of the new algorithm is still cubic for grammars with one-sided contexts. In
case of grammars with two-sided contexts, the running time of the algorithm
is bounded by O(n*).

The Cocke—Kasami—Younger algorithm for context-free grammars re-
quires a grammar to be in Chomsky (binary) normal form, where every rule
is either of the form A — BC (with B,C € N) or A — a (with a € ¥). The
extension of binary normal form for conjunctive grammars [50] allows rules
A = B1Ci & ... & BrCy with multiple conjuncts. For grammars with left
contexts, the extension of the Chomsky normal form is defined as follows.

Definition 4.1. A grammar with one-sided contexts G = (X, N, R, S) is
said to be in binary normal form, if each rule in R is of one of the following
two forms.
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(where k > 1, m,n >0, A, B;,C;,D;,E; € N,a € X)

This normal form can be further generalized to grammars with two-sided
contexts in a straightforward way.

Definition 4.2. A grammar with two-sided contexts G = (X, N, R, S) is said
to be in binary normal form, if each rule in R is of one of the forms

A — BiCi&...&BrCr&<D1 & ... & <D & <E1 & .. . & <EL &
D& ... &CFy &DH 1 & ... & D> Hyy
A — a&<D1& ... &<Dp &1 & ... & LB, &
IZF1&...&|2F7L/&I>H1&...&I>Hm/,

where k > 1, m,n,n’,m' >0, A,B;,C;,D;,E;, F;,, H; € N, a € X.

As will be shown later in Theorem 4.5, every grammar with one-sided
contexts can be effectively transformed to a grammar in binary normal form.
A similar result holds also for grammars with two-sided contexts, as stated
by Theorem 4.6.

4.1 Parsing grammars with one-sided contexts

Let G = (X, N, R, S) be a grammar with one-sided contexts in binary normal
form, and let w =ay...a, € ¥, with n > 1 and a; € &, be an input string
to be parsed. For every two positions ¢, 7, with 0 < i < j < n, let

TZ'J':{A|AEN, FgA(al...ai<ai+1...aj>)}

be the set of nonterminals generating the substring of w delimited by these
two positions. In particular, the string w is in L(G) if and only if S € Tp,,.

For context-free grammars, including their conjunctive variant, each en-
try T;; of the parsing table logically depends upon all entries T}, with
i<k<l<jand £ —k < j—i. A direct dependence by a rule A — BC,
where the membership of B in T} j, and the membership of C'in T}, ; together
imply that A € Tj ;, is illustrated in Figure 4.1(a). Accordingly, all sets T; ;
can be constructed inductively on the length j — ¢ of the corresponding sub-
strings, that is, beginning with sets corresponding to shorter substrings and
continuing with longer substrings.

For grammars with left contexts, each set T; ; additionally depends upon
the sets Tp; and Tp ;, which are needed to evaluate left contexts <D and
extended left contexts <IF, respectively. The dependencies induced by a rule
A — BC & <D & <E are depicted in Figure 4.1(b). While the dependence
on Tp; can be handled within the existing inductive approach, by construct-
ing all elements Tp ;, T 5, ..., Tj_1; before proceeding to construct any T ¢
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i k J i k J

Figure 4.1: How the membership of A in 7; ; depends on other data, for rules
(a) A— BC and (b) A —» BC & <D & <E.

with £ > 4, the dependence of T; ; on Ty ; may in its turn form other cyclic
dependencies, where the membership of a symbol in T; ; is defined by the
membership of another symbol in Tp j, which in turn depends on whether
some other symbol is in T; ;. Consider the following example.

Example 4.1. The following grammar generates a single string w = ab.

AC

a

b

b& <F
AB

QW e »
N

This string is deduced as follows.

Fa(e(a)) (aziom)
- b(a(b)) (aziom)
a(e(a)) - A(e(a)) (A—a)
b(a(b)) F B(alb)) (B =)
A(e(a)), B(a(b)) + E(e(ab)) (E — AB)
b(a(b)), E(e(ab)) F C(a(b)) (C = b&<dE)
A(e(a)), C(alb)) - S(e(ab)) (S — AC)



In terms of the table T;; for the grammar in this example, shown in
Figure 4.2, the elements A € Ty and B € T imply that E is in T,
which in turn implies C' € T7 2, and from the latter fact, one can infer that
S € Tpp. Thus, an algorithm constructing the sets 7; ; for this grammar
has to alternate between the entries Tp 2 and 77 2 until all their elements are
gradually determined.

A—E, S

TO,] ﬁo,z T
I RY)
B, C
T1,2

Figure 4.2: Parsing table of string w = ab according to the grammar in
Example 4.1.

In general, while calculating the j-th column of the table T', one has to
re-calculate all entries T;_1 5,72, ...,71,j,Tp; after adding any symbols
to the set Tp ;. Such an iterative calculation is carried out in Algorithm 4.1.

Theorem 4.1. For every grammar with left contexts G in binary normal
form, Algorithm 4.1, given an input string w = aj...a,, constructs the
sets T; j and determines the membership of w in L(G), and does so in time

O(|G|? - n3), using space O(|G| - n?).

Proof. The proof of the correctness of the algorithm is comprised of a series
of claims that at a certain point in the computation, certain sets 7; ; con-
tain certain elements. The top-level statement of this kind is the following
invariant of the outer loop: every iteration of this loop completely calculates
another column of the table.

Claim 4.1.1. After the j-th iteration of the loop in line 1, with j €
{1,...,n}, all sets T; p with 0 < i < £ < j are correctly computed, that is, the
value of each variable T; o will be { A€ N | ai...ai{aiy1...a7) € La(A) }.

The proof is by induction on j. Assuming that Claim 4.1.1 holds for the
iteration j — 1, consider the next iteration j. The nested loop in line 2 exe-
cutes while any new symbols can be added to the set Tj ;. Its first iteration
adds all symbols A € N, for which the proposition A(e(a;...a;)) can be
deduced without using any extended left contexts. Then the second iteration
may use any propositions E(z—:(al . aj>) obtained in the first iteration, in
order to resolve extended left contexts <{F, which may eventually lead to
other symbols A" € N being added to T j, etc.
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Algorithm 4.1. Let G = (X, N, R, S) be a grammar with left contexts in
binary normal form. Let w = a;...a, € T (with n > 1 and a; € X) be the
input string. Let T; ; with 0 < 7 < j < n be variables, each representing a
subset of N, and let T} ; = @ be their initial values.

1: forj=1,...,ndo

2: while Tj ; changes do
3 for all A - a& <D1 & ... &<Dpy & L1 & ... &Ly € R
do

4: if a; = a and Di,..., D, € TO,j—l and Fi,...,E,» €
T(]’j then

5: Tj-1j=Tj-1,; U{A}

6: fori=j5—-2to0do

7: let P=o2 (PC N X N)

8: fork=i+1toj—1do

9: P=PU (Tz,k X TkJ‘)

10: for all A —» B1C1&...&BnCnm & D1 & ... & <Dy &
dE1 & ... & <E,,» € R do

11: if (Bl,Cl),...,(Bm,Cm) € P, Dy,...,Dpy € T()J‘,

and Eq,...,E,» € TO,j then
12: Ti,j = Tiﬂ‘ U {A}

13: accept if and only if S € T,
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These dependencies of symbols in Tj ; on other symbols in 7p ; form a tree
of dependencies, and every symbol in Tp ; has its height in this tree. For every
symbol A € N that generates the prefix e(a; ...a;), define its height with
respect to this prefix, denoted by h;(A), as follows. Consider the shortest
deduction of A(e(ay ...a;)). If no propositions of the form E(e(a; ... a;)),
with £ € N, are ever used as an intermediate statement in the deduction,
then let hj(A) = 1. Otherwise, define h;j(A) = maxgh;(F) + 1, where
the maximum is taken over all nonterminals F, for which E(&‘(al e aj)) is
used in the deduction. The height is undefined for any nonterminal A with
e(ar...aj) ¢ Lg(A). If the height of a nonterminal is defined, then it is at
most |N|.

Iterations of the loop in line 2 correspond to the height of the symbols
added to Tp ;. The following correctness statement ensures that at each
iteration, the algorithm determines all symbols A of height greater by 1.

Claim 4.1.2. Consider the j-th iteration of the loop in line 1. After the
h-th iteration of the while loop in line 2, each variable T; ; with 0 < 1 < j
is guaranteed to contain all symbols A € N, for which it is possible to de-
duce the proposition A(a1 e @i{Qig - aj)) without using any intermediate
statements E(e{ay ... a;)) with hj(E) = h.

In particular, Ty ; will contain all symbols A with h;(A) < h.

This claim occurs within the inductive proof of Claim 4.1.1 and is proved
by a nested induction on h. The h-th iteration begins with a loop in line 3-5,
which is given a completely constructed set Ty ;1 and a partially constructed
set Tp;, where the latter is guaranteed to contain all nonterminals A with
h;(A) < h; in particular, in the beginning of the first iteration, the set Tp ;
is empty. This loop deduces all true propositions A(a1 e aj_l(aj)), whose
deductions do not use any proposition E(s(a; .. .a;)) with hj(E) > h.

The next loop in lines 6-12 similarly handles the deductions of all correct
propositions A(al...ai<ai+1 .. .aj>), with 0 < 4 < j — 1, which can be
deduced without referring to any proposition E(e(as ... a;)) with h;(E) = h.

Claim 4.1.3. Consider the j-th iteration of the loop in line 1 and the h-th
iteration of the nested while loop in line 2. Then, after the iteration i of the
loop in line 6, the variable T; ; contains all symbols A € N, for which one

can deduce A(a1 @@ - aj)) without using any intermediate statement
E(s(al Ce CL]'>) with h](E) > h.

Claim 4.1.3 is proved by an induction on 7, and its proof is nested within
the inductions for Claim 4.1.2 and Claim 4.1.1.

The loop in lines 6-12 begins its execution by computing the set P =
U?;;H T; ) x T} ;. By Claim 4.1.1, each set T; ;, was completely constructed
at the k-th iteration of the outer loop (Claim 4.1.1 is used here as the induc-
tion hypothesis, because k < j). Each set T}, ; has been updated at the earlier
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k-th iteration of the loop in line 6, and, by Claim 4.1.3 (used as the induction
hypothesis), it should reflect all deductions that avoid using E(e(as ... a;))
with hj(E) > h. Thereby, the set P will contain all pairs (B,C), for
which there exists some position k, with a; ...a;{(a;+1...ax) € Lg(B) and
ar...ap{ags1 ... a;) € Lg(C), where C(ay...ag{aky ... a;)) is deduced
without using any intermediate statements E(g(a; .. .a;)) with h;(E) > h.

The subsequent inner loop in lines 10-12 uses this set P to determine
all nonterminals A, for which A(a1 e @i (@i - ..aj)) is deduced without
using any intermediate statements E(e(ai...a;)) with hj(E) > h. By
Claims 4.1.1 and 4.1.2 (both used as induction hypotheses), each lookup to
To,; correctly determines the nonterminals generating (a; .. .a;), and each
lookup to Tp ; returns whether e(a; ... a;) is in Lg(E), as long as h;(E) < h.
This proves Claim 4.1.3 (for the values of j and h in the ongoing proof).

In order to conclude the proof of Claim 4.1.2, consider the state of the
computation after the last iteration of the loop in lines 6-12, which is given
by Claim 4.1.3 for ¢ = 0. It asserts that Tp; contains all such A € N,
that A(s(al . aj>) is deduced without using any intermediate statements
E(g{ay ...aj)) with h;(E) > h. Therefore, all A with hj(A) < h are in Ty,
and Claim 4.1.2 is proved (for the value of j in the current proof).

Once the while loop in line 2 terminates after h iterations, by Claim 4.1.2,
this means that there exist no such nonterminals A, that the shortest deduc-
tion of A(e(as ...a;)) uses any intermediate statements E(e(a; ... a;)) with
hj(E) = h — 1, and therefore there are no nonterminals of height h. Since
there cannot be any gaps in the height, this indicates that the set T ; has
been constructed completely, and thus proves Claim 4.1.1.

Finally, Claim 4.1.1 asserts that when line 13 is executed, the symbol S
is in Ty, if and only if e(ai...ay) is in Lg(S). Therefore, the algorithm
accepts exactly the strings in L(G).

It remains to estimate the complexity of the algorithm. From the loops
in lines 1, 2, 6 and 8§, it is evident that the innermost statement in line 9
is executed O(|G| - n?®) times. In order to do the calculations in line 9 in
time proportional to |G|, one can replace the Cartesian product by consider-
ing only the conjuncts occurring somewhere in the grammar. The memory
requirements of the algorithm are given by the size of the sets T; ;. O

Once the table T; ; is calculated for a given input string, and it is verified
that this string belongs to the language, its parse tree can be constructed
by a recursive procedure parse(A,i,7). Its arguments are a symbol A € N
and two positions ¢ and j, and, assuming that A € T;;, the procedure
returns a pointer to the parse tree of aj...a;(a;+1...a;) from A. In order
to avoid re-calculating the same data and constructing identical subtrees,
the procedure should employ memoization (that is, storing the results of the
first computation in memory and then looking it up for every subsequent
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call of the same procedure with the same arguments), returning a pointer to
an existing subtree whenever applicable. Thus, the procedure is generally
the same as in the case of conjunctive grammars |70, Sect. 6].

Example 4.2. Consider the grammar from Example 2.1 generating the lan-
guage {a"b"c"d" | n > 0}. As will be shown later in Section 4.4.6, it can
be transformed to the following grammar in binary normal form.

S — S.Dy | SpCo
A — A,By
Se — ApS|a& <A
Sy — DByS|b& <A
As — ApA|a
Ay — a
By — b
Cy — c
Dy — d

The parsing table constructed by Algorithm 4.1 on the input w =
aabbeedd is given in Figure 4.3. The arrows in the figure indicate the logical
dependencies, and the dotted arrow marks the dependence defined by the
conjunct <A in the rule S, — b & <A.

4.2 Parsing grammars with two-sided contexts

Similarly to the case of grammars with one-sided contexts, for grammars with
two-sided contexts there exists a tabular parsing algorithm that determines
the membership of the input string.

Let G = (X,N,R,S) be a grammar with two-sided contexts in binary
normal form, and let w = a;...a, € X7, withn > 1 and a; € ¥, be an input
string to be parsed. For every substring of w delimited by two positions 2, 7,
with 0 < ¢ < j < n, consider the set of nonterminal symbols generating this
substring.

T:L'JI {A‘AGN, CL1...CL1'<CLZ'+1...aj>aj+1...anGLg(A)}

In particular, the whole string w is in L(G) if and only if S € Tp .

In ordinary context-free grammars, a substring a;1 ... a; is generated by
A if there is a rule A — BC and a partition of the substring into a;11 . ..ag
generated by B and ap41...a; generated by C. Similarly to the case of
grammars with one-sided contexts, each set T;; depends only on the sets
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Figure 4.3: Parsing table of string w = aabbcedd.

Ty j» with j' —4' < j —4, and all these sets may be constructed inductively,
beginning with shorter substrings and eventually reaching the set Ty ,,. The
more complicated structure of logical dependencies in grammars with two-
sided contexts is shown in Figure 4.4. The following example demonstrates
how these dependencies may form circles.

Example 4.3. Consider the following grammar.

S — AB
A—a&>B
B—-b&<C
C—a

Let the input string be w = ab. It is immediately seen that C' € T ;.
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Figure 4.4: How the membership of A in T; ; depends on other data, for a
rule A - BC & <D &IE & F & >H.

From this, one can infer that B € T1 2, and that knowledge can in turn be
used to show that A € Tp 1. These data imply that S € Tj 2. Thus, none of
the sets Tp 1 and T7 2 can be fully constructed before approaching the other.

The proposed algorithm for constructing the sets T; ; works as follows. At
the first pass, it makes all deductions kg A(a1 cooai{@iqr . a)a40 . an)
that do not involve any contexts, and accordingly puts A to the correspond-
ing 7; ;. This pass progressively considers longer and longer substrings, as
done by the Cocke-Kasami—-Younger algorithm for ordinary grammars. Dur-
ing this first pass, some symbols may be added to any sets Ty ; and T; ,,, and
thus it becomes known that some contexts are true. This triggers another
pass over all entries T; ;, from shorter substrings to longer ones, this time
using the known true contexts in the deductions. This pass may result in
adding more elements to Ty ; and T} ,, which will require yet another pass,
and so on. Since a new pass is needed only if a new element is added to one
of 2n—1 subsets of N, the total number of passes is at most (2n—1)-|N|+1.

These calculations are implemented in Algorithm 4.2, which basically
deduces all true statements about all substrings of the input string. For
succinctness, the algorithm uses the following notation for multiple context
operators. For a set X = {X1,..., Xy}, with X; € N, and for an operator
Q € {<,<,>,>}, denote QX = QX1 & ... & QXy.

Theorem 4.2. For every grammar with two-sided contexts G in binary nor-
mal form, Algorithm 4.2, given an input string w = aq ... an, constructs the

68



Algorithm 4.2. Let G = (X, N, R, S) be a grammar with two-sided contexts
in binary normal form. Let w = a1 ...a, € ¥* (with n > 1 and a; € ) be
the input string. Let T; ; with 0 <@ < j < n be variables, each representing
a subset of IV, and let T} ; = & be their initial values.

1: while any of Ty ; (1 < j < n)or T, (1 <i<n) change do

2: for j=1,...,ndo

3: forall A - a&<D&IELEF&>H € R do

4: ifaj:a/\'D§T07j_1/\5§T07j/\./7§1}_1,n/\
H C T}, then

5: Tj1j =Tj1;U{A}

6: fori=j5—-2to0do

7 let P=@ (PC N xN)

8: fork=i+1toj—1do

9: P:PU(Ti’kXTk’j)

10: forallA — BiCi1 & ... & BnCn & <D & LELEF & >H €
R do

11: if (B1,C1),...,(Bn,Cpn) € P N D CTh; NEC

TO,j A ]:g Ti,n AN H Q ij then
12: Tm’ = Tm‘ U {A}

13: accept if and only if S € Ty,

sets T; j and determines the membership of w in L(G), and does so in time

O(|G|? - n*), using space O(|G| - n?).

4.2.1 Improvements to the running time

Each pass of Algorithm 4.2 is the same as the entire parsing algorithm for
grammars without contexts [50], and that algorithm can be accelerated by
changing the order of computing the entries T;;, so that most of the cal-
culations can be offloaded to a procedure for multiplying Boolean matri-
ces [91, 70]. If BMM(n) is the complexity of multiplying two n x n Boolean
matrices, the resulting algorithm works in time BMM(n). By the same
method, Algorithm 4.2 can be restated to make O(n) such passes, with the
following improvement in running time.

Theorem 4.3. For every grammar with two-sided contexts G in binary
normal form, there is an algorithm to determine whether a given string
w = aj...ap is in L(G), which works in time O(|G|? - n - BMM(n)), us-
ing space O(|G| - n?).

Not long ago, Rabkin |74] developed a more efficient and more sophisti-
cated parsing algorithm for grammars with two-sided contexts, with the run-
ning time O(|G| - n?), using space O(|G|-n?). Like Algorithm 4.2, Rabkin’s
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algorithm works by proving all true statements about the substrings of the
given string, but does so using the superior method of Dowling and Gal-
lier [13]. Nevertheless, Algorithm 4.2 retains some value as the elementary
parsing method for grammars with two-sided contexts—just like the Cocke—
Kasami—Younger algorithm for ordinary grammars remains useful, in spite
of Valiant’s asymptotically superior algorithm [91].

4.3 Parsing unambiguous grammars with left con-
texts

Consider an important property of formal grammars in general: the syntactic
ambiguity, that is, having multiple parses of a single string. A grammar that
defines a unique parse of each string it generates is known as unambiguous.

In this section unambiguous grammars with left contexts are considered.
The following formal definition of such a grammar is adapted from the case
of conjunctive and Boolean grammars [62].

Definition 4.3. A grammar with one-sided contexts G = (X, N, R,S) 1is
said to be unambiguous, if it has the following two properties:

Unambiguous choice of a rule. For every proposition A(u(v)) with A €
N and u,v € X*, there exists a unique rule, by which this proposition
is deduced. In other words, different rules generate disjoint languages.

Unambiguous concatenation. For every conjunct Xi...X,, <X1...Xy
or X1 ... Xy that occurs in any rule, and for all u,v € ¥*, there exists
at most one partition v = vy ...vp with wvy ...v;—1(v;) € Lg(X;) for
all 1.

The grammar in Example 2.1, which generates the language { a"b™c"d" |
n > 0}, is unambiguous. To see that there is no ambiguity of choice, consider
that each string in Lg(S) either begins with a and is generated by the rule
S — aSd, or begins with b and is generated by S — bSc, or is empty and
is generated by the last rule S — €& <1A; hence, the rules for S generate
disjoint languages. Similarly, one of the two rules for A generates non-
empty strings that begin with a, and the other generates the empty string.
Concatenations in this grammar are unambiguous, because all of them are
of the form zTy, with x,y € ¥* and T' € N.

On the other hand, the grammar in Example 2.4, representing the lan-
guage of declarations before use, is ambiguous, because it directly transcribes
the definition of the language (2.3), and that definition contains syntactic
ambiguity in itself. Whenever for a substring ¢*a, representing a “reference”,
there exist multiple earlier “declarations” u; = uy = d*a with j # j', the
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grammar will allow different parses for these two cases. In terms of Defi-
nition 4.3, this constitutes ambiguity in the concatenation E'Fa in the rule
U — C&<dEFa. The grammar in Example 2.5 has two further instances
of ambiguity: every time a ‘reference” has matching “declarations” before
and after it, there is an ambiguity of choice between the rules S — US and
S — CS & HaFE, and a “reference” followed by multiple “declarations” makes
the concatenation HaFE ambiguous.

Nevertheless, it is possible to construct unambiguous grammars generat-
ing the same languages as in Examples 2.4 and 2.5. Such grammars would
need to fix, which of the multiple “declarations” should be matched to each
“reference”; for instance, this could be the leftmost “declaration”.

For ordinary context-free grammars, besides the cubic-time Cocke—
Kasami—Younger algorithm, there also exists a slightly more complicated
algorithm by Kasami and Torii [37], which works in time O(n3) on every
grammar, and in time O(n?) for unambiguous grammars. This algorithm
was generalized for unambiguous conjunctive grammars [62|, and a further
generalization for unambiguous grammars with left contexts is presented be-
low.

Let G = (X, N, R, S) be a grammar with left contexts in binary normal
form, let w = aj...a, with n > 1 and a; € ¥ be an input string. Note, that
the algorithm requires a grammar to be in binary normal form, and, as will
be shown later in Section 4.4.1, the transformation of a grammar with left
contexts to this normal form preserves unambiguity of the grammar.

The main idea is to construct the same sets T;; = {A | A € N, ¢
A(a1 e @@ - aj>) } as in Algorithm 4.1, representing them in a different
data structure: namely, as sets of positions

Tj[A] :{Z’ | Fa A(al...ai<ai+1---aj>) }’

for all j with 1 < j < n and for all A € N, each stored as a sorted list. Note
that i € Tj[A] is equivalent to A € T; ;, and for each j, the lists T};[A], for all
A € N contain exactly the same information as the j-th column of the table
T; ;. The input string ai ...a, is in L(G) if and only if the position 0 is in
T,15].

These lists are computed by Algorithm 4.3, which first constructs 71[A]
for all A € N, then all T5[A], and so on until T,,[A]. For each j, the algorithm
carries out an iterative calculation while the lists 7;[A] can be modified.
However, the order of computation inside each iteration is not the same as
in Algorithm 4.1, and this difference accounts for the faster operation on
unambiguous grammars.

Theorem 4.4. For every grammar with left contexts G in binary normal
form, Algorithm 4.3 constructs the lists T;[A] and determines the membership
of a given stringw = aj .. .ay in L(G), and does so in time O(|G|*-n3), using
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Algorithm 4.3. Let G = (X, N, R, S) be a grammar with left contexts in
binary normal form. Denote by P = {(B,C) | A - BC&... € R} the
set of all concatenations occurring in the grammar. Let w = a1 ...a, € X
(n > 1) be an input string. For each j € {1,...,n}, let Tj[A] be a variable
ranging over the subsets of {0,...,j — 1}. Let Py range over the subsets of
P, for each k € {0,...,n —1}.

L let Tj[A] =@ forallj=1,...,n, Ae N

2: for j =1tondo

3: while 0 can be added to Tj[A] for any A € N do

4: for all A€ N do

5: ifA—)aj&<]D1&...&QDm/&ﬂEl&...&ﬁEmHER
then

6: if 0 € Tj_l[Dl] Nn...N Tj—l[Dm/] and 0 € T][El] N

...N Tj[Em//} then
A =T U (- 1}

8: let P, =@ forallie{0,...,5—1}
: fork=j—1to1do
10: for all (B,C) € P do
11: if k € T;[C] then
12: for all i € T;[B] do
13: Pl:PlU{(B,C)}
14: for all A€ N do
15: for all A — BiCi&...&BnCn &
D1 & ... &<D,y & LE1&...& LB, S R
do
16: if (Bl,Cl),...,(Bm,Cm) € P, and 0 €
Tk,Q[Dl] n.. .ﬁTk,Q[Dm/} and 0 € T][El] Nn...N
Tj [Em//] then
17 T4 = Ty[A] U {k — 1}

18: accept if and only if 0 € T,,[S]
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space O(|G|-n?). If all concatenations in the grammar are unambiguous, then
its running time is bounded by O(|G|? - n?).

Sketch of a proof. Consider lines 4-17 of Algorithm 4.3, which, mathemat-
ically, have exactly the same effect as lines 3-12 of Algorithm 4.1. Each
variable P; C N, with ¢ € {0,...,7 — 1}, is used to gather exactly the same
set of nonterminals as the variable P in Algorithm 4.1 at the i-th iteration
of its inner loop. There is one difference: Algorithm 4.3 iterates over inter-
mediate positions k in partitions of substrings a;y1 ... a; into BC, and then
follows the links given in T3[C] and T}[B] in order to determine the initial
position i, while the above Algorithm 4.1 had a more obvious iteration over
the initial positions ¢, and then a nested loop by k.

The correctness statement of lines 4-17 of Algorithm 4.3 reads as follows.

Claim 4.4.1 (cf. Claim 4.1.3). Consider the j-th iteration of the loop in
line 2 and the h-th iteration of the nested while loop in line 3. Then, after
the iteration k of the loop in line 9,

o cach list Tj[A] contains all such positionsi € {k—1, k, ..., j—1}, that
one can deduce A(al cee@i{@ig .. aj>) without using any intermediate
statements E(e{ay ... a;)) with hj(E) > h;

e cach set P, with 0 < i < j contains all pairs (B,C) € P,
for which there exists such a position £ € {k, k+ 1, ..., j —
1}, that ay...a;{ait1...a¢) € Lg(B) and there is a deduction of
C’(a1 coeapl{apyr .. aj>) that does not use any intermediate statements

E(e{ar . ..a;)) with hj(E) > h.

From this claim, one can infer the correctness of the entire algorithm,
that is, that it determines the sets Tj[A] correctly. It remains to estimate its
running time.

The following properties of all operations on the lists T;[A] carried out in
the course of a computation show that they can be implemented efficiently.

Claim 4.4.2 ([62, Lem. 2|). Fach list T;[A] always remains sorted. Each
time the algorithm checks the condition in line 11, the set T;[A] does not
contain any elements less than k. FEach time the algorithm is about to execute
the line 17, the set T;[A] does not contain any elements less than k.

By Claim 4.4.2, checking the membership of an element in 7};[A] in line 11
can be done by examining the top element of the list, while the modifications
done in line 17 append an element on its top. Hence, all these operations
can be done in constant time, and the overall running time of the algorithm
is estimated as O(]G|? - n3) in the same way as in Theorem 4.1.

The quadratic upper bound for the unambiguous case relies on the fol-
lowing property.
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Claim 4.4.3. Assume that all concatenations in G are unambiguous, as in
Definition 4.3. Then, for every j, for every pair (B,C) € P and for every
i, there exists at most one number k, such that (B,C) can be added to P; at
the iteration k of the loop in line 9 within the i-th iteration of the loop in
line 2.

Indeed, the existence of two such numbers would imply two different
partitions of the substring a;y1 ...a; into BC.

It follows from Claim 4.4.3 that the assignment statement P; = P; U
{(B,C)} in the inner loop is executed at most |[P|-|N|-n? times, which
gives the desired upper bound on the running time. O

Below is given an example of a parsing table constructed by the algo-
rithm.

Example 4.4. Consider the grammar with contexts from Example 2.1 and
the equivalent grammar in binary normal form presented in Example 4.2.
The grammar is unambiguous: unambiguity of concatenations follows from
the fact that nonterminals Ay, By, Cy and Dy only define one-symbol strings,
and concatenations of the form aA (with a € ¥ and A € N) are always
unambiguous. The choice of rule for nonterminal S is unambiguous, since
rules generate strings starting with different symbols and thus define disjoint
languages. The same argument applies to the nonterminals S,, S, and A,
where one of the rules always defines a one-symbol string and the other
defines a string of a greater length.
The parsing table constructed by Algorithm 4.3 is given in Figure 4.5.

S A S S A, Ay By Cy Dy
ar =a g o o o {0} {0} o o &
as =a g o o o {1} {1} o o o
a3 =">b g {1} o o {0} o {2} o o
as="b g {0} o {3} o @ {3} ©o o
as =c 3t o o {2} o o o {4 o
ag = ¢ {2y o {1} o o o o {5 o
ar=d {1} o {0} o o o o o {6}
ag =d {0} o @ o o o o o {7}

Figure 4.5: Parsing table of string w = aabbcedd constructed by Algo-
rithm 4.3.

Consider the elements of this table. For example, the set {2} located in
the position (By, as) of the table corresponds to the fact that the one symbol
substring starting from position ¢ = 2 4+ 1 and ending at position j = 3 has
the property By.
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Similarly, the set {3} located in the position (S, a4) states that the string
aj...ag{agyi...aq) = aj...asz(aq) = aab(b) has the property Sy (by the rule
Sp — b& <A). The context <A in that rule is satisfied, since the singleton
{0} is in the position (A, a4) of the parsing table, meaning that the string
e(aabb) is in Lg(A).

The set {1} located in the position (Sg,as) means that the string
ai{aiq1...a) = ai{az...as) = al{abbec) has the property S, (by the rule
Sa — A()S)

Finally, the set {0}, located in the position (S, ag) of the table, means
that the string ag(ao+1 ...ag) = €(ay . ..asg) = e(w) has the desired property
S. Therefore, the string w = aabbcedd is in the language L(G).

4.4 Establishing the normal form for grammars
with one-sided contexts

For grammars with one-sided contexts, the transformation to the binary
normal form is comprised of three stages. First, there is the elimination
of null conjuncts (also called empty conjuncts), that is, any rules of the
form A — €& ...; this is a rather elaborate generalization of the similar
procedure for conjunctive grammars. The subsequent elimination of null
contexts (that is, rules of the form A — ... & <) removes any checks that
the current substring is in the beginning of the entire string. Finally, the
elimination of unit conjuncts (any rules A — B§& ... with B € N) is the
same as in the case of conjunctive grammars.

4.4.1 Elimination of null conjuncts

The task of eliminating null conjuncts is formulated in the same way as
for conjunctive and ordinary context-free grammars: for any given grammar
with contexts, the goal is to construct a grammar without null conjuncts that
defines the same language as the original grammar—except for the empty
string, which can no longer be generated by the constructed grammar [5].
An algorithm for carrying out such a transformation first calcu-
lates the set of nonterminals that generate the empty string, known as
NULLABLE(G) C N, and then uses it to reconstruct the rules of the grammar.
This set NULLABLE(G) ={ A € N | e € Lg(A) } is calculated as a least up-
per bound of an ascending sequence of sets NULLABLE;(G), which is reached
in at most | V| steps. The set NULLABLE1(G) = {A € N| A — ¢ € R}
contains all nonterminals which directly define the empty string. Every next
set NULLABLE;+1(G) ={A € N| A — a € R, « € NULLABLE;(G) } con-
tains nonterminals that generate & by the rules referring to other nullable
nonterminals. This knowledge is given by the Kleene star of NULLABLE;(G).
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Example 4.5. Consider the following context-free grammar, which defines
the language {abc, ab, ac, a,bed, bd, cd, d}.

aA | Ad
BC
e|b

£lec

QW= n
Lo b

Since B generates the empty string, the rule A — BC' can be used to
generate just C'; therefore, once the rule B — ¢ is removed, one should add
a new rule A — C, in which B is omitted. Similarly one can remove the
rule C — ¢ and add a “compensatory” rule A — B. Since both B and C
generate €, so does A by the rule A — BC'. Hence, extra rules S — a and
S — d, where A is omitted, have to be added. After the elimination of &,
the rules of the grammar are as follows.

S — aAlal|Ad|d
A —- BC|B|C
B — b

C — ¢

For the grammar in Example 4.5, the calculation of the set NULLABLE(G)
proceeds as follows.

NULLABLEy(G) = @&,
NULLABLE;(G) = {B,C},
NULLABLE;(G) = {B,C,A},

and NULLABLE(G) = NULLABLEx(G).

For grammars with contexts, as shown in the next example, the same
nonterminal symbol may generate the empty string in some contexts, and
not generate it in the others.

Example 4.6. Consider the following grammar, which defines the language
{a, ac, abe, aabc}.
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S — aAladA
A — BC

B — e&<D|b
C — e&<E|c
D — a

E — a

Here B generates € only in a context described by D, while C' generates
¢ only in a context E (that is, in each case, only in the context a). Hence, A
generates € only in contexts described by both D and E (that is, again, only
in the context a). Therefore, the grammar generates the string a by the rule
S — aA, but does not generate the string aa, because A no longer generates
€ in the left context aa.

Thus, for grammars with contexts, instead of talking about nonterminals
generating the empty string, one should consider generation of € by a non-
terminal in a context satisfying a given set of conditions, such as by A in the
context {D, E'}, as seen in Example 4.6.

For simplicity, assume that context operators are applied only to indi-
vidual nonterminal symbols (<D, <F); later on, in Lemma 4.2, it will be
shown that there is no loss of generality in this assumption. Then the task is
to determine all pairs of the form (U, A), with A € N and U C N, represent-
ing the intuitive idea that A generates € in a context of the form described
by each symbol in U. Returning to Example 4.6, one should first obtain
the pairs ({D}, B) and ({E}, C) directly from the rules for B and C, then
“concatenate” these pairs to find that BC' generates ¢ in the context {D, E'},
and finally infer another pair ({D, E'}, A) according to the rule A — BC.

This symbolic “concatenation” of pairs is carried out by the following
extension of the Kleene star (as described in the beginning of Section 4.4.1)
to symbols encumbered with contexts. For any set of pairs S C 2V x N,
denote by &* the set of all pairs (U3 U...U U, Ay...Ap) with £ > 0 and
(Ui, A;) € S: in other words, the symbols are concatenated, while their
contexts are put together in one set. It is worth noting that for ¢ = 0, the
concatenation of zero pairs yields a pair (&,¢), which §* always contains,
regardless of S; in particular, @* = {(@,¢)} (cf. @* = {e} for the Kleene
star on languages).

Using this notion, the set of nullable symbols in contexts is obtained as
the limit of a sequence of sets, as follows.

Definition 4.4. Let G = (X, N, R, S) be a grammar with contexts, in which
the context operators are applied only to single nonterminal symbols rather
than to concatenations.
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Construct the sequence of sets NULLABLE;(G) C 2V x N, with i > 0, by
setting
NULLABLEy(G) = @,

NULLABLE;11(G) = { ({D1,..., D} U{E1, ..., E,} UL U...U Uy, A) |
there exists a rule
Ao ar&.. . &ap& <D & ... & <D & <E1 & ... & <E, € R,
and the pairs (Uy, a1), ..., (Uk, ar) € NULLABLE](G) }.

Finally, denote its limit by

NULLABLE(G) = U NULLABLE;(G).

120

At the first step, in the definition of NULLABLE;(G), the pairs
(Uy, 1), ..., (U, ar) must belong to NULLABLE{(G) = @* = (&,¢), and
accordingly, NULLABLE; (G) is the set of all pairs (&, A) with A — ¢ € R.

In general, the formula defining NULLABLE; 11 (G) expresses the following
reasoning. Assume that all base conjuncts aj, . .., o in some rule are already
known to generate the empty string in some conterts, and the algorithm
should determine a possible set of contexts, in which A generates €. First,
the contexts needed for each conjunct «; are assembled together by the
star operator, and then are joined as the union U; U ... U Ug. All context
specifications in the chosen rule are also added to the set. Then A generates
the empty string in all contexts described by the resulting set.

Example 4.7. For the grammar in Example 4.6,

NULLABLEy(G) = @,
NUuLLABLE)(G) = {({D},B), {E},C)},
NULLABLEy(G) = {({D},B), {E},C), ({D,E}, A)},

and NULLABLE(G) = NULLABLE(G). The pair ({D, E'}, A) represents the
ability of A to generate the empty string in any context defined by both D
and E.

The next lemma states that, indeed, the generation of € in any context
can be determined using the set NULLABLE(G).

Lemma 4.1. Let G = (X, N, R, S) be a grammar with contexts, let A € N
and u € ¥*. Then, u(e) € Lg(A) if and only if the set NULLABLE(G)
contains such a pair ({Ki,..., K}, A) that e{(u) € Lg(Ky), ..., e(u) €
La(Ky).
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Proof. & Assume that u(e) € Lg(A). The existence of a desired pair in
NULLABLE(G) is proved by induction on p, the number of steps used in the
deduction of the proposition A(u(5>)

Basis. Let p = 1. If a proposition A(u(e)) is deduced in one step, then
it must be obtained by a rule A — ¢. Then the pair (&, A) is added to
NULLABLE(G) at the first iteration.

Induction step. Let a proposition A(u(s)) be deduced in p steps, with
the last step using a rule

A—>a1&&ak&QDl&&QDm&QEl&&QEn (4.2)

For each base conjunct a;, let a; = X;1... X4, where ¢; > 0 and X; ; € N.
Then the string u(e) is in Lg(X; ;) for all j € {1,...,4;}, and the last step
of the deduction is of the form

{Xi,j (u<€>)}i’j,D1 (5<u>), . ,Dm(e<u)),El (s(u)), .. ,En(5<u)) = A(u<e>)

For each symbol X; ;, by the induction hypothesis, there exists such a
set Uj; € N, that (U;j, X; ;) € NULLABLE(G) and e(u) € Lg(K) for all
K € U;;. Let h > 0 be the least such number that all these pairs, for all
i and j, appear in NULLABLE,(G). Then the pair (Ui,l Uu...U Uui,ai) is
in NULLABLE}(G). Denote U; = U;1 U...UU;y, and U = U U...UU, U
{D1,...,Dp, E1,...,E,}.

The pair (U, A) belongs to NULLABLE},1(G) by construction. The sec-
ond claim is that e(u) € Lg(K) for all K € U. Indeed, for symbols in
each U;; this has been proved above, while the remaining symbols in U
are from the contexts in the rule (4.2), and the propositions D;(£(u)) (for
i€{l,...,m}) and E;(e(u)) (for i € {1,...,n}) are known to be true.

®© Let U = {Ky,...,K:} and (U, A) € NULLABLE(G). Then (U, A) €
NULLABLE,(G) for some h > 0. The goal is to prove that u(e) € Lg(A),
which will be done inductively on h.

Basis. If h = 0, then NULLABLE((G) = @ and no symbols A € N satisfy
the assumptions.

Induction step. Let (U, A) € NULLABLEL(G) and e(u) € Lg(K) for
all K € U. According to Definition 4.4, the set R contains a rule of the
form (4.2), where, for each base conjunct «; in this rule, there is a pair (U;, ;)
in NULLABLE; {(G),and U =UU...UU,U{D1,...,Dp, E1,...,Ey,}.

For each conjunct «;, let oy = X;1...X;, with ¢, > 0 and
Xi1,..., Xy, € X UN. Then, by the definition of the “star”
of NULLABLE;_1(G), there exist pairs (Uj1,Xi1), ..., (Uig,Xiyg) in

NULLABLE}_1(G), for which U; 1 U...UU;, = U;. Therefore, by the induc-
tion hypothesis for each of these pairs, u(e) € Lg(X; ;) for all j, that is, F¢g

X’i,l (’LL<€>), ey Xz’,&- (’LL<6>)
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This gives all the remaining premises for deducing the membership of
u(e) in Lg(A).

Xi1 (u(a)), ooy Xiogy (u(e}),Dl (5<u>), ....Dpn (5<u)),
Ei(g(u)),..., Ep(e(u)) Fa A(ule))

The premises D;(e(u)) and Ej(e(u)) are known to be true, because &(u) €
La(K) for all K € U by the assumption. O

Now, once all cases of generation of the empty string in a grammar have
been enumerated in the set NULLABLE(G), this information can be used to
rebuild the grammar without ever generating . For a context-free grammar,
this is done by creating variants of the existing rules, in which the nullable
symbols are omitted: for instance, if there is arule A — BC, and B generates
€, then the new grammar gets another rule A — C. For a grammar with
contexts, the generation of an empty string in the original grammar depends
on the contexts, as reflected in the set NULLABLE(G), and the same logical
dependence must be ensured in the new grammar.

Example 4.8. Consider the grammar from Example 4.6. Once both null
rules are removed, the effect of these rules on the generation of longer strings
is replicated as follows.

The nonterminals B and C, as shown in Example 4.7, can generate the
empty string only in the left contexts of the form D and F, respectively. For
the rule A — BC, when the symbol B is omitted, the resulting extra rule
should be A — C & <D (rather than just A — C'), which inherits the context
dependence from B. Similarly, C' can be omitted in A — BC by introducing
a new rule A — B & <FE. Note that the latter rule uses an extended context
operator, because it refers to the left context of the omitted symbol C, which
includes the substring generated by B.

The nonterminal A itself generates the empty string, but only in the
contexts described by both D and E. Thus, the generation of £ by A in the
rule S — aA can be handled by adding an extra rule S — a & <D & IE
(rather than S — a), which again preserves both context dependencies. The
rule S — aaA is processed in the same way.

The resulting set of rules of the new grammar is given below.
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S — aA|a&<D&LE | aaA | aa& 4D & LE
A — BC|B&SLE | C&<D

B — b

C — ¢

D — a

E — a

Given an arbitrary grammar with contexts, it is convenient to begin the
elimination of null conjuncts with simplifying the form of the rules. After
the following pre-processing stage, all concatenations are expressed in sep-
arate rules A — BC and all context operators are applied to individual
nonterminals.

Lemma 4.2. For every grammar with contexts Gy = (X, No, Ro, So), there
exists and can be effectively constructed another grammar with contexts
G = (X,N,R,S) generating the same language, in which all rules are of
the following form.

A — BC (A,B,C € N) (4.3a)
A—=a (a€X) (4.3b)
A= B &. .. &By& D1 & ... & <D & (4.3¢)
B & ... & <4E, (k>1, mn>0, A B;,D;,E; € N)
A—e (4.3d)

If the original grammar is unambiguous, then so is the resulting grammar.

Proof. Each conjunct in the given grammar Gy = (3, Ny, Ry, So) is of the
form a, <a or da, where a € (X U Np)*. First, construct a grammar
G as follows. Each context operator <o or e, with a € ¥ or |a| > 1,
is replaced by <Y, or Y, respectively, where Y, is a new nonterminal
with the unique rule Y, — «. Operators of the form <ie, defining empty
contexts, are simulated by conjuncts <17, where the new nonterminal Z has
the unique rule Z — e. Then, each conjunct «, with |«| > 2, is shortened by
introducing new nonterminals: for instance, a« = BaC may become BX,¢,
with a rule X,c — aC. Denote the new grammar by G,. Finally, every
instance of a symbol a € ¥ in a conjunct o with |a| = 2 is replaced with a
new nonterminal X, with a unique rule X, — a, resulting in a grammar G
of the desired form.

Unambiguity of choice of a rule is preserved at every stage of the trans-
formation. Indeed, every modified rule for an old nonterminal generates
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the same language as its prototype rule, and the alternatives remain dis-
joint. Each new nonterminal has a unique rule, which rules out ambiguity
of choice.

No new concatenations are introduced in the transformation of Gy to
(i1, and they remain unambiguous. In G, each new concatenation is of the
form sq - X, . s,, and if it is ambiguous, then so is the original factorization
S1 - 82 - ... 8y, contradicting the assumption. No new concatenations are
introduced in G. O

The following transformation eliminates all null conjuncts from a given
grammar with contexts.

Construction 4.1. Let G = (X, N, R, S) be a grammar with left contexts
with all rules of the form (4.3a)-(4.3d), as in Lemma 4.2. Consider the set
NULLABLE(G) and construct a new grammar with contexts G’ = (3, N U
{W}, R, S), where R’ contains the following rules.

1. The new nonterminal W generates all non-empty strings in all contexts,
using the following rules:

W —a (a €X)
W — aW (a €X)

2. Every rule of the form A — a in R is preserved in R’:

A—a (4.4)

3. Foreveryrule A —» B1 & ... & Br & <D1 & ... & <D & LE1 & ... & LB,

in R, the set R’ contains the same rule

and, possibly, the following extra rule:

which is added if m > 1 and €(¢) € Lg(D1) N ...N Lg(Dy).

The latter rule handles the case of a null left context, when the sub-
string being defined is a prefix of the whole string. If there is at least
one proper left context operator <1D; in the original rule, then the same
operator in the new grammar would no longer admit null context, and
hence a new rule without these operators has to be introduced. Note
that in a null context, an extended left context <{F; has the same effect
as a base conjunct E;. Also note that the condition e(e) € Lg(D;) can
be checked by listing all deductions among the propositions X (€<€>),
which depend only on each other.
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4. Every rule of the form A — BC in R is added to R/,

A — BC (4.6a)

along with the following extra rules.

A— B&<K & ... & <K, (4.6b)
(for all ({K7,...,K:},C) € NULLABLE(G))
A= C&<K1 & ... & <K & <W (4.6¢)

(for all ({Ky,...,K;}, B) € NULLABLE(G))

In each case, a nullable nonterminal is omitted, and the condition of
its being nullable is accordingly included in the rule. In the first case,
the substring generated by B is a part of the omitted C’s context, and
hence extended context operators are used (<Kj;). In the second case,
once B is omitted, its context is referenced by proper context operators
(<K;); one more context operator (<IW) restricts the applicability of
this rule to a non-empty left context. The case when B is omitted in
an empty left context is handled in yet another rule

A= C & <e, (4.6d)

which is added to the grammar if there exists such a set {K7,..., K} C
N, that ({K3,...,K:}, B) € NULLABLE(G) and €(¢) € Lg(K1)N...N
Lo (Ky).

Thus, among the two rules for a nullable B, the former rule (4.6¢) only
generates strings in non-empty left contexts, whereas the latter rule
(4.6d) only applies in the empty left context. This is essential for the
construction to preserve unambiguity.

None of the rules (4.3d) generating the empty string are included in G'.

Correctness Statement 1. Let G = (X, N, R, S) be a grammar with left
contexts and let G' = (X, NU{W}, R',S) be the grammar obtained by Con-
struction 4.1. Then Lgi(A) = Lg(A)\ X*(e) for every A € N; in particular,
L(G") = L(G) \ {e}. Furthermore, if G is unambiguous, then so is G'.

The first claim is that whenever a non-empty string in any context is
generated by a symbol in the original grammar, it is also generated by that
symbol in the new grammar.

Lemma 4.3. Let a grammar G = (X,N,R,S) be transformed to G' =
(3, NU{W} R S) according to Construction 4.1. Then, if a proposition
A(u<v>), with A € N, u € ¥* and v € 7, is deduced in G, then it is also
deduced in G'.
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Proof. The proof is carried out by induction on p, the number of steps in
the deduction of A(u(v)) in G.

Basis. Let p =1 and consider a proposition A(u(v)) deduced in G by a
rule A — a. Then v = a and the last step of the deduction is a(u(a}) Fa
A(u(a)). By the construction, the grammar G’ also has the rule A — a, and
the same deduction can be carried out in G': a(u(a)) Far A(u(a)).

Induction step. Consider the rule in G used at the last step of a deduction
of A(u(v)).

If this is a rule A — BC, then the last step of the deduction takes the
form B(u(v1)), C(uvi(v2)) b A(u(v)), for some partition v = viv, and
each of the premises is deduced in fewer than p steps. If both v; and vy are
non-empty, then, by the induction hypothesis, both propositions B( (v >)
and C(uvy (v2)) are deducible in G, and therefore the proposition A(u < )
can be obtained in G’ by the rule (4.6a): B(u(v1)), C(uv(v2)) Fer A(u(v)).

Let now either v; or vy be empty (both cannot be empty, because v # €).

e Let v1 = v and vo = . Then, the last step of the deduction of
A(u(v)) is B(u(v)), C(uv(e)) ke A(u(v)). The proposition B(u(v))
can be deduced in G’ by the induction hypothesis. Since uv{e) €
Lg(C), by Lemma 4.1, there exist such symbols K7, ..., K; € N, that
({Ki,...,K:},C) € NULLABLE(G) and all propositions K; (¢(uv)) can
be deduced in the grammar G, in fewer than p steps. Since uv # &,
the induction hypothesis is applicable to these propositions, and it
asserts that each Kj; (5<uv)) can be deduced in the grammar G’ as
well. Then the proposition A(u(v)) is deduced in G’ by the rule (4.6b),
which exists because of the pair ({K7,...,K:},C) in NULLABLE(G);
the deduction proceeds as follows: B(u(v)), K1(e(uv)), ..., Ki(e(uv))
Fer A(u(v)).

e If v1 = € and vy = v, then the last step of deduction of the propo-
sition A(u(v)) in G is B(u(e)), C(u(v)) F¢ A(u(v)). By the induc-
tion hypothesis, the proposition C' (u(v)) can be deduced in G’. For
u(e) € Lg(B), by Lemma 4.1, there exist K1, ..., K; € N, such that
({K1,...,K:}, B) € NULLABLE(G) and all propositions Kj(e(u)) can
be deduced in the grammar G.

If w # ¢, then each proposition K; (6<u>) can be deduced in the
grammar G’ by the induction hypothesis. The string £(u) is also in
L/ (W), and thus A(u(v)) can be deduced in G’ by the rule (4.6¢):
C(u()), Ki(e(u)), ..., Ki(e(u)), W(e(u)) Fer A(u(v)). Note that
the rule (4.6¢) is in G’ for the pair ({K71, ..., K¢}, B) in NULLABLE(G).

Let u = €. Then e(¢) € Lg(K;), for all i € {1,...,t}, and therefore
the grammar G’ has a rule (4.6d). The proposition A(s(v)) can be
deduced by this rule as C'(g(v)) Fer A(e(v)).
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Consider now  the other case, when  the last  step
of the deduction of A(u(v)) uses the rule A —
Bi1&.. . &Br&<D1 & ... &<Dp & LE1 & ... & <E,. That is, the de-
duction is Bi(u(v)), ..., B(u(v)), Di(e(u)), ..., Dm(e(u)), Ei(e(uv)),

o En(e(uv)) Fa A(u(v)).

If w # &, then, by the induction hypothesis, each of the premises can
be deduced in the grammar G’. This is sufficient to deduce A(u(v)) in the
grammar G’ by the rule (4.5a).

Let u = e. The propositions B;(e(v)) for all i € {1,...,k} and E;(e(v))
for all i € {1,...,n} can still be deduced in G’ by the induction hypothe-
sis. Since the propositions D1 (g(e)), ..., D (e(€)) are deducible in G, the
grammar G’ has a rule (4.5b), by which the desired proposition A(e(v)) is
deduced in G”: By(e(v)), ..., Br(e(v)), Di(e(e)), ..., Dm(e(e)), E1(e(v)),

o, En(e() Far A(e(v)). O

The converse statement is that whenever a string is generated by some
symbol in the new grammar, the same string must be generated in the orig-
inal grammar.

Lemma 4.4. Let G = (X,N,R,S) be a grammar with left contexts, let
G' = (B, NU{W}, R S) be the grammar obtained by Construction 4.1 and
let A € N be a nonterminal symbol. Then, if a proposition A(u<v>) can be
deduced in the grammar G', it can also be deduced in G, and v # €.

Moreover, consider the rule used at the last step of a deduction of the
proposition A(u(v)) in G'. Then,

L if A(u(v)) is deduced in G' by a rule of the form (4.4), then it is
deduced in G by the (same) rule A — a;

1. if A(u(v)) is deduced in G' by a rule of the form (4.5a)
or (4.5b), then it is deduced in G by the rule A —
Bi& .. . &Br&<D1 & - & <D & BV & - - & LER;

1. if A(u(v)) is deduced in G' by a rule (4.6a), (4.6b), (4.6¢), or (4.6d),
then it is deduced in G by the rule A — BC, and furthermore,

(a) if it is deduced by a rule (4.6a), and there is such a partition v =
vive with vy, vy # €, that u(vy) € Le(B) and uvy(ve) € L (C),
then u(v1) € Lg(B) and uvi(va) € Lg(C);

(b) if it is deduced by a rule (4.6b), then uw(v) € Lg(B) and uwv(e) €
LG(C);

(c) if the rule is (4.6¢c), then u # €, u(e) € Lg(B) and u{v) € Lg(C);

(d) and finally, if the rule is (4.6d), then uw = ¢, u{e) € Lg(B) and
u(v) € Lg(C).
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The latter part of the statement (I-III) refers to the rule used at the last
step of a deduction of the proposition A(u(v)): if a rule ' is used to deduce
it in the new grammar, then this rule was constructed on the basis of some
rule r in the original grammar, and the derivation of A(u<v>) in the original
grammar (constructed in the lemma) uses this rule r.

Proof. The proof is by induction on p, the number of steps used to deduce
the proposition A(u(v)) in the grammar G’.

Basis. Let p =1 and let A(u(v)) be deduced in G’ by the rule A — a.
Then v = a € X and the desired proposition is obtained from an axiom:
a(ufa)) Fer A(u(a)). The same deduction can be carried out in G by the
same rule A — a € R.

Induction step. Consider a deduction of a proposition A(u(v)) in G’, and
let 7/ be the rule used at the last step of this deduction. Let r be the rule in
G, from which 7’ is obtained in Construction 4.1. The argument splits into
cases depending on the form of r’.

e If the rule 7’ is of the form (4.5a), then the last step of deduction of
A(u(v)) in G is By (u(v)), ..., Bi(u(v)), Di(e(w)), ..., Dp(e(u)),
Ei(g{uw)), ..., Ep(e{uw)) Fer A(u(v)). By the induction hypothesis,
each of the premises can also be deduced in the grammar G, and this
allows repeating the last step of deduction in G using the rule r, which
is the same as 7.

The string v is non-empty, because this is ensured by the induction
hypothesis for By (u(v)). The argument for the non-emptiness of v is
the same in all subsequent cases.

e Let ' be of the form (4.5b). Then u = e and the last step of
the deduction is By (e(v)), ..., Bi(e(v)), E1(e(v)), ..., En(e(v))
For A(€<v>). By the induction hypothesis, each of the propositions
Bi((v)) (with i € {1,...,k}) and Ej(e(v)) (with i € {1,...,n})
can be deduced in the grammar G. The rule r in G is of the form
A — Bl&&Bk&QDl&&QDm&QEl&&QEn, and the
condition of existence of ' is that e(e) € Lg(D;), for i € {1,...,m}.
Now the proposition A(e(v)) is deduced in G as follows:

{Bi(e(0) ieq,..kp- {Di(e(€)) Yieqr,...my> {Ei(e(v) Yieqr,...ny Fa Ale(v)).

e Let 7’ be of the form (4.6a), that is, A — BC} the rule r in G is of the
same form. The last step of deduction of A(u(v)) in the grammar G’
is B(u(v1)), C(uvi(v2)) Fer A(u(v)), for some partition v = vyvg. By
the induction hypothesis, both propositions B(u<121>) and C(um (vg>)
can be deduced in the grammar G. This deduction in G can be con-
tinued with the same last step using the rule r: B(u(v1)), C(uvi(vs))

Fa A(u<v>)
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Here the non-emptiness of v is given by the induction hypothesis for
B(u(m)), which asserts that already vy is non-empty.

Assume that 7' is of the form (4.6b), that is, A —
B& LK1 &...& <Ky, obtained from a rule A — BC and a pair
({Ki,...,K:},C) € NULLABLE(G). Then the proposition A(u(v)) is
deduced in G’ out of the premises B(u(v)), Ki(e(uv)), ..., K¢ (e(uv)).
By the induction hypothesis, the proposition B (u(v)) can be deduced
in the grammar G. The proposition C'(uv(e)) can be deduced in G by
Lemma 4.1, applied to the pair ({K71,..., K;},C) and the propositions
K, (5<uv>), o Ky (€<uv>), which are deducible in G by the induction
hypothesis. Now one can deduce the proposition A(u(v)) in G by the
rule A — BC, as follows: B(u(v)), C(uv(e)) Fa A(u(v)).

Let 7’ be of the form (4.6¢), that is, A - C & <K1 & ... & <K & <W,
obtained from a rule A — BC in G and a pair ({K3,...,K:},B) €
NULLABLE(G). The last step of deduction of A(u(v)) in G’ is then
C(u(v)), Ki(e(w)), ..., Ki(e(uw)), W(e(u)) Fer A(u(v)). By the in-
duction hypothesis, Fg C(u(v)) and Fg K4 (5<u)), .., ko K (5<u>)
The string v must be non-empty, because e(u) € Lg/(W) (this ful-
fils I1I(c) in the statement of the lemma). By Lemma 4.1 for the
pair ({K7i,...,K:}, B) € NULLABLE(G), the string u(e) is in Lg(B).
Then the desired proposition is deduced in G as B(u(e)), C(u(v))
ke A(u(v)) by the rule A — BC.

The last case is that the rule 7’ is (4.6d), that is, A — C & <&, ob-
tained from the rule A — BC in G and a pair ({Ki,...,K;},B) in
NULLABLE(G), such that e(e) € Lg(K;) for all i € {1,...,t}. The
proposition A (g(v)) is deduced as C'(e(v)) k¢ A(e(v)), and for this de-
duction to be possible, u must be empty, due to the empty context op-
erator (<e). By the induction hypothesis, the proposition C(e(v}) can
be deduced in G. By Lemma 4.1, applied to the pair ({K3,..., K}, B),
the proposition B (5<5>) is also deduced in G. This allows the deduc-
tion B(e(e)), C(e(v)) b A(e(v)) by the rule A — BC. O

4.4.2 Preservation of unambiguity in null conjunct elimina-

tion

An important property of Construction 4.1 is that it preserves unambiguity:
if the original grammar is unambiguous, then so is the resulting grammar.

Lemma 4.5. Let G = (X, N, R, S) be an unambiguous grammar with con-
texts and let G' = (X, NU{W}, R, S) be the grammar obtained in Construc-
tion 4.1. Then G’ is unambiguous as well.

87



Proof. All concatenations in G’ are unambiguous, because they are used
only in rules of the form A — BC, which are the same as in G. Then,
if some string u(v) is generated by such a rule in two different ways, as
u(v) = u(vy) - uv(va) = o' (V) - /v (vh), then, by Lemma 4.4 (part III(a)),
the same string u(v) is generated in two distinct ways in the grammar G as
well. This is a contradiction to the unambiguity of G.

To see that the choice of a rule in the new grammar is unambiguous,
suppose that some string u(v) is generated in the grammar G’ by two distinct
rules for the same symbol A € N.

First, consider the case when the string u(v) is generated in G’ by any
two rules of the form (4.4)—(4.6d), which were created from two different
rules in R. Then, by Lemma 4.4, each of the latter two rules generates the
string u(v) in G, and this contradicts the assumption that G is unambiguous.

Consider the other possibility, when the string w(v) is generated in
the grammar G’ by two rules, and both of these rules were added to
R’ by processing a single rule from R. If this single rule is A —
Bi1&...&Br&<D1 & ... & <D & dE1 & ... & <E,, and it resulted in
multiple rules in R’, then these must be the two rules (4.5a) and (4.5b).
By the construction, this can only happen if m > 1. Since G’ does not have
any null conjuncts, the former rule (4.5a) may only generate a string with a
non-empty context, whereas the latter rule (4.5b) requires an empty context.
Hence, no string can be deduced in G’ by both rules (4.5a), (4.5b) at the
same time.

The only remaining possibility is that u(v) is generated in G’ by two dis-
tinct rules (4.6a)—(4.6d) obtained from a single rule A — BC in G. For each
rule of the form (4.6a)-(4.6d), consider Lemma 4.4 and the corresponding
condition III(a)-III(d). In all four cases, the string u(v) is defined in the
grammar G as a concatenation u(v) = u(vy) - uvy (v2), where u(vy) € Lg(B)
and uvi(va) € Lg(C). The four cases are distinguished by the emptiness
status of v1, v2 and u: both v; and vy are non-empty in the first case (4.6a),
v; = v and v = ¢ in the second case (4.6b), while the remaining two cases
both have v; = € and vy = v, and differ by having v # ¢ in the third
case (4.6¢c) and u = ¢ in the fourth case (4.6d).

Assuming that u(v) is generated in G’ by two rules of two different
types (4.6a)—(4.6d), this yields two distinct partitions of u(v) into u(vy) €
La(B) and uvi(va) € Le(C). Thus, the concatenation BC' is ambiguous in
G, witnessed by the string u(v), and this contradicts the assumption.

Let now the two rules be of the same type; that is, let the string u(v)
be generated either by two distinct rules of the form (4.6b) corresponding to
different elements of NULLABLE(G), or, similarly, by two distinct rules of the
form (4.6¢). Intuitively, any two different elements of NULLABLE(G) corre-
spond to the generation of € in two different ways, which should constitute
ambiguity. The following claim formalizes this intuition.
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Claim 4.5.1. Let G = (3X,N,R,S) be a grammar with left contexts, let
A€ N and w € X*, and assume that there exist two distinct sets U,U’ C N
with (U, A), (U', A) € NULLABLE(G) and e(w) € Lg(K) for each K € UUU’.

Then the grammar is ambiguous.

Before proving the claim, consider how it can be used to finish the proof
of the lemma. There are two cases to consider.

o The string u(v) is generated by two different rules of the form (4.6b).
These rules were created for two distinct pairs (U,C) and (U’,C) in
NULLABLE(G), where U, U’ C N and U # U’. Since u(v) is generated
by each of these rules, e(uv) € Lg(K) for all K € U UU’. Then
Claim 4.5.1 is applicable to the pairs (U, C), (U’,C) € NULLABLE(G)
and the string w = uwv. This establishes the ambiguity of the grammar
G, which contradicts the assumptions.

o The string u(v) is generated by two distinct rules of the form (4.6c).
Similarly to the previous case, since the rule exists, there are pairs
(U,B), (U, B) in NULLABLE(G), with U,U" C N and U # U’, and
e(u) € Lg(K) for all K € UUU’. Thus, Claim 4.5.1 is applicable, and
it contradicts the unambiguity of G.

The above case analysis completes the proof of Lemma 4.5, and so it
remains to prove Claim 4.5.1.

For the given pairs (U, A), (U, A), let h > 1 be the least number, for
which (U, A), (U’, A) € NULLABLE(G). Of all pairs (U, A), (U’, A) satisfy-
ing the statement of the claim, choose those with the minimal value of h.
That is, let (U, A) and (U’, A) be two distinct pairs in NULLABLE,(G), for
some h > 1, and assume that e(w) € Lg(K) for all K € UUU’. Tt shall be
proved that the choice of a rule for A is ambiguous for the string w(e).

For the pair (U, A) in NULLABLE(G), by the definition of this set, there
exists a rule

A—)al&&ak&QDl&&QDm&QEl&&QEn, (47)

and pairs (U,aq),...,(Ug, o) in NULLABLE; (G), for which U =
{D1,...,Dp,E1,...,E,} UUy U ... UUg. Similarly, for the other pair
(U’, A) € NULLABLE(G), there is a rule

A= &.. &)y &<D & ... & <D, & <LE1 & ... & <EL,, (4.7)
and pairs (U{,}),..., (UL, a),) € NULLABLE;_,;(G) satisfying U’ =
{D},....,D, ,,E},...,E,}UUU...UU.

First, suppose that (4.7) and (4.7") are the same rule.  Then,
{D1,....,Dp, Er,...,Ep} ={D4,...,D, ,,E{,...,El,}, and therefore U #
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U’ implies Uy U ... U Uy # Uj U...UUj. For these unions to be different,
they should differ in some position i € {1,...,k}, for which U; # U], and
both pairs (U;, o), (U/, o;), with the same «;, belong to NULLABLE], _,(G).

Let o; = Xi,l .. 'Xi,ﬂi; with gl > 0 and Xi71, . 7Xi,€i € N. By the defi-
nition of the “star”, since the pair (U;, X;1...X,y,) is in NULLABLE}_,(G),
it is obtained by combining some pairs (U1, Xi1),..., (Uis, Xig,) in
NULLABLE,_1(G), which satisfy U;; U ... U Uy, = U Sim-
ilarly, for the pair (U/,X;1...X,s), there are corresponding pairs
(Ui 1 Xin)s -, (Ui, Xig,) € NULLABLE,—1(G), and U}y U ... U U}, = Uj.
Since U; # UJ, these two unions should again differ in some j’—th po-
sition, that is, there are two distinct pairs (U;;, X; ;) and (Ui”j,Xz-,j) in
NULLABLE},_1(G). Furthermore, as U; ; C U and UZ-’J- C U’, it is known
that e(w) € Lg(K) for all K € U; jUU] ;. Thus, these two new pairs satisfy
all conditions of this claim, for a smaller number of iterations than h. This
contradicts the assumption made in the beginning of the proof, and thus
demonstrates that the rules (4.7) and (4.7") are distinct.

Now the goal is to show that both rules (4.7) and (4.7) can be used
to deduce the proposition A(w(e}), which will form the desired ambiguity.
Consider, for instance, the first rule (4.7). For each conjunct «; in this rule,
let a; = Xj1...X,y,. Since (U;, ;) € NULLABLE}_(G), by definition of
the “star”, there are pairs (U1, X; 1), ..., (Ui, Xig,) in NULLABLE,_1(G),
which satisfy U; 1 U...UU;y, = U;. It is known that e(w) is in Lg(K) for all
K € U; ;. Applying Lemma 4.1 to every pair (U; j, X; ;) with j € {1,...,4;}
gives that the string w(e) is in Lg(X; ;). It is also known that e(w) € Lg(D;)
for all ¢, and e(w) € Lg(FE;) for all i, because D;, E; € U. Then the desired
proposition A(w(e)) can be deduced by the rule (4.7) as follows.

{Xi; (w<5>)}z‘,j> {Di(e(w) };, {Ei(e(w)) }; Fa A(wle))

By the same argument as above, the string w(e) can be generated using the
rule (4.7"). This constitutes ambiguity of the choice of a rule, and completes
the proof of Claim 4.5.1, as well as of the entire lemma. O

4.4.3 Elimination of null contexts

The second stage of transforming a grammar to the binary normal form is
the elimination of null context specifications of the form <&, which assert
that the substring being defined is a prefix of the entire string.

For example, a rule A — a & <&, where A generates a only in the empty
left context, can be replaced with a rule A — a & <a. In the general case, the
condition <¢ can be simulated by a conjunct defining all non-empty strings
in an empty left context.
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Lemma 4.6. Let G = (X,N,R,S) be grammar with one-sided contexts,
and assume that no symbol A € N generates the empty string in any
context, that is, Lg(A) C X*(XT). Construct another grammar G' =
(S, NU{W, X}, R, S), where every rule with a null context

A— Q& <e (4.8)

mn R, with ® being a conjunction of conjuncts of the form «, <8 and <v, is
replaced by a rule
A= DLW (4.9)

All rules in R without a null context are kept in R' as they are. The symbol
W generates all non-empty strings in an empty left context by the following
rules.

W — Wa (for all a € ) (4.10a)
W —a& <X (for all a € %) (4.10b)
X —=a (for all a € ) (4.10¢)

Then Lg(A) = Lg/(A), for all A € N. In particular, L(G) = L(G"). Fur-
thermore, if G is unambiguous, then so is G'.

In the rules for W, the length of the current substring is reduced to a
single symbol, and the extended context operator is then applied to that
symbol. It ensures that the symbol is the prefix of the entire string, that is,
its left context is empty.

Proof. € Tt has to be shown that whenever a proposition A(u(v)) is de-
ducible in G, it can also be deduced in G'. The proof is by induction on p,
the number of steps used in a deduction of A(u(v)) in G.

Let the proposition A(u<v>) be deduced in p steps in G, and assume
that the last step of the deduction uses a rule of the form (4.8), which has
an empty left context. The conjunct < requires that u = ¢ and thus the

deduction takes the form
X l_G A(E <U>),

where X is the set of premises corresponding to the conjuncts ® in the rule.
Also note that v # €, because no symbol in G generates the empty string in
any context.

Each of the premises in X is deduced in fewer than p steps, and hence,
by the induction hypothesis, is deducible in G’. Using the rules (4.10), one
can deduce the proposition W (e(v)). Now the desired proposition A(e(v))
can be deduced in G’ out of the premises X and W(€<v>) by the rule (4.9),
which corresponds to the rule (4.8) in the original grammar.

Consider the case when A(u(v)) is deduced in G, and the last step uses
some rule r, which does not have null contexts. By the induction hypothesis,
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each premise of such deduction can be deduced in the new grammar G’ as
well. By the construction, the same rule r also is in G’, and the desired
deduction F¢r A(u(v)) can be repeated.

@ The converse statement is that u(v) € Lg/(A) implies u(v) € Lg(A).
It is proved by induction on the number of steps used in the deduction of
the proposition A(u(v}) in G'.

Let A(u<v>) be deduced in G’, and let the last step of its deduction use
a rule of the form (4.9), which was created from a rule (4.8) in G. Then this
last step is

X, W (u(v)) For A(ufv)),

where X is the set of premises corresponding to the conjuncts ® in the rule.
By the induction hypothesis, all the premises X can be deduced in G. Since
all the strings generated by W are in an empty left context, u(v) € Lg/(W)
implies that u = . Then the desired proposition A(e(v)) is deduced in G
by the rule (4.8) from the premises X'

Let the proposition A(u(v)) be deduced in G’ and let the last step of the
deduction use some rule r, which is not of the form (4.9). By the induction
hypothesis, each premise used in such deduction is deducible in G. Using
these premises, the deduction of A(u(v)) can be carried out in G using the
same rule r. This proves that the new grammar generates the same language
as the original grammar G.

It remains to show that the transformation preserves unambiguity of a
grammar. Consider first the unambiguity of choice of a rule. The rules for
nonterminal W define disjoint languages and so do the rules for X. For
each nonterminal A € N, the rules for A in G and in G’ are in one-to-one
correspondence, and the corresponding rules generate the same languages in
both grammars. Thus, if these languages were disjoint in G, they will remain
disjoint in G.

Turning to the ambiguity of concatenation, the only new introduced con-
catenation in G’ is Wa, which is unambiguous. Thus, if G is unambiguous,
then so is the new grammar G’. O

4.4.4 Elimination of unit conjuncts

The last stage of the transformation to the normal form is removing unit
conjuncts in rules of the form A — B §; ..., where B is a nonterminal symbol.
Already for conjunctive grammars, the only known transformation involves
substituting all rules for B into all rules containing a unit conjunct B; in the
worst case, this results in an exponential blowup [50]. The same construction
applies verbatim to grammars with contexts.

The following lemma shows that a single substitution of rules into a unit
conjunct does not affect the language defined by the grammar.
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Lemma 4.7. Let G = (X, N, R, S) be a grammar with left contexts. Let
A B&d (4.11)

be any rule with a unit conjunct B € N, where ® is a conjunction of any
remaining conjuncts, which may contain context operators.

I If A # B, construct a new grammar G' = (X, N, R, S), in which the
rule (4.11) is replaced by the following rules. Let

B— (4.12)

with 1 < i < s, be all rules for the nonterminal B, where each V; is a
conjunction of any conjuncts. Then the rule (4.11) is replaced with s
rules

A=V, &P (4.13)

for 1 <i < s. The rest of the rules in G' are the same as in G. Then
L(;/(C) = Lg(C) for all C' € N.

II. If A = B, then the grammar G' = (X, N, R\{A — A& P}, S), with the
rule (4.11) removed and with no rules added, satisfies L/ (C) = Lg(C)
for all C' € N.

In both cases, if G is unambiguous, then so is G'.

Proof. Part I (A # B). It has to be shown that a proposition A(u(v)) can
be deduced in G if and only if it also can be deduced in G'.

& The proof is by induction on p, the number of steps used in the
deduction of the proposition A(u(v)) in G.

Let A(u<v>) be deduced in p steps in G, and first assume that the pth
step uses a rule of the form (4.11), which has a unit conjunct B # A. Then
the last step of deduction is

B(u(v)), X kg A(u(v)),

where X denotes the premises corresponding to the conjuncts in ®. Then the
proposition B(u(v)) has been deduced earlier in this deduction. Let (4.12)
be the rule used for deducing B(u<v>), and let ) be all the premises.

Vta B(u(v))

All the propositions in the sets X and ) are deduced in fewer than p steps,
and hence, by the induction hypothesis, they are deducible in G’. Now the
new rule (4.13) can be used to deduce the desired proposition in G’.

V, X ber A(u(v))
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Consider the case when the proposition A(u(v)) is deduced in GG, and the
last step of its deduction uses a rule without any unit conjuncts. Then there
is the same rule in the new grammar G’. By the induction hypothesis, every
premise of deduction of A(u(v)) in G can be deduced in the new grammar.
Then, the deduction of A(u(v)) can be repeated in G

© The proof of the converse implication is again carried out by an in-
duction on p, the number of steps used in the deduction of A(u(v)) in G'.

Let A(u(v)) be deduced in G, and let the last step of this deduction use
some rule r € R/,

Assume that r is a new rule of the form (4.13), obtained from some
rules (4.11) and (4.12). Denote the premises of the deduction by r as follows:
let X be the set of premises corresponding to the conjuncts ®, and let ) be
the premises corresponding to the conjuncts ¥;. By the induction hypothesis,
all the propositions in X U ) can be deduced in G. Using these premises,
one can deduce the desired proposition A(u(v)) in two steps as follows.

Via B(u<v>)
B(u(v)), X ¢ A(u(v))

In case the rule r used in the deduction of A(u<v>) in G’ is not of the
form (4.13) defined in the construction, this rule is also contained in G. All
the premises of the last step of the deduction of A(u<v>) in G’ are deducible
in G by the induction hypothesis, and hence A(u(v)) can be deduced in G.

This proves that the new grammar generates the same language as the
original grammar G. Turning to the subject of ambiguity, the construction
preserves the unambiguity of concatenation, because no new concatenations
are introduced. Assuming that the choice of a rule is unambiguous in G, the
proof that it remains unambiguous in G’ is carried out by a contradiction;
there are the following three cases of a supposed ambiguity in G'.

e Let some proposition A(u(v>) be deduced in G’ by two distinct rules of
the form (4.13). Then, by the construction, G has two different rules
for B of the form (4.12), and each of them can be used to deduce the
proposition B (u(v>) This contradicts the assumed unambiguity of G.

e Let now A(u(v)) be deduced in G’ by one rule of the form (4.13) and
by another rule r of a different form. By construction, G contains r,
as well as a rule of the form (4.11), and the deduction Fg A(u(v)) can
be made using both these rules. This contradicts the assumption.

e Finally, the case when A(u(v)) has been deduced in G’ by two distinct
rules, both of which are copied to G’ from G, again forms a contradic-
tion, because then the same two rules would produce A(u(v)) in the
grammar G.
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Part IT (A = B). Since the set of rules of G’ is a proper subset of that of
G, every deduction in G’ is a deduction in G, and hence Lg/(A) C Lg(A). Tt
has to be shown that, conversely, whenever a proposition A(u(v)) is deduced
in G, it can also be deduced in G’. The proof is an induction on the number
of steps in the shortest deduction of A(u(v)) in G.

If the last step of the deduction of A(u(v}) in G uses a rule without unit
conjuncts, then, by construction, such a rule is also in G’. By the induction
hypothesis, each of the premises used in this deduction can be deduced in
G’ as well. Then the desired proposition A(u(v)) is deduced in G’ from the
same premises.

Suppose that the last step of the deduction of A(u(v)) in GG uses a rule of
the form (4.11). One of the premises of this deduction is the same proposition
A(u(v)), which must have already been deduced earlier in this deduction.
Therefore, there is a shorter deduction of A(u(v)) in G, which contradicts
the assumption. O

In the theorem below, Lemma 4.7 is used multiple times to eliminate
all unit conjuncts. The theorem summarizes all transformations towards the
normal form developed in this section, and asserts that an arbitrary grammar
with left contexts can be transformed to the binary normal form. Further-
more, the theorem estimates the worst-case size of the resulting grammar,
where the size is measured by the total number of symbols used in the de-
scription of the grammar.

Theorem 4.5. For each grammar with left contexts G = (3, N, R, S) there
exists and can be effectively constructed a grammar with left contexts G' =
(3,N',R',S") in binary normal form, such that L(G) = L(G'). The size
of G' is at most exponential in the size of G. The construction preserves
unambiguity of the grammar.

Proof. First, the rules of the grammar G are pre-processed according to
Lemma 4.2, resulting in a new grammar G, which generates the same lan-
guage. If G is unambiguous, then so is Gj.

Given a grammar (1, null conjuncts of the form A — ... & e are elimi-
nated by Construction 4.1, leading to another grammar Go, which, by Lem-
mata 4.3 and 4.4, defines the same language without the empty string (see
Correctness Statement 1). If G is unambiguous, then so is G, by virtue of
Lemma 4.5.

The grammar G2 may still have null contexts (<e), which are eliminated
by Lemma 4.6. The new grammar (3 is proved to generate the same lan-
guage and the unambiguity of the grammar is preserved.

Unit conjuncts of the form A — ... & B are removed from G3 by applying
the transformation in Lemma 4.7 multiple times, as in the case of conjunctive
grammars [50, Lem. 2|. Again, the unambiguity of the grammar is preserved.
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Finally, if ¢ € L(G), then a new initial symbol S’ is introduced, each rule
S — ® in R’ is copied to a rule S’ — ®, and a new rule S" — ¢ is added. [J

4.4.5 Size of the resulting grammar

The preprocessing of the grammar according to Lemma 4.2 may increase the
size of the grammar by a constant factor. The elimination of null conjuncts
in Construction 4.1 leads to at most exponential blowup in the size of the
grammar, because the size of the resulting grammar depends on the number
of pairs in the set NULLABLE(G), which is at most exponential. Applying
Lemma 4.6 for eliminating null contexts increases the size by an additive
constant. Finally, the elimination of unit conjuncts according to Lemma 4.7
may lead to another exponential blowup [50]. This leads to a rough double
exponential upper bound on the size of the resulting grammar in the normal
form.

A more careful analysis shows that, in fact, the blowup is bounded by a
single exponential function. Consider the set of conjuncts occurring in the
rules of the grammar G obtained after the first pre-processing stage. Let
all nonterminal symbols of G; be included in this set as well; the number
of elements in the resulting set is linear in the size of G. Neither Construc-
tion 4.1, nor Lemma 4.7 add any new conjuncts to the grammar, whereas
Lemma 4.6 adds a bounded number of conjuncts. Thus, the number of dif-
ferent conjuncts in the ultimate resulting grammar is still linear in the size
of G, and one can construct at most exponentially many different rules from
these conjuncts.

4.4.6 Example of transformation

Example 4.9. Consider the grammar from Example 2.1 and construct an
equivalent grammar G’ in binary normal form.

First, the grammar is preprocessed according to Lemma 4.2.
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S — S.Do | SpCo (4.14a)
S = eg<A (4.14b)
A = A.Bp (4.14c)
A, — Apha (4.14d)
A — ¢ (4.14e)
Sa — AoS (4.14f)
Sy — BoS (4.14g)
Ay — a (4.14h)
Bo — b (4.14i)
Co — c (4.14j)
Dy — d (4.14k)

By Construction 4.1, the rules (4.14a), (4.14c) and (4.14f)—(4.14k) are
appended to the new grammar G’ without any alterations.

The set NULLABLE(G) contains the pairs (&, A) and ({4}, S5), corre-
sponding to the fact that nonterminal A can always define the empty string,
while nonterminal S only generates the empty string in left contexts of the
form A. The new grammar has rules S, — Ag & <A and S, — By & <A,
originating from the rules (4.14f) and (4.14g) of the old grammar, respec-
tively. The unit conjuncts in these rules are then eliminated, resulting in
rules of the form S, — a & <A and S, — b & <A.

Rules (4.14b) and (4.14e) of G are not preserved in the new grammar.

Since there are no unit conjuncts in the grammar G’, it is in binary
normal form.

The complete set of rules of the new grammar in binary normal form is
given in Example 4.2.

4.5 Normal form for grammars with two-sided con-
texts

Similarly to the grammars with one-sided contexts, the transformation of
grammars with two-sided contexts to the normal form consists of three
stages: first, removing all empty (null) conjuncts e; secondly, eliminating
empty contexts (<e, >e); finally, getting rid of unit conjuncts of the form B,
with B € N.
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4.5.1 Elimination of null conjuncts

In order to eliminate null conjuncts in the case of grammars with two-sided
contexts, one has to consider yet another variant of the set NULLABLE(G),
which respects both left and right contexts.

Example 4.10. Consider the following grammar with two-sided contexts,
obtained by adding context restrictions to the grammar in Example 4.5; this
grammar defines the language L = {abc, ac,bed, bd}.

S — aA| Ad
A — BC

B — e&<D|b
C — e&>E|c
D — a

E — d

In this grammar, the nonterminal B generates the empty string only in
a left context of the form defined by D, while C' defines the empty string
only in a right context of the form FE. Because of this, both B and C
can be omitted in the rule A — BC, giving two rules A — C & <1D and
A — B&>E. Each of these rules ensures that B (or C) defines € in this
context. In those contexts where both B and C generate ¢, so can A, by the
rule A — BC'. Hence, in the rules for S, nonterminal A can be accordingly
omitted by having rules S = a & ID & >F and S — d& <D & >FE. These
rules have an extended context operator, since the left context of A includes
a in the rule S — aA and in the rule S — Ad the right context of A includes
d.

After all null conjuncts have been eliminated from the grammar, its rules
are as follows.

S — aA|a&<ID&>E | Ad | d& <D &BFE
A — BC|B&>E|C&<D

B — b

C — c

D — a

F — d

The information about the left and right contexts, in which a nonterminal
generates the empty string, is to be stored in the set NULLABLE(G), which
is defined as a subset of 2V x N x 2¥. An element (U, A,V) of this set

98



represents the intuitive idea that A defines € in a left context of the form
described by each nonterminal in U, and in a right context of the form given
by nonterminals in V.

For the grammar in Example 4.10, such a set NULLABLE(G) is con-
structed as follows.

NULLABLE)(G) = @
NULLABLE (G) = {({D},B,9),(2,C,{E})}
NULLABLEx(G) = {({D},B,9),(2,C,{E}),{D},A{E})}

Then NULLABLE(G) = NULLABLE2(G). The elements ({D}, B,@) and
(@,C,{E}) are obtained directly from the rules of the grammar, and the
element ({D}, A, {E}) represents the “concatenation” BC' in the rule for A.
Note the similarity of this construction to the constructions for the case of
context-free grammars and grammars with one-sided contexts, described in
Examples 4.5 and 4.6, respectively. The construction given here is different
only in recording information about the contexts.

The above “concatenation” of triples ({D}, B, @) and (&, C, {E}) should
be defined to accumulate both left and right contexts. This can be re-
garded as a generalization of the Kleene star to sets of triples, denoted by
NULLABLE*(G). Formally, NULLABLE*(G) is the set of all triples (U; U...U
Up, A1 ... Ag, VIU...UVp) with £ > 0 and (U;, A;,V;) € NULLABLE(G). The
symbols A; are concatenated, while their left and right contexts are accumu-
lated. In the special case when ¢ = 0, the concatenation of zero symbols is
the empty string, and thus @* = {(@, g, @)}

Before giving a formal definition of the set NULLABLE(G), assume, for
the sake of simplicity, that context operators are only applied to single non-
terminal symbols, that is, every rule is of the form

A—)Ozl&&ak&QDl&&QDm&QEl&&QEn&
IZFl&...&BFm/&DHl&...&DHn/,

with A € N, k> 1, mn,m',n' >0, oy € (XUN)* and D;, E;, F;, H; €
N. As will be shown in Lemma 4.11, there is no loss of generality in this
assumption.

Definition 4.5. Let G = (X, N, R,S) be a grammar with two-sided con-
texts with all rules of the form (4.15). Construct the sequence of sets
NULLABLE;(G) C 2V x N x 2V, for i > 0, as follows.

Let NULLABLE((G) = @. Fvery next set NULLABLE;11(G) contains the
following triples: for every rule (4.15) and for every k triples (U, aq, V1),
.., (U, ok, Vi) in NULLABLE](G), the triple ({D1,...,Dm, E1,...,En} U
Uy U...UUs, A {F,....,Fp,Hy,....,Hy} UV U...UV) is in
NULLABLE;+1(G).

Finally, let NULLABLE(G) = (J;o NULLABLE;(G).

(4.15)
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The next lemma explains how exactly the set NULLABLE(G) represents
the generation of the empty string by different nonterminals in different
contexts.

Lemma 4.8. Let G = (X, N, R,S) be a grammar with contexts, let A €
N and u,v € ¥*. Then, ule)v € Lg(A) if and only if there is a triple
{J1,...,Js}, A, {K1,...,K:}) in NULLABLE(G), such that e{u)v € Lg(J;)
for all i and u(v)e € Lg(Kj;) for all j.

Proof. & Let u(e)v € Lg(A). The existence of a desired triple in
NULLABLE(G) is proved by induction on p, the number of steps in the de-
duction of the proposition A(u(e)v).

Basis. Let p = 1. Then, the proposition A(u(s)v) is deduced by the rule
A — e. Since such a rule exists, the triple (&, A, @) is in NULLABLE (G).

Induction step. Assume that the proposition A(u(s)v) is deduced in
p > 2 steps, and consider the rule (4.15) used at the last step of the deduction.
For each base conjunct «; in this rule, let a; = X;1... X, with £; > 0 and
X;j € XUN. Then the last step of the deduction is

Xij(u(e)), Di(e(u)v), B (e(u)v), F; (u(v)e), Hi(u(v)e) Fa A(ule)v).

Then u(e)v € Lg(X;;) for each symbol X;;, and hence, by the in-
duction hypothesis, there exists a triple (U;;, X;j,Vi;) € NULLABLE(G)
that satisfies e(u)v € Lg(J) for all J € U, ;, and u(v)e € Lg(K) for all
K € V; ;. Let h > 0 be the least such number that all these triples, for all
i and j, are present in the set NULLABLEy(G). Then, for each i, the triple
(Ui, a4, V;), where Uy = U;n U ... UU;p, and V; = Vi1 U ... UV, is in the
set NULLABLE} (G). Denote U = J,U; U{D1,...,Dp} U{E\,...,E,} and
V=UViu{F,...,Fw}U{Hy,...,Hy}. Then the triple (U, A,V) is in
NULLABLE},41(G) by the construction.

It remains to show that e(u)v € Lg(J) for all J € U and u(v)e € Lg(K)
for all K € V. It has been proved above that e(u)v € Lg(J), for symbols J
in each set U; j. The remaining symbols in U are obtained from the contexts
in the rule (4.15), and the propositions D(e(u)v), E(e(u)v) are known to
be true. For symbols in V', everything is symmetric: u(v)e € Lg(K), for
all K € V;;, and the rest of the symbols in V' are from the contexts in the
rule (4.15).

©  Consider any  triple ({Ji,...,Js}, A {K:,....,K:}) in
NULLABLE(G), and let h > 0 be the least number, for which
{Ji,. s I A{KL, ... Ky }) € NULLABLER(G). Assuming that
e(u)yv € Lg(J;) for all i and u(v)e € Lg(Kj) for all j, the goal is to
prove that u(e)v € Lg(A). The proof goes by induction on h.

Basis. If h = 0, then NULLABLE(G) is empty, and no symbols A € N
satisfy the assumptions of the lemma.
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Induction  step. Let now ({Ji,...,Js}, A {K1,....K:}) €
NULLABLE(G) and e(u)v € Lg(J;), u(v)e € Lg(Kj), for all i € {1,...,s},
j € {1,...,t}. Then, by Definition 4.5, the grammar has a rule of
the form (4.15), such that for every base conjunct «;, the element
(Ui, @i, Vi) € NULLABLE}_;(G), and

U1U...UUkU{Dl,...,Dm}U{El,...,En} = {Jl,...,JS},
VlU...UVkU{Fl,...,Fm/}U{Hl,...,Hn/} = {Kl,...,Kt}.

For each conjunct a;, let a; = X;1...X; 4, and X1, ..., X;p, € XUN.
Then, by the definition of a “star” of NULLABLE;,_1(G), there exist sets
U, ..., Uy, €N, Vi1, ..., Vig, ©€ N, such that U;1 U...UU;y, = U,

ViitU...U Vi = Vi and (Usy, Xi;,Vij) € NULLABLE,_1(G), for all j.
By the induction hypothesis, applied to every symbol X; ;, one gets that
u(e)v € Lg(X; ), for each j.

Repeating the same procedure for every element (U;, «;,V;) of the set
NULLABLE],_; (G), gives that F¢ Xi1(u(e)v), ..., Xig, (u(e)v).

Now the proposition A(u(s)v) can be deduced in the grammar G using
the rule (4.15) as follows.

X171 (u< > ) Xk N (u<€>v),
D (e(u) ) o Dy (e(u)v), By (e(u)v), ..., Ep(e{u)v),
Fi(u(v)e), ..., Ey(u(v)e), Hy (u(v)e), ..., Hy (u(v)e) Fa A(ule)v).

O]

The plan is to reconstruct the grammar, so that for every triple
{J1,..., Js}, A, {K1,...,K:}) in NULLABLE(G), and for every occurrence
of A in the right-hand side of any rule, the new grammar contains a com-
panion rule, in which A is omitted and context operators for J; and K; are
introduced.

The following case requires special handling in the new grammar. Assume
that A generates € in the empty left context (that is, u = ¢ in Lemma 4.8).
This is reflected by a triple ({J1,...,Js}, A, {K1,..., K;}) in NULLABLE(G),
in which all symbols J; also generate € in the left context e, and such a
generation may in turn involve some further right context operators. In
the new grammar, the left context will be explicitly set to be empty (<),
whereas all those right contexts should be assembled together with the set
{K1,..., K}, and used in the new rules, where A is omitted.

Example 4.11. Consider the following grammar with two-sided contexts,
which defines the singleton language {b}.
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AB
€& <D
e&>B
— b

WO »m
4l

By the combination of the rules A — €& <D and D — e & >B, the
grammar allows A to generate the empty string, but only in the left context
¢ and in the right context defined by B. When A is omitted in the rule
S — AB, this condition is simulated by a rule S — B & <¢ & =B.

In order to define such a transformation for an arbitrary grammar, the
following variant of the set NULLABLE(G), that assumes empty left contexts,
has to be used.

Definition 4.6. Let G = (X,N,R,S) be a grammar. Define sets
<e-NULLABLE;(G) € N x 2N with i > 0:

<e-NULLABLE)(G) = { (4,V) | (@, A,V) € NULLABLE(G) },
<e-NULLABLE;+1(G) = {(A,VU Vi U...UV}) |
({J1,...,Js}, A, V) € NULLABLE(G),
IVi,..., Vs C N : (J;, Vi) € <e-NULLABLE;(G) }.

Let <e-NULLABLE(G) = | J;5 <e-NULLABLE;(G).

The set <e-NULLABLE(G) is constructed as a least upper bound
of an ascending sequence of sets <le-NULLABLE;(G). The initial set
<e-NULLABLE((G) contains all such pairs (A4, V'), that A defines € in any
left context (that is, including the empty one) and right contexts V.

The right contexts are accumulated, when every mnext set
<e-NULLABLE;(G) with ¢ > 0 is calculated. Indeed, consider a triple
(U, A, V) € NULLABLE(G), where some elements of U are nullable. These
elements generate the empty string in some left and right contexts; the left
contexts are discarded, whereas the information about the right contexts is
stored in the set <e-NULLABLE(G).

The next example demonstrates the definition of the set <le-NULLABLE.

Example 4.12. For the grammar in Example 4.11,
NUuLLABLE(G) = {({D}, A, 9),(2,D,{B})},
<e-NULLABLEy(G) = {(D,{B})},
<e-NULLABLE{(G) = {(D,{B}),(4,{B})},

and <e-NULLABLE(G) = <e-NULLABLE; (G).
The element (A, {B}) means that every time A generates ¢ in the empty
left context, its right context should be of the form B.
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Lemma 4.9. Let G = (X,N,R,S) be a grammar with contexts, let A €
N and v € ¥*. Then ee)v € Lg(A) if and only if there is a pair
(A, {Ki,...,K;}) in <e-NULLABLE(G), such that the string e(v)e is in
La(K;) forallie{1,...,t}.

Proof. @ Let K1, ..., Ky € N and (A, {K1,...,K:}) € <e-NULLABLE(G).
Then, by Definition 4.5, (A,{K,...,K;}) € <e-NULLABLE(G) for some
h > 0. The proof is an induction on h.

Basis. Let h = 0. Then, by Definition 4.5, <e-NULLABLE((G) =
{(A{K1,....,Ki}) | (9,A,{K1,...,K;}) € NULLABLE(G) }. Since e(v)e €
La(K;) by the assumption and (2, A, {K1,...,K:}) is in NULLABLEq(G),
applying Lemma 4.8 gives that u(e)v € Lg(A) for all u € ¥*. Thus,
e(e)v € Lg(A), as desired.

Induction step. Let h > 0. By Definition 4.6, the element (A, V UV} U
...UV;) is in <e-NULLABLE(G) if there exist such nonterminals Ji, ...,
Js € N that ({J1,...,Js},A,V) is in NULLABLE(G) and every pair (J;, V;)
is in <e-NULLABLE},_1(G).

Consider a pair (J;,V;) € <e-NULLABLE;,_1(G), for all i € {1,...,s}.
By the induction hypothesis, e(e)v € Lg(J;). Then e(e)v € Lg(A) by
Lemma 4.8, as desired.

& The proof goes by induction on p, the number of steps used in a
deduction of the proposition A(e(e)v).

Basis. Let p =1 and consider the rule A — . The proposition A(£(€>v)
can be deduced as an axiom. By Definition 4.5, the element (&, D, @) is
in NULLABLE(G). Hence, (A, @) € <e-NULLABLE(G) by Definition 4.6 and
the statement of the lemma is thus satisfied.

Induction step. One has to prove that there exists a set V' C N, such
that (A,V) € <e-NULLABLE(G) and e(v)e belongs to the language of each
element of V.

Let the proposition A(£(€>v) be deduced in p steps and let the last step of
its deduction use a rule of the form (4.15), with {F1, ..., Fyy, H1,...,Hy} C
V.

For a base conjunct «; of this rule, let o; = X;1... X, where £; > 0
and X; ; € N. The last step of the deduction takes the following form.

Xij(e(e)v), Di(ele)v), Ei(ele)v), Fi(ev)e), Hi(ev)e) Fa A(ele)v)

That is, e(e)v € Lg(X; ;) for each symbol X; ;, and, by the induction hypoth-
esis, there exists a pair (Xj j, V; ;) in <e-NULLABLE(G) with e(v)e € Lg(K),
for all K € V;;. Then, by construction, the pair (A,Vi1 U ... UV, U
{F1,...,Fy} U{Hy,...,Hy}) is in the set <e-NULLABLE(G), as desired.
Consider some By Definition 4.6, (A,V) € <e-NULLABLE(G) means
that there exist nonterminals Jy, ..., Js € N and sets Vq, ..., V; C N,
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such that ({J1,...,Js}, A, VUV U...UV;) € NULLABLE(G) and (J;,V;) €
<e-NULLABLE(G).

By the induction hypothesis, e(v)e is in Lg(K), for all K € V; and
ie{l,...,s}. Thus, e(v)e € Lg(K) (forall K e VUV U...UV). O

There is a symmetrically defined set >e-NULLABLE(G) C 2V x N, which
characterizes the generation of € in an empty right context.

Similarly to the set <e-NULLABLE(G), define the set >e-NULLABLE(G)
as follows.

Definition 4.7. Let G = (X, N, R, S) be a grammar with two-sided contexts.
Define symmetrically to Definition 4.6 the set >e-NULLABLE(G) C 2V x N,
by setting >e-NULLABLE(G) = (J;5q >e-NULLABLE;(G), with

>e-NULLABLE)(G) = { (U, A) | (U, A, @) € NULLABLE(G) },
>e-NULLABLE;+1(G) = {(UUU U...UU, A) |
(U, A,{Ky,...,K;}) € NULLABLE(G),
3Uy,...,U; € N : (U;, K;) € >e-NULLABLE;(G) }.

Again, the following characterization for this set is established.

Lemma 4.10. Let G = (3,N,R,S) be a grammar with contexts, let
A € N and v € ¥*. Then u(e)e € Lg(A) if and only if there is a
pair ({J1,...,Js}, A) in >e-NULLABLE(G), such that the string e(u)e is in
La(J;) for allie {1,...,s}.

With the generation of the empty string represented in these three sets,
a grammar with two-sided contexts is transformed to the normal form as
follows. First, it is convenient to simplify the rules of the grammar, so that
every concatenation is of the form BC, with B,C' € N, and the context op-
erators are only applied to individual nonterminals. For this, base conjuncts
a with |a| > 2 and context operators <o, Ja, Za and >o with |af > 1 are
shortened by introducing new nonterminals.

Lemma 4.11. For every grammar Gy = (3, No, Ry, So), there exists and
can be effectively constructed another grammar G = (X, N, R, S) generating
the same language, with all rules of the form:

A=a (4.16a)

A — BC (4.16b)

A= B &.. &By&<D1&...& <D &<E1 & ... & <En &  (4.16¢)
DR &. .. & BFw & DH1 & ... & >H,y

A—e, (4.16d)

with a € ¥ and A,B,C,B;, D;, E;, F;, H; € N.
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Construction 4.2. Let G = (X, N, R,S) be a grammar with two-sided
contexts, with all rules of the form (4.16). Consider the sets NULLABLE(G),
<e-NULLABLE(G) and >e-NULLABLE(G), and construct another grammar
with two-sided contexts G' = (X, N, R/, S), with the following rules.

1. All rules of the form (4.16a) in R are added to R'.

A=a (4.17)

2. Every rule of the form (4.16¢) is taken over from R to R’

(4.18)
&CF1 & ... &CF & >H1 & .. &> Hy

In the original grammar, this rule (4.16¢) may generate strings in empty
contexts, as long as the symbols in the context operators (<1D;, >H;)
are nullable. In the new grammar, the above rule (4.18) will no longer
generate those strings, and hence the grammar contains the following
additional rules that generate them.

For any collection of m pairs (D1,Vi), ..., (Dm, Vi) €
<e-NULLABLE(G), with m > 1, add the rule

A= Bi&. . . &Br&E1&. . & En& K1 & &K &

&CF1 & .. . &BFw &>H1 & ... &> Hy & <,
(4.19a)

where {K1,...,K:} = J!*, Vi. Nonterminals Dy, ..., D, define the
empty string in the right contexts given in the set <e-NULLABLE(G),
and thus the rule (4.16¢) can define strings in an empty left context. In
order to remove the nullable symbols D; from that rule, one has to add
a conjunct <€ and preserve the information about the right contexts,
in which nonterminals D; define the empty string. This information is
given in the set <e-NULLABLE(G) and is accordingly represented by
the conjuncts = K; in the rule. Extended left contexts <{F; are replaced
with base conjuncts F;, because in the empty left context they have
the same effect.

Symmetrically, if (Uy, Hy), ..., (Uy, Hy) € >e-NULLABLE(G), with
n’ > 1, then there is a rule

(4.19h)
LB & & B, & K & & DK & e,

where {Ky,..., K} = U;il Ui. In this case, nonterminal symbols H;
generate the empty string, and are removed from the rule and replaced
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with the information about left contexts. Extended contexts >F; are
replaced with base conjuncts F;.

Finally, if m,n’ > 1 and (D1,V1), ..., (D, Vin) € <e-NULLABLE(G),
(U1, Hy), ..., (Uy, Hy) € >e-NULLABLE(G) then the set R’ contains
a rule

(4.19¢)
&K1 & ... & Ki & e & >e,

where {Ky,..., K} =", V; U U;il Uj.

In this case, both left and right contexts of a string are empty.
All the symbols D; and H; define ¢ in the contexts specified in
<e-NULLABLE(G) and >e-NULLABLE(G). These contexts apply to
the entire string and are explicitly stated as Ki & ... & K; in the new
rule. The null contexts <le, >e limit the applicability of this rule to
the whole string. Again, as in the two previous cases, base conjuncts
are used instead of extended context operators.

. Every rule of the form (4.16b) in R is added to R':
A BC, (4.20)

along with the following extra rules, where a nullable nonterminal is
omitted and the fact that it generates € is expressed by context oper-
ators.

A—-B&<LNh & .. & <& K1 & ... & K,

for ({J1,...,Js},C,{K1,...,K:}) € NULLABLE(G) (4.21a)
A= B&Ldh & ... &< & e,

for ({h,...,Js},C) € >e-NULLABLE(G) with s > 1 (4.21Db)
A= C&<1&.. &< &K1 & ... &K,

for ({h,...,Js}, B,{K1,...,K:}) € NULLABLE(G) (4.21c)
A5 C&EK & ... &K, & <&,

for (B,{K1,...,K:}) € <e-NULLABLE(G) with t > 1 (4.21d)

In the first case, nonterminal C' defines € in the left contexts J; and
the right contexts K;, and this restriction is implemented by context
operators in the new rule. Since the left context of C includes B,
extended context operators (<.J;) are used on the left, whereas the
right context operators are proper (>K;).

The second case considers the possibility of a nullable nonterminal C,
which defines ¢ in an empty right context. This condition is simulated
by the conjunct >e and extended left contexts <J;.
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The two last rules handle symmetrical cases, when nonterminal B de-
fines the empty string.

Lemma 4.12. Let G = (X, N, R, S) be a grammar with two-sided contexts.
Then the grammar G' = (X, N', R',S) obtained by Construction 4.2 gener-
ates the language L(G') = L(G) \ {e}.

Proof. © It is claimed that whenever a proposition A(u(w)v) (with A € N,
u,v € ¥* and w € ¥1) can be deduced in the grammar G, it can also be
deduced in the new grammar G’. The proof is by induction on p, the number
of steps in the deduction of A(u({w)v) in G.

Basis. Let p = 1. Consider a proposition A(u<w>v) deduced in G by a
rule of the form A — a. Then w = a € . and the last step of the deduction
takes form a(u(a)v) F¢ A(u(a)v). The same rule A — a is also contained in
the new grammar G’, and therefore one can deduce the proposition A(u(a)v)
in G’ by this rule: a(u(a)v) Fer A(u(a)v).

Induction step. Let the proposition A(u(w}v) be deduced in G. Consider
the rule used at the last step of this deduction.

If the rule is A — BC, then the last step of the deduction is
B(u(wl)wgv), C(uw1 (w2>v) Fa A(u<w1w2>v), for some partition w =
wiwsy. FEach of the premises is deduced in fewer than p steps. Though
the string w is non-empty, one of w1, we may be empty, and the proof splits
into three cases, depending on the emptiness status of these strings.

e If both wy and wy are non-empty, then both propositions B (u<w1>wgv)
and C(uw1 <w2>v) can be deduced in the grammar G’ by the induction
hypothesis. Since G’ has the same rule A — BC, it can be used to
deduce the proposition A(u(w)v) in G’ in the same way: B (u(w:)wav),
C (uwi (wa)v) Far A(u(wiwa)v).

e Let wy = w and wy = . Then the last step of the deduction is
B(u{w)v), C(vw(e)v) k¢ A(u(w)v). By the induction hypothesis,
the proposition B(u(w)v) can be deduced in G’. Though the other
proposition C' (uw(s)v) can be deduced only in G, it is reflected by
other propositions in G’. The proof splits into two cases, depending
on whether v is empty or not.

First consider the case of v # €. Then, since the proposition C (uw (5>v)
can be deduced in G, by Lemma 4.8, there exist such nonterminals
Ji, ..., Js, K1, ..., Ky € N, that ({Jl,...,JS},C,{Kl,...,Kt}) S
NULLABLE(G) and all propositions J;(e(uw)v) and K;(uw(v)e), for
all applicable 7 and j, can be deduced in the grammar G, and such a
deduction takes fewer than p steps. By the induction hypothesis, each
of these propositions can be deduced in the new grammar G’. From
these premises, the desired proposition A(u(w)v) can be deduced by
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the rule (4.21a) as follows: B(u{w)v), Ji(e{uw)v), ..., Js(e(uw)v),
Ki(uw(v)e), ..., Ki(vw(v)e) Faor A(u{w)v).

Let now v = £. In this case, the last step of the deduction of A(u(w)e)
is as follows: B(u(w)e), C(uw(e)e) Fe A(u(w)e). By the induc-
tion hypothesis, the proposition B(u(w>e) can be deduced in the new
grammar G’. Since uw(e)e € Lg(C), by Lemma 4.10, there exist
Ji, ..., Js € N, such that ({Ji,...,Js},C) € >e-NULLABLE(G),
and the propositions J; (E(uw>€), vy Js (€<uw)5) can be deduced in
the grammar G in fewer than p steps. By the induction hypothe-
sis, all these propositions can also be deduced in the grammar G.
From these premises, one can deduce the desired proposition in G’
by the rule (4.21b) as follows: B(u({w)e), Ji(e(uw)e), ..., Js(e(uw)e)
|—(y A(u<w>5)

e The case of w; = € and wy = w, where the last step of deduction
of A(uw(w)v) in G is B(u(e)wv), C(u(w)v) Fe A(u{w)v), is handled
symmetrically to the above case.

If # g, then Lemma 4.8 gives a  triple
{J1,..., Js}, B, {K1,...,K}) €  NuULLABLE(G), for which
For C(u(w)v), For Ji(eywo), ..., Js(e(wwr), Ki(uw(wv)e),
.o, Ky (u(wv>€), and these deductions take fewer than p steps.
From these premises, one can then deduce A(u(w)v) in G’ by the
rule (4.21c).
If u = €, then the last step of the deduction of A(e(w)v) takes the form
B(e(e)wv), C(e(w)v) Fg A(e(w)v). Then, by Lemma 4.9, there is a
pair (B,{K1,...,K;}) € <e-NULLABLE(G), for which all propositions
Ki(g{wv)e), ..., Ki(e(wv)e) are deducible in G’ in fewer than p steps.
These propositions, together with the proposition C (5<w>v), are the
premises for the deduction of A(e(w)v) by the rule (4.21d).

Consider now the other case, when the last step of the deduction of
A(u{w)v) is by some rule (4.16c), and is accordingly of the form

( (w)v),.., By (ufw)v), (4.222)

Dy (e(uywv), ..., Dp(g( >wv) (4.22b)

Ey (e(uw)v), . .., Ey(e{uw)v), (4.22c)

Fy (udw >e)’ Ew (uwo)e), )

H, (uw(v)s), o Hy (uw(v)e) (4.22¢)
l—G A( (w >v)

e If u #% ¢ and v # ¢, then, by the induction hypothesis, each of the
premises can be deduced in the grammar G’, and thus A(u<w>v) can
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be deduced in G’ by the same rule (4.16¢), which is in R’ by the
construction.

e Let in the rule (4.16c) m > 1 and let u = ¢ and v # €. The proposi-
tions (4.22a), (4.22¢)—(4.22¢) can still be deduced in G’ by the induc-
tion hypothesis.

Since e(e)wv € Lg(D;) for all @ € {1,...,m}, then, by Lemma 4.9,
there exist V; C N such that (D;,V;) € <e-NULLABLE(G), and the
following propositions can be deduced, in fewer than p steps.

Fa J (e(wv)e) (for every J € V) (4.23)

By the induction hypothesis, such a proposition can be deduced in the
grammar G’ as well. Now the proposition A(s(w}v) can be deduced
in G’ out of the premises (4.22a), (4.23), and (4.22c)—(4.22e) by the
rule (4.19a). This rule is in R/, since m > 1.

e Let in the rule (4.16c) n’ > 1 and let u # ¢ and v = €. The proposi-
tions (4.22a), (4.22b)—(4.22d) can be deduced in G’ by the induction
hypothesis.

Since n’ > 1, the grammar G’ has a rule of the form (4.19b) and
the propositions H; (uw(s)e) are deducible in G in fewer than p steps.
Similarly to the previous case, by Lemma 4.10, the propositions

K;(e(uw)e), (4.24)

for all i € {1,...,t}, are deducible in G. By the induction hypothesis,
one can deduce each of them in the grammar G’ as well. The deduction
of the desired proposition A(u(w)e) in G’ out of the premises (4.22a),
(4.22b)—(4.22d) and (4.24) can be done by the rule (4.19b), which is in
R’ by the construction.

e Let nowm >1and n’ > 1 and let w = v = . By the construction,
the grammar G’ has a rule (4.19¢).

By the induction hypothesis, the propositions (4.22a), (4.22c)
and (4.22d) are deducible in G’. Similarly to the previous cases, one
can show that

Fa Ji(e(w)e), Fa Ki(e(w)e). (4.25)

The deduction of A(e(w)e) can now be carried out by a rule (4.19¢)
using the premises (4.22a), (4.22c¢)—(4.22d), and (4.25).

© Conversely, it has to be proved that k¢ A(u(w)v) implies that Fq
A(u(w)v) and w # . The proof is by induction on p, the number of steps
used in a deduction of the proposition A(u(w)v) in G'.
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Basis. Let p = 1, and let a proposition A(u<w>v) be deduced in G’ by
arule A — a. Then w = a € ¥ and the deduction takes the form a(u(a)v)
Fer A(ufa)v). Since A — a is in R by the construction, this deduction can
be repeated.

Induction step. Let a proposition A(u<w>v) be deduced in G’, and let
the last step of this deduction use a rule of the form r’. Then the following
cases are possible.

e Let the rule r’ be of the form (4.18). That is, the last step of deduction
of A(u{w)v) in G’ uses the premises (4.22a)—(4.22¢). By the induction
hypothesis, each of these premises can also be deduced in the gram-
mar G. The proposition A(u(w)v) can be deduced in G out of these
premises using the same rule 7/, which is in R by the construction.

e Let the rule 7 be of the form (4.19a). That is, u = ¢ and the
last step of deduction of A(e{w)v) takes the form B (e(w)v), ...,
By (e(w)v), Ei(e(w)v), ..., En(e(w)v), Kq(e(wv)e), ..., Ki(e(wo)e),
Fi(e(uwo)e), ..., Fy(e(wv)e), Hi(w(v)e), ..., Hy(w(v)e) ke
A(5<w>v). By the induction hypothesis, all of the premises can be
deduced in the grammar G.

By the construction, the rule (4.19a) is added to R’, when R con-
tains a rule (4.18) (with m > 1) and there exist (Dy,V71), ...,
(D, Vin) € <e-NULLABLE(G), such that (J", Vi = {Ki,..., K}
Applying Lemma 4.9 to every pair (D;,V;), one can obtain that
e(e)wv € Lg(D;). Thus, the proposition A(e(w)v) can be deduced in
G out of the premises B;(e(w)v), D;(e(e)wv), E;(e(w)v), F;(e(wv)e),
and H; (w(v)e) by the rule (4.18).

e Let 7’ be of the form (4.19b). Symmetrically to the previous case,
this rule requires v = ¢, and the last step of deduction of A(u(w)e)
is Bi(u(w)e), Fi(u(w)e), Di(e(u)w), E;(s(uw)e), Ki(e(uw)e) Fer
A(u(w)e). All these premises can be deduced in G by the induction

hypothesis.
The rule (4.19b) is only added to G’, when G has a rule (4.18) (with
n’ > 1) and there exist (U1, Hy), ..., (Uy, H,) € >e-NULLABLE(G),

such that Uf;l Ui = {Ki,...,K:}. Similarly to the previous case,
one can obtain by Lemma 4.10, that uw(e)e € Lg(H;) and deduce
the proposition A(u({w)e) out of the premises B;(u{w)e), D;(e(u)w),
H;(uw(e)e), Fi(u{w)e), E;(e(uw)e) by the rule (4.18).

e Let 7’ be of the form (4.19¢). In this case u = v = € and the last step
of deduction of A(e(w)e) in G’ is Bj(e(w)e), E;i(e{w)e), Fi(e(w)e),
Ki(e(w)e) For A(e(w)e).
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Similarly to the two previous cases, one can conclude that the propo-
sitions D;(e(e)w) and H;(w(e)e) can be deduced in G.

Finally, the deduction of the proposition A(e(w)e) in G can be carried
out using the rule (4.18) (which is in R by the construction) as follows:
Bi(e(w)e), D;(ele)w) Ei(e(w)e), Fi(e(w)e), Hi(w(e)e) Fa A(e(w)e).

Let 7’ be of the form (4.20). In the grammar G’, the last step of
deduction of A(u(w)v) takes the form B(u{wi)wsv), C(uw;(wa)v)
For A(u<w>v), for some partition w = wyws. By the induction hypoth-
esis, both of the premises can be deduced in the grammar G. Then,
the proposition A(u(w)v) can be deduced out these premises in the
grammar G using a rule A — BC, which is in G by the construction:
B (u{w)wyv), C(uw(wa)v) Fa A(u{w)v).

Let 7/ be of the form (4.21a). Then ({J,...,Js},C,{K1,...,K}) €
NULLABLE(G), and the proposition A(u({w)v) is deduced in G’ out of
the premises B(u{w)v), Ji(e{uw)v), ..., Js(e(uw)v), Ki(uw(v)e),
. Kt(uw<v>€). By the induction hypothesis, the proposition
B(u(w)v) can be deduced in G. By Lemma 4.8, the proposition
C(uw<€>v) can be deduced in G as well. Then, using these two
premises, one can carry out the deduction of A(u(w}v) in the grammar

G by the rule A — BC: B(u{w)v), C(uw(e)v) o A(u(w)v).

Let 7' be of the form (4.21b). In order to deduce the proposition
A(u<w>v) by this rule, v must be empty, and the last step of de-
duction of A(u(w)e) is thus B(u({w)e), Ji(e(uw)e), ..., Js(e(uw)e)
For A(u({w)e).

By the construction, the rule (4.21b) is in R, when ({J1,...,Js},C) €
>e-NULLABLE(G). Then, by Lemma 4.10, the proposition C(uw(e)e)
can be deduced in the grammar G. The proposition B(u(w>5) can
be deduced in G by the induction hypothesis. This allows one to

obtain the proposition A(u(w)e) in G out of these premises as follows:
B(u(w)e), C(uw(e)e) Fa A(u(w)e).

Let 7/ be of the form (4.21c). The last step of the deduc-
tion of A(u(w)v) in G’ is C(u{w)v), Ji(e(w)wv), ..., Js(e(uywv),
Ki(u(wo)e), ..., Ki(u(wo)e). Since the rule (4.21c) has
been added to R/, the set NULLABLE(G) contains an element
({J1,...,Js}, B,{K1,...,K;}), and therefore, by Lemma 4.8, one
can deduce a proposition B(u(s)wv) in G. Finally, the proposition
A(u(w)v) can be deduced in G by the rule A — BC (which is in R by
the construction) as follows: B(u(e)wv), C(u{w)v) Fa A(u(w)v).
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e Let ' be of the form (4.21d). This rule requires u = e, and
thus the last step of the deduction of A(e(w)v) takes the form
C(6<w>v), K, (6<wv>6), o Kt(a(wv>5) For A(6<w>v). The propo-
sition C'(e(w)v) can be deduced in G by the induction hypothesis.

The rule (4.21d) is only added to R/, when (B,{Ki,...,K;}) €
<e-NULLABLE(G). Then, by Lemma 4.9, the proposition B (e(e)wv)
can be deduced in the grammar G. Finally, the proposition A(5<w>v)
can be deduced in G out of the premises B(e(e)wv), C(e(w)v) by the
rule A — BC. O

4.5.2 Null contexts and unit conjuncts

The above construction eliminates the empty string in all base conjuncts,
but the resulting grammar may still contain null context specifications (<
and >¢), which state that the current substring is a prefix or a suffix of
the whole string. These operators are eliminated analogously to the case of
grammars with one-sided contexts. First, define a new nonterminal symbol
U that generates all non-empty strings in the empty left context and another
symbol V that generates all non-empty strings in the empty right context.
Then it remains to replace left and right null context operators (<g, >¢)
with U and V, respectively.

Lemma 4.13. Let G = (X, N, R, S) be a grammar with two-sided contexts,
and assume that no symbol A € N generates the empty string in any contet.
Construct another grammar G' = (X, N U{U,V, X}, R',S) as follows.

All rules in R without null contexts are preserved in R'. In every rule in
R, which has null contexts, each conjunct of the form < is replaced with a
conjunct U, and each conjunct >¢ is replaced with a conjunct V.

The symbol U defines all non-empty strings in an empty left context and
V' generates all non-empty strings in an empty right context, using the fol-
lowing rules.

U—Ua (for all a € ¥) (4.26a)
U—a&<dX (for all a € ) (4.26Db)
V —aV (for all a € ) (4.26¢)
Voa&X (for alla € ¥) (4.26d)
X —a (for alla € ) (4.26¢)

Then Lg(A) = Lgi(A), for all A € N. In particular, L(G) = L(G’).

The proof of this lemma proceeds similarly to the case of grammars with
one-sided contexts and is thus omitted.
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The third stage of the transformation to the normal form is removing the
unit conjuncts in rules of the form A — ... & B and is formulated verbatim
to the case of grammars with one-sided contexts.

Lemma 4.14. Let G = (X, N, R, S) be a grammar with two-sided contexts.
Let
A Bgd (4.27)

be any rule with a unit conjunct B € N, where ® is a conjunction of con-
Juncts.

If A# B, let B— V; with 1 < i < s, be all rules for nonterminal B.
Then the rule (4.27) can be replaced with a collection of rules A — ¥, & P,
for 1 <1 < s, without altering the language generated by the grammar.

If A= B, then the rule (4.27) can be removed.

This three-stage transformation proves the following theorem.

Theorem 4.6. For each grammar with two-sided contexts G = (X, N, R, S)
there exists and can be effectively constructed a grammar with two-sided
contexts G' = (X,N',R',S) in binary normal form, such that L(G') =
L(G) \ {e}.

4.6 Recognition in linear space

Both the cubic-time algorithm in Section 4.1 and the algorithm in Section 4.2
use quadratic space, as do their context-free and conjunctive prototypes. For
conjunctive grammars, the membership of a string can be recognized in linear
space and exponential time [56] by using deterministic rewriting of terms of
linearly bounded size. In this section, this method is extended to handle the
case of grammars with two-sided contexts, leading to the following result.

Theorem 4.7. Fvery language generated by a grammar with two-sided con-

texts is in DSPACE(n).

Let G = (3, N, R,S) be a grammar with two-sided contexts. Assume,
without loss of generality, that it is in binary normal form (given by Defini-
tion 4.2), that is, each rule of the grammar is of one of the following forms.

A — B1C1&...&BCr & <D1 & ... & <Dy & LE1 & ... & LB,y & (4.28)
DR & ... &BF &>H & ... & >Hpr
A = a&<D1 & ... &<Dp &LdE1 & ... & LB & (4.29)
DR &.. &CFy & H1 & .. & > Hyr

Moreover, let the set of rules R be linearly ordered and let w = ay...a,
be an input string. The linear-space recognition algorithm presented below
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Figure 4.6: Sets constructed by the linear space recognition algorithm for
grammars with two-sided contexts.

constructs sets Tp 1, 10,2, - - -5 To.ns T1ny Topn, - .., and Tj,_1,, as in the top
row and right column of the table in Algorithm 4.1, illustrated in Figure 4.6.

Toyi:{AGN|€<a1...ai>ai+1...anELg(A)}
Tj,n:{AGN|al...aj<aj+1...an>z—:€Lg(A)}

The membership of symbols in sets Tp ; and T}, is computed using a term
rewriting procedure similar to the corresponding procedure for conjunctive
grammars [56]. In the case of grammars with two-sided contexts, such a pro-
cedure shall additionally verify left and right context operators, by referring
to the sets Ty ;, 1o j, Tin, Tjn, which are given as partially constructed sets
fo,i, T\O,j; ﬁyn, and @7n, respectively.

Within this section, let a rule of the form (4.28) induce the following
schema of conditional deduction rules with respect to the sets fo,i, fog" YA’M,
fj,n C N,with1<j<n, 1<i<n. A proposition A(u(w)v) is deduced
by this rule, if for all strings x1, y1, ..., g, yp € X, with z1y1 = ... =
Tryr = w, it holds that D, € fgﬂ- (with £ € {1,...,m'}), Ey € fOJ (with
¢e{l,....n}), Fy € Ty (with £ € {1,...,n"}), and Hy € Tj, (with
ted{l,....,m'}).

By (u(:):l)ylv) ,Cq (uxl <y1>v) ,..., By (u(:):k>ykv) , O, (uxk<yk>v)
Fo A(u(w)v)

A similar schema can be defined for rules of the form (4.29).
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Lemma 4.15. There exists a deterministic term-rewriting procedure
rewrite(A, a1 ...an, 1,7, T4, 10,5, Tin, Tjn)

which, given a string aj . ..a, € X7, two positions i and j within this string,
a nonterminal A € N, and partially constructed sets Ty ;, To j, Tin, Tjn, Tep-
resented as CIA}M, T{)J‘, ﬁ,n, fj,n C N (with1l < j <n,1<i<n), determines,
using linearly bounded space, whether there is a conditional deduction of the
proposition A(a1 e 0i(@ig1 - a5) QG4 - an) in G with respect to these sets.

When the claimed procedure is invoked for the first time, the sets foﬂ-,
'fo,j, ﬁ,n, and fjn are empty and the procedure determines whether the
proposition A(a1 e i (Qig1 - a5) A - an) can be deduced in the gram-
mar under the assumption that all context operators are not satisfied. During
this run, some symbols may be added to the mentioned sets and some context
operators get thus verified. Then, another run of the rewriting procedure,
that shall use intermediate statements corresponding to the true contexts,
is required. Again, during this second run, more contexts may become ver-
ified, and this therefore results in yet another run of the procedure, and
so on. These iterative calls of rewrite are implemented in Algorithm 4.4
(cf. Algorithm 4.2).

Algorithm 4.4. Let G = (X, N, R, S) be a grammar with two-sided con-

texts in binary normal form. Let w = aj...a, € X7 be the input
string.

1: while any of Ty ; (1 < j < n) or T, (1 <i<n) change do

2: for all nonterminals A € N do

for all4,j with0<i<n—-1,1<j7<ndo
if rewrite(A,w,0,7, To1, Toj, Ton, Tin) then
To,; = To,; U{A}
if rewrite(A,w,i,n, To1, Tos, Ton, Tin) then
Ti,n - Ti,n U {A}

Proof of Lemma 4.15. The claimed rewriting system is constructed as fol-
lows. Let R’ be the set of rules of G with marked base conjuncts, that
is

R’ = {r; | r; is the i-th base conjunct of r, r is of the form (4.28) or (4.29) }.

Let Nt ={AT |Ae N}and N~ ={A" |Ae N}

For every ruler = A — ¢ € R, denote L(r) = Lg(p); if the k-th conjunct
of r is a base conjunct BC, then denote L(ry) = La(BC).

Terms are represented as strings over the alphabet CTUNUNTUN~ U
R U{“(",“)} as follows:
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e for every u € X1 and A € N, the following are terms for A: A(u),
AT (u), A™ (u);

e if r; is a conjunct of the form BC and ti,ty are terms for B and C
respectively, then r;(t1t2) is a term for A.

The string value of a term t is defined as follows:
e 0(A(u)) = (At (u)) = 0(A™ (u)) = u for all u € TF;
o o(ri(tita)) = o(t1) - o(t2).

Consider any term £(t), where ¢ is a distinguished subterm. The left
context of this subterm within its parent term is defined by replacing ¢ with
a special marker #, and then obtaining the string value of all symbols to
the left of this marker. This value is given by A(£(#)), which is inductively
defined as follows.

Ari(tita(#))) = o(t)A(t2(#))
Ari(ti(#)t2)) = Ati(#))
A#) = ¢

Similarly, for a term #(¢) with a distinguished subterm ¢, one can define
the right context of the subterm ¢ as follows.

p(ri(tita(#))) = p(ta(#))
p(ri(ti(#)t2)) = p(ti(#))o(t2)
p(#) = ¢

Let (t) be a term with a subterm ¢. The notion of a true subterm in the
context of a term is defined inductively on the size of the subterm:

e aterm £(t) with a subterm ¢t = A(u) is always true;

e a term f(t) with a subterm ¢t = AT (u) is true if and only if

)
f(
AEE#)) (uhp(E(#)) € L(A);
t(
)

t)

e a term with a subterm ¢t = A7 (u) is true if and only if
p(E(#

ME#) (u ) & L(A);

e a term £(t) with a subterm t = 7;(t;t3) is true if and only if all of the
following conditions hold:

I. both subterms #; and t5 of the term #(r;(t1t2)) are true;
II. for every rule 7 for A that precedes 7, it holds that

MEF) o) o)) & L)
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III. for every conjunct r; that precedes r; in rule r, it holds that
A (@ (@) p(t(#)) € L(r5);
IV. for every factorization o(t1)o(t2) = uv, with 0 < |u| < |o(t1)], it

holds that A((#))(u)vp(i(#)) ¢ La(B) or Mi(##))ulv)p(i(#)) ¢
L(C), where the conjunct r; is of the form BC.

Now the set of rewriting rules can be defined.

1. In a term #(A(a)), its subterm A(a) with a € X is rewritten as follows.

If there exists a rule of the form (4.29) in R, for which
D1, Dy € Ty |\ i)
By, By € T )2 i(#)) o (A(0)]

Fl, .. ,Fn” S TU(A(a))p(f(#))Ln
Hi, ..., Hyr € T)p0)1m

then the subterm A(a) is rewritten with A (a).
If there are no rules satisfying the above conditions, then the subterm
A(a) is rewritten with A~ (a).

2. Consider a term #(A(u)) with a subterm A(u) with u = aja;i1 ... ap.
If there are no rules of the form (4.28) in R, this subterm is rewrit-
ten with A7 (u). Otherwise, let r be the first such rule and let
r1 = B1Cy be its first conjunct. Then the subterm A(u) is rewrit-
ten with T’l(Bl (aj)Cl(aj+1 PN ag)).

3. In a term £(r;(B; T (u)C; T (v))), its subterm r;(B;* (u)C; ™+ (v)) is rewrit-
ten as follows.

o If 4 = k, that is, it is the last base conjunct in this rule, then
proceed as follows. Let r be of the form (4.28) and let

D1, Dy € Ty ) \igay)
B B € To ) 6(#))o (i By ()it (0))]

Froeo s B € 115 (4 (B () Ot (0))p((#))
Hy,. o Hypr € T )

|7n

Then the subterm 7y (By ™ (u)Cr T (v)) is rewritten with A" (uv).
If one of the above conditions is not met, the subterm
re(Bi T (u)Cy Tt (v)) is rewritten with A~ (uv).

o If r; is not the last base conjunct in the rule (that is,
i # k), the subterm r;(B;T(u)C;"(v)) is rewritten with
Tit1(Bit1(a;)Cit1(ajq1 ... ar)), where uv = ajajq1 ... ar and the
(i + 1)th conjunct in rule 7 is Bj11Cj41.
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4. In a term {(t), the subterm ¢t = r(B;T(u)C;~(v)), t =
ri(B; " (u)C; T (v)) or t = r;(B;~ (u)C;~ (v)) is rewritten as follows:
o if [u| > 1, let v = ax (with a € ¥, z € ¥T) and rewrite ¢ with
ri(Bi(ua)Ci(x));
e if [u] = 1 and r is the last rule for A, then t is rewritten with
A~ (uv);
e if [u| =1 and 7’ is the next rule for A, then ¢ is rewritten with
r(B1(a;)Ci(aj41 ... ar)), where wv = aja;y1 ...ae and the first
conjunct of 1 is B{C].
Claim 4.15.1. The rewriting preserves truth, that is, a true term is rewritten
with a true term.

There are numerous cases of rewriting to consider. This proof handles a
representative case, and the rest are omitted for brevity.

Consider a term #(ry, (B ™ (aj+1 - - - ag)Cr " (apt1 - - . a;))) and the rewriting
of the subterm

T’k(Bk+(CLi+1 e ag)0k+(ag+1 e a,j)) (4.30&)
with a subterm

AJF(CLZ'_H e aj), (4.30b)

where r, = BpC} is the last conjunct of a rule r for nonterminal A. Ac-
cording to the definition of a true subterm, the subterm (4.30b) is true if
ai... ai<az~+1 R aj)aj+1 ...Qap € Lg(A)

Let the rule r be of the form

A — B1Ci1&...&BCrL&<D1 & ... & <Dy & LE1 & ... & LBy &
R &...&CFn &>H & ... & D> Hpyyrr.

Since the subterm (4.30a) is true by assumption, its
subterms  BpT(ajt1...a7) and  Cpt(aps1...aj) are  true  as
well. Hence, aj...a;{@jt1...ap)aps1...an € Lg(Bk) and

ai... ag<ag+1 . aj>aj+1 ...ap € Lg(Ck)

Note, that ¢ is the length of the left context of the true term (4.30a), j
is the length of the concatenation of (4.30a) and its left context, n — i is the
length of concatenation of the latter term with its right context and n — j is
the length of the right context of the former term.

IAE#)] = lar .. . a;] =i
INE#)o (ri(Br" (aisr - ag) Ok (agys - ay)))] =
|0 (ri(Br " (@it - - a)) Ok (ags - - - a7)))p(E(#))] =n—i
p(E(#)] = lajt1 ... an =n—j
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For the rewriting (4.30) to proceed, the following conditions should hold.

Di,...,Dpy € Tp;
Ey,....,Ey € Ty,
Fi,....,Fpyp € Ty

Hy,...,Hpr € T,

Then, by the assumption of Lemma 4.15, the following can be obtained.

(D1)N...N<Lg(Dpy),
ALg(E1)N...N<La(Ey),
CLa(Fi)N...NELg(Fyr),

(Hy)N...Nn>Lg(Hpr).

elay...a;))aj41 ... an
€<CL1 ... CL]‘>CL]‘+1 .. Qp
aj ... ai<ai+1 ce an)a

ai ... aj<aj+1 e an)z-:

m M M Mm

Therefore, the string a; ... a;{(ait1...a5)aj41...ay is in Lg(A), and the
subterm AT (a1 ...a;) is true.

Numerous other cases needed to prove Claim 4.15.1 can be handled in a
similar way.

Claim 4.15.2 ([56|). The rewriting preserves string value of terms. More-
over, there exists a linear order on the set of terms, such that the rewriting
strictly increases the terms with respect to it.

The claim can be proved similarly to the case of conjunctive gram-
mars [56], with the only difference being that one has to additionally verify
conditions on context operators.

The linear order on terms shall be defined as follows [56]. Let ¢; and t2
be two terms. If o(¢1) is lexicographically less than o(t2), then t; < ta, and
if o(t1) is lexicographically greater than o(t2), then t; > to. For terms with
the same string value w, the general order is

Al(w) < ... < Am(w) < ?”k(tltz) <
< Af(w) <... < Af(w) < AT (w) < ... < A (w).

The relation between two terms 74 (t1t2) and 7(t3t4) is defined by saying that
if 7 # 1/, then the terms compare by the order on R; if r = v/ and k < ¢,
then 7 (t1t2) < rj(tsts); if 7 = r" and k > £, then ry(tita) > ry(t3ts); and
finally, any terms 7 (t1t2) and 7 (tsts) compare lexicographically as (t1,t2)
and (tg, t4).

The above Claim 4.15.2 implies that after finitely many steps the rewrit-
ing shall converge to some term of the same string value, which cannot be
further rewritten. Since only terms of the form A" (u) and A~ (u) cannot be
rewritten, this implies that the rewriting has the following outcome.
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Claim 4.15.3. Every term A(u) is eventually converted either to AT (u) or
to A (u).

This concludes the proof of Lemma 4.15. O

Let us now show that if a proposition can be conditionally deduced with
respect to the partially constructed sets TO i TO g T, n, and T] n, then there
is a deduction of this proposition in the grammar.

Lemma 4.16. Let G = (X, N, R, S) be a grammar with two-sided contexts,
let ay . € X1 be a string and consider the partially constructed sets T,
TOJ, Tm, and T]n, with

fO,i - TOJ‘ = {D eN ‘ Fa D(€<CL1 R CLi>aZ‘+1 R an) }, (431&)
Toj CToj={E €N |FgE(lar...aj)ajpr...an) }, (4.31b)
f CTin={FeN|tgF(ar...aiait1...an)e)}, (4.31c¢)
Tin CTjn={HeN |FgH(ar...aj{aj1...an)e)}, (4.31d)
with 1 < 7 < n, 1 < < n. Then, if a proposition

Alar ... ai{aiv1 - aj)ajt1 .. can be conditionally deduced in G with re-

spect to the sets Ty, 1o, Tln, T\ , then this proposition can be deduced in
G.

Indeed, the conditional deduction of the proposi-
tion A(a1 s oag)ag4n . an) with respect to the
sets T\o,z’, fo,j, ﬁ,n, fj,n implicitly —uses  propositions  of
the form D(e{ar ... a;)ait1 ... an), E(glar...aj)aq1- .. q\n),

F(a1 cai{aiqq - an>5) H(a1 caj{ajyr ... an>5), with D € Ty,
FE e TO g, I € Tm7 and H € Tjn These intermediate statements can be
deduced in the grammar GG and are used in the deduction of the proposition
A(a1 e a7;<a,-+1 NN aj>aj+1 e an).

In the other direction, it has to be shown that if a proposition can be
deduced in the grammar, then there is a condltlonal deduction of this propo-
sition, with respect to sets TO s TO g ﬂ mn, and T] n € N. For a nonterminal
A € N, define its height with respect to a string w = a;...a, and two
positions 4, j within this string, denoted by h,,; ;(A), as follows. Consider
the shortest deduction of the proposition A(a1 e @i (@ig1 - Q5) A4 - an).
If no intermediate statements of the form E(e(ai...a;)ajt1...a,) and
F(a1 coeai{@ig - an>e) are ever used in this deduction, then let h; ;(A) =
1. Otherwise, let hy;;(A) = maxg p(hw,ij(E), hwij(F)) + 1, where the
maximum is taken over all such E, F' € N, that intermediate statements of
the form E(e{ay ...a;)aj41...a,) and F(ay...a;{(aj41...a,)e) are used in
the deduction.
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Lemma 4.17. Let G = (X, N, R, S) be a grammar with two-sided contexts,
letw=ay...a, € X7 be a string and consider a nonterminal A € N. Then:

e if a proposition A(5<a1...aj>aj+1...an) can be deduced i G and
hw,,;(A) = ho, then this proposition can be conditionally deduced with
respect to the sets

f()’i = {ﬁ e N “_G ﬁ(€<a1 R ai>ai+1 .. .an), hwp’i(ﬁ) < h() },
(4.32a)

To;={E €N |rgE(elar...a))aj11...an), huo (E) < ho},
(4.32D)

Tin={F e N|tg Flai...aiait1 ... an)e), huin(F) < ho},
(4.32¢)

fj,n = {ﬁ eEN ‘ FG f[(al .. .aj(aj+1 .. .an>€), hw’j’n(ﬁ) < h(] };
(4.32d)

e if a proposition A(al...ai<ai+1...an>5) can be deduced in G and
hw,in(A) = ho, then this proposition can be conditionally deduced with
respect to the sets (4.32).

Let us now prove correctness of Algorithm 4.4; this shall establish The-
orem 4.7.

Proof of Theorem 4.7. & In one direction, it has to be shown that if the
algorithm ever adds a nonterminal A to a set T; ; (with ¢ = 0 or j = n), then
the proposition A(al cocai{@igr . oag)agg . .an) is deducible in the gram-
mar G. The proof is an induction on the number of steps in the computation
of the algorithm.

Consider line 5, which adds a new element A to the (partially con-
structed) set Tp ;. By Lemma 4.15, the procedure rewrite, called in line 4,
correctly determines whether the proposition A(s(al Q)4 an) can
be conditionally deduced in the grammar G with respect to the sets T,
TO,j; T‘i,na ,ij,n-

By the induction hypothesis, for all elements D €
Toi, EF € 1Ty, F € T, and H € T, the propo-

sitions D(a(al Q)@ - .an), E(s(al Q) an),
F(al coe@i{@ig ... an>5), H(a1 cajl{ajyr .. an>5) are  deducible
in the grammar G@G. Then, by Lemma 4.16, the proposition

A(e{ar...aj)aj41 ... ay) can be deduced in the grammar G.
The case when A is added to the set T;,, by line 7 is proved similarly.
© Conversely, one has to show that if the proposition
A(a1 o @i (@ig1 - a5) QG4 - an) can be deduced in G, then the algo-
rithm eventually adds A to T; ;. The proof goes by induction on the height
in the deduction of the proposition A(a1 e 0@t - a5) A - an).
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Let the height of the nonterminal A with respect to the string w =
aj ...ay and positions 4, j be hy;j(A) = hg. Then, by Lemma 4.17, there
is a conditional deduction of this proposition with respect to the sets

fo,z’ = {ﬁ e N “_G ﬁ(s(al .. .ai>ai+1 .. .an), hw70’i<ﬁ) < h() },
f(),j = {E eEN |f—G E(5<a1 ...aj>aj+1 . ..an), how o’j(E\) < ho},

Tin={F €N |Fg F(ai...aiait1...an)e), huin(F) < ho},
T’j,n = {I/‘:’ eN | l_G fI(al ...aj<aj+1 .. .an>5), hw,j,n(ﬁ) < ho }

Then, by the induction hypothesis, the algorithm eventually adds elements
D (with hy0:(D) < ho), E (with hyo(E) < ho), F (with hyin(F) < ho),
H (with hw,j,n(ﬁ) < hg) to the sets Ty, 1o, Tin, and T}y, respectively.
During the next iteration of the while loop in line 1, these sets are given as
arguments to the procedure rewrite in lines 4 and 6. Then, by Lemma 4.15,
line 5 of the algorithm adds to the set Tp ; the nonterminal A generating a
prefix of length j of the input string. It can be proved in a similar way, that
line 7 adds the element A, defining the suffix a;11 ... ay, to the set T ,,.

As in Algorithm 4.2, the input string is accepted if the initial symbol S
of the grammar is contained in the set Tj ,,, which represents the whole input
string. ]
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Chapter 5

Generalized LR parsing

The LR(k) parsing algorithm, invented by Knuth [40], is one of the most
well-known and widely used parsing methods. This algorithm applies to
a subclass of the context-free grammars, and, for every grammar from this
subclass, its running time is linear in the length of the input string. The Gen-
eralized LR (GLR) algorithm is an extension of the LR parsing applicable to
the whole class of context-free grammars: wherever an LR (k) parser would
not be able to proceed deterministically, a Generalized LR parser simulates
all available actions and stores the results in a graph-structured stack. This
simulation technique was discovered by Lang [47]|, whereas Tomita [88, 89|
later independently reintroduced it as a practical parsing algorithm. On an
LR(k) grammar, a GLR parser always works in linear time; it may work
slower on other grammars, though, when carefully implemented, its run-
ning time is at most cubic in the length of the input [39]. These properties
make the Generalized LR algorithm the most practical parsing method for
context-free grammars beyond LR(k).

The Generalized LR also applies to some extensions of context-free gram-
mars. In particular, the GLR algorithm for conjunctive grammars works in
time O(n?) [52], where n is the length of the input string, whereas its exten-
sion to Boolean grammars has worst-case running time O(n*) [60].

In this chapter the Generalized LR parsing algorithm is extended to han-
dle grammars with left contexts. As compared to the familiar algorithm for
context-free grammars, the new algorithm has to check multiple conditions
for a reduction operation, some of them referring to the context of the cur-
rent substring. The conditions are represented as paths in a graph-structured
stack, and accordingly require table-driven graph searching techniques. In
spite of these complications, a direct implementation of the algorithm works
in time O(n*), whereas a more careful implementation leads to a O(n?) up-
per bound on its running time. On “good” grammars, the running time can
be as low as linear.
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5.1 Data structure and operations on it

The algorithm introduced in this chapter is an extension of the GLR parsing
algorithm for conjunctive grammars [52], which in its turn is an extension
of Tomita’s algorithm [89] for ordinary grammars. These algorithms are all
based on the same data structure: the graph-structured stack, which repre-
sents the contents of the linear stack of a standard LR parser in all possible
branches of a nondeterministic computation. The graph has a designated
1niatial node, which represents the bottom of the stack. The arcs of the graph
are labelled with symbols from > U N. For each path in the graph, the
concatenation of labels of its arcs forms a string from (3 U N)*.

Let a1...a,, with n > 0 and a1, ..., a, € X, be the input string.
Each node in the graph-structured stack has a corresponding position in the
input string. All nodes corresponding to the same position form a layer of
the graph. Every arc from any node in the i-th layer to any node in the
j-th layer labelled with a symbol X € ¥ U N indicates that the substring
@i11-..a; has the property X; such an arc is possible only if i < j. The
graph is accordingly drawn from left to right, in the ascending order of layers.
At the beginning of the computation, the initial node forms layer 0. The p-th
layer is added to the graph when the p-th symbol of the input is read. The
layer corresponding to the last read input symbol is called the top layer of
the stack.

For the time being, let the nodes of the graph be unlabelled. Later on,
once the parsing table is defined, they will be labelled with the states of a
finite automaton, and a node will be uniquely identified by its layer number
and its label. Accordingly, the graph will contain O(n) nodes. The parser
will use those states to determine which operations to apply. This section
defines those operations, but not the conditions of applying them.

The computation of the algorithm is an alternation of reduction phases,
when new arcs going to the existing top layer are added to the graph, and
shift phases, when an input symbol is read and a new top layer is created.

In the shift phase, the algorithm reads a new input symbol and makes
a transition from each node in the current top layer p to a node in next
top layer p 4+ 1 by the recently read (p + 1)-th symbol of the input string.
The nodes created during a shift phase form the new top layer of the graph.
Some transitions may fail, and the corresponding branches of the graph
are removed. This operation is illustrated in Figure 5.1(a). Note that the
decisions made for each state of the current top layer (that is, whether to
extend it to the next layer, and to which node) are determined by a finite
automaton based on the node labels; this will be discussed in the next section.
The branches of the graph-structured stack that do not get extended to the
new top layer are removed. If this is the case for all the nodes, then the entire
graph is deleted and the algorithm terminates, reporting a syntax error.
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In the reduction phase, the algorithm performs all possible reduction
operations. A reduction is done whenever there is a collection of paths leading
to the top layer that represent all conjuncts in a certain rule of the grammar.
If these paths are found, then a new arc labelled with the nonterminal on
the left-hand side of the rule is added to the graph. The application of this
operation is actually triggered by the states in the top layer nodes; this will
be discussed in Section 5.2.

(b)

Figure 5.1: (a) Shift phase; (b) reduction operation for an ordinary context-
free grammar; (¢) reduction in the case of a conjunctive grammar.

The details of a reduction shall first be explained for an ordinary gram-
mar. A reduction by a rule A — « is done as follows. If there is a path «
from some node v to any node vy in the top layer, then a new arc labelled
A from v to another node v can be added, as shown in Figure 5.1(b).

The case of a conjunctive grammar is illustrated in Figure 5.1(¢). Here
a rule may consist of multiple conjuncts, and the condition of performing a
reduction has multiple premises, one for each conjunct in the rule. Consider
a rule of the form A — a1 & ... & ay: if there are paths aq, ..., ay from a
node v to any nodes v1, ..., vy in the top layer, then a new arc labelled A
going from v to another node © can be added.

The case of grammars with left contexts is more complicated. To begin
with, consider a reduction by a rule without proper left contexts (extended
contexts are allowed): A — a1 & ... & & 11 & - .. & <y, The base con-
juncts «a; are checked as in a conjunctive grammar: one has to ensure the
existence of paths ai, ..., ay from a node v to any nodes vi, ..., vg in
the top layer. Furthermore, for each context operator <v;, there should be
a path v; from the initial node of the graph to a node v} in the top layer,
corresponding to the first p symbols of the input. This case is illustrated in
Figure 5.2(a).

In order to handle proper left contexts within this setting, a new type
of arc labels is introduced. Arcs of the graph-structured stack shall now
be labelled with symbols from the alphabet > U N U €, where the set €
contains special symbols of the form (<1/3), each representing a proper context
operator and regarded as an indivisible symbol.
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Let €4 = {(<p) | <B € conjuncts(R)} and €q = {(Ly) | <y €
conjuncts(R) }.

An arc labelled with a special symbol (<13) al-
ways connects two nodes in the same layer. Such
an arc indicates that the corresponding context
<15 is recognized at this position, that is, the pre-
ceding prefix of the string is of the form . This
kind of arc is added to the graph by a new opera-
tion called context validation. Assume that some
rule of the grammar contains a conjunct <15. If there is a path § from the
initial node vy to some node v" in the top layer, then an arc labelled (<153)
from any node v in the top layer to another node v in the top layer can
be potentially added. A decision to perform a context validation at some
particular nodes, as always, is made by a finite automaton, to be defined
later on.

Figure 5.2: Reduction in case of grammars with contexts: (a) only extended
contexts of the form <v; are present; (b) both kinds of contexts are present.

In the general case, a reduction is performed as follows. Consider a node
v, from which the paths a1, ..., ay corresponding to a rule

A ar&.. &k <br&. . &Bn&k k... .&<m  (5.1)

may potentially begin. Then, the paths ai,...,ay are worth being con-
structed only if the proper contexts <151, ..., <8y, hold true at this point.
For that purpose, at the time when the layer of v is the top layer, the algo-
rithm applies context validation for each of these contexts, creating a path
(<pB1) ... (<Bm) beginning in the node v. This is done for a certain fixed
order of conjuncts; the exact order is unimportant. Let v be the final node
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on this path; the paths «aq, ..., ay begin at this point. Later on, a reduction
by a rule (5.1) will be possible under the following conditions. Assume that
for every conjunct «y; there is a path (<11) . .. (<S8 ); from v to any node in
the top layer, and for every conjunct <v; there is a path 7; from the initial
node vy to some node in the top layer, as illustrated in Figure 5.2(b). Then
one can add an arc labelled with A from the node v to a node ¢ in the top
layer.

5.2 Automaton guiding a parser

The set of operations on the graph performed by a parser was described
in the previous section. In order to decide which operation to apply at a
particular moment, the parser uses a deterministic finite automaton with a
set of states @), which reads the sequence of labels on each path of the graph.
The automaton is constructed generally in the same way as Knuth’s [40] LR
automaton. States of this automaton essentially encode the information on
the recognized bodies of conjuncts; the state reached by the automaton in a
node is stored in that node as its label. The labels of the nodes in the top
layer are used to decide on the actions to perform, such as whether to shift
the next input and to which state, by which rule to reduce, etc.

In the case of ordinary grammars, each state of the automaton is a set of
rules with a marked position in its right-hand side: these objects A — i - v,
for a rule A — pv, are called items. For grammars with contexts, even
though the form of the rules is expanded, the items remain simple: for a
rule defining a nonterminal symbol A, each conjunct pv of this rule, with a
position marked, gives rise to an item A — p - v. Conjuncts with context
operators yield items with A replaced with a special symbol representing this
operator, like (<) — p - v and (<y) — & - n, for corresponding partitions
B = pv and v = &n. Let items(R) denote the set of all items.

The LR automaton is then defined as follows.

Definition 5.1. Let G = (X, N, R, S) be a grammar with left contexts, and
assume that there is a dedicated initial symbol S’ € N with a unique rule
S’ — S. The LR automaton of G is a deterministic finite automaton over
the alphabet ¥ U N U €4 with the set of states Q = 21tems(B)  [ts ingtial state
and transitions are defined using the functions goto and closure.

o For every set I of items and for every symbol X € XU N U €4, the
function goto selects all elements of I with the dot before the symbol
X, and moves the dot over that symbol. All other elements of I are
discarded.

goto(I, X)={V »aX - f|V—oa - Xpecl, Ve NUC4UCg}
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o The set closure(I) is defined as the least set of items that contains I
and, for each item V. — p - Bv in closure(l), with V € N U €4 and
with a nonterminal symbol B € N after the dot, every item of the form
B — &, for each base conjunct & in any rule for B (B — ... &&& .. .),
is in closure(I).

The initial state of the automaton is then

qo = closure({S" — -S} U {(<B) — 8| (1B) € €4} U
{(@) = 7 [ () e Ca}).

The transition from a state ¢ C items(R) by a symbol X € XU N U € is
d(g, X) = closure(goto(q, X)).

Every node of the graph is labelled by a state from ). Whenever the
graph contains an arc labelled with a symbol X from a node labelled with
a state ¢, the label of the destination node is d(¢, X). The initial node is
labelled with the state qp, where the item S’ — -S initiates the processing
of the whole input, whereas the items (<) — -5 and (<vy) — -y similarly
initiate the processing of contexts.

With the automaton defined, consider how each shift operation is per-
formed. Let a € X be the next input symbol, and let v be a node in the
current top layer, labelled with a state q. The goal is to connect v to a node
in the next layer (which becomes the new top layer after the shift phase is
completed). Assume that 6(g,a) is not empty, and let §(g,a) = ¢'. If there is
a node v/ in the next layer labelled with ¢/, then the algorithm connects v to
v’ with an arc labelled with a. If no such node v’ yet exists, it is created. In
case 0(q,a) is an empty set, no new nodes are created, and the entire branch
of the stack leading to v is removed. All nodes created during a shift phase
form the new top layer.

In the reduction phase, the parser determines the rules to reduce by
through a so-called reduction function. This function maps pairs of a state
q € @ in a top layer node and the next k input symbols to a set of conjuncts
recognized at this node. Denote by 3% the set of all strings of length at most
k. The reduction function is then of the form W: Q x X<k — gcompleted(R)
where completed(R) C items(R) is the set of completed items with a dot in
theend: V — a-, with Ve NUC4UCg and a € (XU N UC4)*. In the
graph, a state containing a completed item marks the end-point of a path a.

In order to compute the values of the reduction function, the algorithm
requires sets FIRST (A) € ¥F and FoLLowy, (4) C ©5F, defined for a non-
terminal symbol A € N. The former set gives k-symbol prefixes of all strings
generated by this nonterminal, while the latter one records all potential con-
tinuations of strings generated by A.
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For every string w, let Fiirsty (w) denote w truncated to its first k sym-
bols; if w contains fewer than k& symbols, then First; (w) = w. For a lan-
guage L, Firsty (L) = { Firsty (w) |w € L}.

Then, for a nonterminal symbol A, the set FIRSTy (A) is defined as
FirsTy (A) = { Firsty (v) | u(v) € Lg(A)}. Such a set cannot be effec-
tively constructed already for conjunctive grammars, because their empti-
ness problem is undecidable. Therefore, the parsing algorithm shall use a
suitable superset PFIRST), (A) C ¥S* constructed by Algorithm 5.1.

Algorithm 5.1. Let G = (X, N, R,S) be a grammar with left contexts.
Let kK > 0. For a = X;... Xy, with X; € ¥ U N, define PFIRST} (o) =
Firsty, (PFIRSTE (X1) - ... PFIRSTE (X0)).

For all symbols X € X U N, compute the set PFIRST; (X) as fol-
lows.

let PFIRSTE (a) = {a}, for all a € ¥
let PFIRST, (A) = @, forall Ae N
for all nonterminals A € N do
while new strings can be added to PFIRsT (4) do
for all A — a1 & &ap & <L & &<Pm &
M&... &<y, € Rdo
PFIRST}, (A) = PFIRST, (A) U J'_, PFIRST}, ()

Lemma 5.1. Let G = (X,N, R, S) be a grammar with left contexts. Let
k > 0. For all symbols X € ¥ U N it holds that uw(v) € Lq(X) implies
Firsty (v) € PFIRSTE (X).

Now the definition of the set FoLLOW}, (A) can be given.

Definition 5.2. Let G = (X, N, R, S) be a grammar with left contexts. A
string x € X* is said to follow a nonterminal symbol A € N, if there ex-
ist strings u,v € X*, such that wvx € L(G) and there is a deduction of
the proposition S(a(uvx)), that essentially uses an intermediate proposition

A(u(v)). Define
FoLrowy (A) = Firsty, ({ z | « follows A}).

Supersets of these sets, called PFoLLOW, (A), are determined by Algo-
rithm 5.2, and the correctness of this algorithm is claimed in the following
lemma.

Lemma 5.2. Let G = (X, N, R, S) be a grammar with left contexts and let
k > 0. Then for all symbols A € N and for all strings x € ¥*, if x follows
A, then Firsty (x) is in the set PFOLLOWy (A).
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Algorithm 5.2. Let G = (3, N, R, S) be a grammar with left contexts. Let
k > 0. For a nonterminal symbol A € N, compute the set PFoLLOW}, (A)
as follows.

let PFoLLOW (S) = {e}
let PFoLLOWy, (A) = @, for all A € N\ {S}
while new strings can be added to PFoLLowy (A) do
forall B a1 &... &ar & <B1& ... &<Bm & <M1 & ... &< €R
do
for all conjuncts «; do
for all factorizations o; = pAv, with p,v € (XU N)* do
PFoLLowy (A) = PFoLLowy, (4) U
Firsty, (PFIRSTE (V) - PFOLLOWY, (B))
for all conjuncts <13; do
for all factorizations 3; = pAv, with p,v € (XU N)* do
PFoLLowy (A) = PFoLLowy, (4) U
First, (PFIRsTE (vB) - PFOLLOWY, (B))
for all conjuncts <v; do
for all factorizations v; = pAv, with p,v € (XU N)* do
PFoLLowy (A) =PFoLLowy (A) U
First, (PFIRSTY (v) - PFOLLOWY, (B))

The set of possible reductions in a state ¢ with a lookahead string u € £.5F
is defined as follows, for ¢ € Q and u € £5F,

W(g,u)={A—a | A— a €q, uecPFoLLowy (A) }

Context validation is similarly determined by a function f: Q — 2¢*%<,
For a state ¢’ € @, f(¢’) is the set of all possible pairs of the form (g, (<13)),
with ¢ € @ and (<18) € €, such that for the proper left context <13, the
state ¢’ contains the completed item (<13) — (- and (g, (<)) is a valid entry
of 9.

The algorithm uses the functions W and f to decide when to make a
reduction or a context validation. Let the nodes of the graph be pairs v =
(¢, p), where ¢ is the state in this node and p is the number of the layer. A
reduction by arule A — a1 & ... & & <B1 & ... & <Bm & L1 & ... & g
is done as follows. Let p be the number of the top layer, and let v1 = (¢q1,p),

v = (qe, D), v = (¢4,D), ---, v, = (¢, p) be nodes in the top layer.
Assume that each item A — «;-, with i € {1,...,¢}, is in the corresponding
table entry W (g;, u), for a lookahead string u € £5*. Let v = (g, p) be a node
in any layer, from which there is a path (<15)...(<Bm)a; to each node v;.
Also assume that g, = 6(qo, ), for all ¢ € {1,...,n}. Then an arc labelled
with A from v to v = (d(q, A),p) is added, as illustrated in Figure 5.2(b).
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Using the function f, a conjunct <1 is validated as follows. Let v = (g, p)
and v" = (¢/,p) be nodes in the top layer. Assume that there is a path
from the initial node vy to v/, and let (q,(<18)) € f(¢'). Then, the context
< can be validated by adding an arc labelled (<13) from v to another node
b = (6(q, (<P)),D)-

The following example demonstrates how an LR-automaton is con-
structed and how the parsing is performed.

Example 5.1. Consider the following grammar defining the singleton lan-
guage {ab} and let us construct the LR automaton for it, as shown in Fig-
ure 5.3(a).

S — aB
B — b&<aF
E — ¢

By definition, the initial state gy of the automaton contains the item
S" — -S. The set closure({S’ — -S}) contains the item S — -aB, which is
in the state qg as well.

4 a . B
S'— S . » S— aB-
S —eaB _Cl> ZZEC)I_.BQ.E
(QaE) - *aE Ee _|
B=:@aB)b | E | op) - aE-
S
aE)
o mi
S'—> S- B— (KlaE)+b —b> B— «aE)b-

Figure 5.3: An LR automaton for the grammar in Example 5.1.

The initial state contains the item (<aF) — -aF, corresponding to the
proper left context <laF. Note, that €4 = {(<aF)}.

From state qq, there is a possible transition by symbol a € ¥, that leads
to another state g; containing the items S — a-B and (<aF) — a-E with the
dot propagated over a. This state ¢; also contains the item B — -(<aE)b,
which is in the set closure({S — a - B}) and this item corresponds to the
rule B — b& <aF. Another item contained in the state ¢ is £ — -, which
belongs to closure({(<aE) — a- E}).
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The transition by the special symbol (<aFE) € €4 from state g leads to
state g4, where the dot in the item B — (<aFE) - b is propagated over this
special symbol. Further transition by b € X leads to state g5 containing the
item B — (<aE)b-.

The transition by B € N from state q; goes to state go containing the
item S — aB-. Transition by F € N from state ¢; leads to state g3, which
encodes the fact that the proper left context <1D is satisfied.

The transition by S € N from state gg leads to the final state gg.

Having constructed an LR automaton for the grammar, one can proceed
with the parsing table.

5 W
e b|S B E|(<ab)| ¢ a b
01 6
1 2 3| 4 e
2 aB
3
4 5
5 b
6 S

The reduction function W gives possible reductions, when the lookahead
is €. Thus, for instance, in state g2, a reduction can be made by the rule
S — aB.

The value of function f for the state 3, containing a recognized proper
left context <aF, is defined as {(1, (<aF))}.

Let us consider the computation of the algorithm on the given grammar
and the input string w = ab € L(G).

Reduction phase. Nothing to reduce.

Shift phase. The current configuration of graph-structured stack is shown
below.

layer O

©

e Perform a transition by symbol a from state 0 of layer 0 to state
1 of layer 1.

Reduction phase. Now the current configuration of the stack is as follows.
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layer O  layer 1

@0

e Make a reduction by ' — ¢ from state 1 of layer 1 to state & of
layer 1.

e Validate the context <laF: transition from state I of layer 1 to
state 4 of layer 1.

Shift phase. The graph-structured stack has now the following structure.

layer O  layer 1

®

E

akE)

®

e Make a transition by symbol b from state / of layer 1 to state 5
of layer 2.

Reduction phase. The current configuration is shown below.

layer O  layer 1 layer 2

O+
?(4 akE)

@O

e Reduce by the rule B — b§& <laF from state I of layer 1 to state
2 of layer 2.

e Make a reduction by the rule S — aB from state 0 of layer 0 to
state 6 of layer 2.

Now the stack has the following structure.
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layer O layer 1 layer 2

. ?—B>@
KaE)

@O
=>©®

5.3 Proof of correctness

For the sake of simplicity, the two following assumptions are made. First,
the algorithm never removes any arcs (indeed, paths that do not lead to
the top layer, do not affect the computation). Second, all special symbols
(<18) shall be integrated into the grammar as extra nonterminal symbols: let
N=Nu €. Consider a conjunct <15 in some rule of the grammar. Then it
is replaced with a concatenation (<14)¥*, where the new nonterminal symbol
(<18) has the unique rule (<18) — ¢ & <0.

An arc from a node v = (g, %) to anode v' = (¢, j) labelled with a symbol
X € X UN is called correct, if ¢ = 6(¢q, X), the string a; ...a;(aiy1 ... a;)
is in Lg(X), and, if X € N is a nonterminal, then PFIRSTy (ajy1...an) €
PFoLLoW (X). An arc from v = (g,1) to v' = (¢, j) labelled with a special
symbol (<) is correct, if ¢ = §(q, (<8)), i = j and (a1 ...a;) € Lg(B).

Lemma 5.3. After the reduction phase in layer j, the graph contains all
correct arcs to all layers up to j.

Therefore, in the end of its computation, the algorithm constructs all
correct arcs to the last (Jw|-th) layer. Thus, it can verify whether the string
is in the language by observing the arcs from the initial node to the top layer.

Proof. Consider any correct arc leading to the j-th layer, let X € U N be
its label, and let it proceed from a node v = (g,) to a node v' = (§(q, X), j),
where i < j and 0(q, X) # @. The proof that this arc is added to the graph
by the parser proceeds by induction on a certain measure, called the rank of
an arc, which will now be defined.

Consider the shortest path connecting the root node to v, continued with
the arc (v,v’), and the longest suffiz of this path, such that the heads of all
arcs are contained in the j-th layer, as illustrated in Figure 5.4. Let d be
the number of arcs in this path, and let Y7,...,Yy be their labels; the last
of them is the currently considered arc from v to v/, with Y; = X. Each of
these arcs corresponds to a certain substring of the input (for all symbols
except maybe Y; this substring shall be empty). For the ¢-th arc, let Ky > 1
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layer j

Figure 5.4: An arc of rank d (labelled with X).

be the number of deduction steps needed to generate that substring from Y%;
if Y; is an alphabet symbol (Y; € ¥), let K; = 0. Then the rank of the arc
from v to v’ is the sum 3% | K.

The basis of induction is rank 0, when X = a € ¥ is an alphabet symbol,
the arc in question originates from the previous layer (i = j — 1), and d = 1.
In this case, the arc should have been added during the shift phase.

Assume that the arc (v, v') has non-zero rank, and is hence labelled with
a symbol A € N. Also assume that all correct arcs of a lower rank are
added by the algorithm. Since the arc is correct, A generates the substring
ai...ai{aiy1...a;) and aj41 ...a, € PFoLLOwy, (A). Consider the shortest
deduction of the proposition A(a1 cee@i{@igq - aj)). Let

A= &. . . &ou&<bi&.. &b &n&. . & Ly (5.2)

be the rule used at the last step of this deduction.

For any base conjunct «p in this rule, with h € {1,...,¢}, let
ap = X1...X,, where Xy, ..., X, € XU N. Then there is a factoriza-
tion @jt1...a; = uy...u,, with uq, ..., u, € ¥*. For each s € {0,...,r},
let ps = |aj ...a;uq ... usl; in particular, po =i and p, = j. The premises in
the deduction of the proposition A(a1 e @@t - aj>), corresponding to
the conjunct oy, are Xs(ay...ap,_(ap,_,+1...ap,)), forall s € {1,...,7}.

It is claimed that the algorithm will construct a path X ... X, beginning
in the node v and containing the following nodes.

V= U[/‘_) = (Q7 p0)7
v = (6(q, X1), p1),
’Ué = (5((],X1X2)7 p?):
’U;. = ((5(q7X1X2...Xr), p'r)

It has to be shown that each arc along this path is correct. The first
claim is that each transition §(q, X7 ... Xs), with s € {1,...,r}, is possible.
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Since §(q, A) # &, the set goto(q, A) is non-empty, and therefore there is an
item of the form B — o - A (with B € N, o, € (¥ U N)*) in the set g.
Then, the item A — -X; ... X, belongs to closure(q) = ¢, and accordingly
the item A — X1 ... Xy Xop1... X, is in 6(q, X1 ... Xs).

For each s € {1,...,r}, the string a;...ap, (ap,+1-..a;) is in the lan-
guage Lg(Xsq1...X,). At the same time, Firsty (aj+1...az) is in the set
PFoLLOWy (A) by assumption. Therefore, Algorithm 5.2 eventually adds
the string

Firsty (ap,41...az)

to the set PFoLLoOwy, (X5).

Therefore, for each s, the arc from v, _; = (6(¢, X1...Xs-1), ps—1) to
vl = (6(q, X1 ... Xs), ps) labelled with X, is correct. If that arc goes to an
earlier layer than the j-th one, then it was added at one of the previous shift
or reduction phases. If it goes to the j-th layer, then its rank is less than
that of the arc from v to v/, and therefore, it is added by the algorithm by
the induction hypothesis.

Consider any extended context operator <v; used in the rule (5.2).
Let v, = X1...X,, where X7, ..., X, € ¥ U N. Then again there is a
factorization a1 ...a; = uy...u,, with uq, ..., u, € ¥*. For each s ¢
{0,1,...,7}, let ps = |u1...us|. In the deduction by the rule (5.2), the
premises corresponding to the conjunct vy are of the form X (5(a1 e aps>),
for all s € {1,...,r}.

The algorithm shall construct a path X ... X, from the initial node vg
of the graph. This path contains the following nodes.

Vo = (q()vo)

v = ((5(QO>X1)7p1)

va = (0(qo, X1X2),p2)

Ur = (5(QO7X1X2'~XT)7PT)

In order to show that every arc in this path is correct, one has to show
that, similarly to the case of base conjuncts, each transition §(qg, X7 ... Xs)
is valid for all s € {1,...,7}. By construction of the LR automaton, the
item (<7v;) — -X;...X, is contained in the initial state gop. Thus, items
(<vi) & X1... Xs - Xsp1... Xy, forall s € {1,...,7}, are contained in the
states 0(qo, X1 ... Xs).

It remains to show that the algorithm will do a reduction by the
rule (5.2) for A. For every base conjunct o, = Xj...X,, there is a node
v = (6(¢, X1X2...X,), j) in the top layer. The state in this node con-
tains the item A — X1Xs...X,.. Therefore, A — X;X5...X,  is in
W(q, FIRSTy (@41 ... az)).
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Similarly, for every extended left context <y, with v, = Xi...X,,
the top layer contains a node (6(go, X1X2...X,),7), and the item A —
X1X5... X, is contained in the state of this node.

Thus, all the conditions for the reduction are satisfied, and the algorithm
eventually creates the desired arc labelled A from the node v = (¢, ) in layer
i to another node v' = (¢, j) in layer j.

O

5.4 Implementation and complexity

The Generalized LR parsing algorithm for grammars with contexts operates
on an input string w = ay...a,, with n > 0 and a; € X. At the beginning
of the computation, the graph-structured stack contains a single initial node
vo = (qo, 0), which forms the top layer of the graph. The algorithm alternates
between reduction phases and shift phases. It begins with a reduction phase
in layer 0, using the first £ symbols of the input as a lookahead string.

For each input symbol a;, the algorithm first performs a shift phase for a;.
If after that the top layer is empty, the input string is rejected. Otherwise,
the algorithm proceeds with a reduction phase using the next k input symbols
Git1-..ai+k as a lookahead. In a reduction phase, the algorithm performs
context validations and reductions while any further arcs can be added.

All the nodes that cannot be reached from the initial node are removed.
Finally, when all the input symbols are consumed, the algorithm checks
whether there is an arc labelled with S from the initial node vy to a node
v = (6(qo,S),n) in the top layer. If such an arc exists, the input string is
accepted; otherwise it is rejected.

Input: a string w = ay ...ay,, with a1, ..., a, € 2.
Let a node vy labelled with qo9 form the top layer of the
graph.
do REDUCTION PHASE using lookahead u = Firsty (w)
fori=1ton do
do SHIFT PHASE using a;
if the top layer is empty then
Reject
do REDUCTION PHASE using lookahead u = Flirsty (a;y1 ... ap)
remove the nodes unreachable from the source node vg
if there is an arc S from vy to d(qo,S) in the top layer then
Accept
else
Reject

137



Each node v = (g, p) in the graph shall be represented as a data structure
that holds the number of the state ¢ and a list of pointers to all predecessor
nodes, one for every node v’ connected to v.

The graph has O(n) nodes, where n is the length of the input string to
be parsed. A node in the p-th layer may have incoming arcs from any nodes
in the layers O, ..., p; hence, the size of the graph is at most quadratic in n
and the algorithm uses at most O(n?) space.

A single shift phase only considers the nodes in the current top layer,
and the number of those nodes is bounded by |@|, the number of the states
of the LR automaton. Therefore, the complexity of performing a shift phase
does not depend on the size of the graph-structured stack or the length of the
input string, which means that the shift phase has constant time complexity.

During a reduction phase, the algorithm first performs context validations
in the way described in Section 5.2. During these operations, the parser only
considers nodes in the top layer, and since their number is bounded by the
constant |@|, context validation takes constant time.

Before performing reductions, the algorithm first searches the graph-
structured stack for any nodes that satisfy the conditions of applying a re-
duction operation by a certain rule. This is done by a search procedure called
conjunct gathering, originally introduced for conjunctive grammars [52, 60]
and here applied to grammars with contexts.

Let T[] be an array of sets of nodes, indexed by completed LR items.
CONJUNCT GATHERING:
for each node v = (¢, p) of the top layer do
for each A — - € R(q,u) do
T[A — (<lﬁ1) ... (<15m)a] U :pT€d|(<51‘..(<16m)a|({v})

For a node v and a number ¢ > 0, let pred;(v) denote the set of all nodes
connected to v by a path that has exactly ¢ arcs. This set can be computed
iteratively on i by letting predy(v) = {v}, and then constructing consequent
sets pred;+1(v) as the sets of all such nodes v/, for which there is an arc to
some v € pred;(v). This involves processing O(n) nodes of the graph, each
of which has at most O(n) predecessors. This implementation of conjunct
gathering requires O(n?) operations to compute.

There is a way of doing conjunct gathering in linear time, using the
method of Kipps [39] for ordinary grammars. For each node v, the algorithm
shall maintain data structures for the sets pred;(v) for all applicable numbers
i. Every time a new arc from a node v to a node v’ is added to the graph,
the predecessors of v are inherited by v’ and by all successors of v'. Then,
instead of computing the set pred;(v) every time, its value can be looked up
in the memory. This enables conjunct gathering in time O(n).
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With the data on conjuncts gathered, the algorithm proceeds with per-
forming reductions.

REDUCTIONS:

for each rule A — a1 & ... & & <B1& ... &<PBm &I &...& Wy
do
if there are nodes v; = (8(qo,7v;),p) in the top layer for all j €
{1,...,m} then
for each node v = (¢,p) € iy TIA, [(<151) - .. (<ABm) || do
if v is not connected to the top layer by A then
transition from v to © = (6(q, A),p) by A

Each individual reduction operation is concerned with a rule of the form
A= a1 &.. . &auy&<bi&... &<Bn& L& ... & Y, in R. First, the
algorithm considers extended left context operators <7; of this rule and
checks whether for an operator <v; there is a node with a state 6(qo,7;)
in the top layer of the graph-structured stack. If this is true for all j €
{1,...,m'}, the algorithm proceeds with checking the nodes corresponding
to the gathered conjuncts. If all the conditions for a reduction are met, then
the parser performs a reduction operation.

All in all, if conjunct gathering is implemented in the simple way, then the
complexity of the reduction phase is cubic, which means that the complexity
of the whole algorithm is bounded by O(n?). If Kipps’ method is used, then
conjunct gathering only takes linear time, the reduction phase is done in
time O(n?), and the complexity of the whole algorithm is cubic. A downside
of Kipps’ approach is that the new data structures take time to update, and
the addition of every arc can no longer be done in constant time. But, as
there will be at most C - n? arc additions, the time spent maintaining the
stored values of pred;(v) sums up to O(n?) for the entire algorithm.

Thus, the deterministic bottom-up parsing algorithm has been extended
for the case of grammars with one-sided contexts, and this algorithm becomes
the first sign of possible practical implementation of these grammars.
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Chapter 6

Recursive descent parsing

Recursive descent parsing is probably the most well-known and intuitive
technique applicable to a subclass of context-free grammars. A subroutine for
each nonterminal should determine a rule according to which the substring
shall be parsed. If such a rule can be determined using the k next symbols
of the input, then this is a standard LL(k) parser |2, 19, 41, 43, 46, 84, 94].

If several suitable alternatives exist, the issue of choosing one of them
arises. Some software implementations of recursive descent parser genera-
tors, such as ANTLR by Parr and Fisher |72, 71], allow using ad hoc methods
to make the parsing deterministic when it is inherently not. For instance,
a unique rule according to which the string shall be parsed, may be chosen
by scanning right context of a string without consuming the input. Another
example of a model with deterministic choice of rule is LL-regular gram-
mars 29|, where the form of a right context can be specified by a regular
language.

Unlike deterministic predictive parsing, limited backtracking parsing uses
prioritized choice of alternatives going over the set of suitable rules. The pars-
ing is successful when a string is parsed according to at least one of them.
Birman and Ullman introduced the recognition schemata [7] of top-down
parsing languages (“T'S/TDPL”) and generalized top-down parsing languages
(“gTS/GTDPL”), which are capable of specifying recognizers for determinis-
tic context-free languages with restricted backtracking. One of the software
implementations of this approach is parsing expression grammars |18, which
additionally has a means to express Boolean operations over the right con-
texts of a string. The effective recognition power of these grammars has been
proved [18] equivalent to the one of the mentioned schemata.

In this chapter, the recursive descent parsing is extended to handle the
case of grammars with right contexts, additionally allowing a limited back-
tracking. The conjunction operation is implemented by scanning a single
substring multiple times, as in the case of conjunctive grammars [61]|. Possi-
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ble rules are tested one by one in a given order; the applicability of the rule
is determined by checking the context specifications. Thus, right contexts
are used to choose the alternatives suitable during the parsing.

Applicability of the new algorithm is restricted to a subset of grammars
with contexts which satisfy the prefix property and the property of k-quasi-
separability [82, 94]. This allows one to prove the correctness of the algorithm
with limited backtracking even in such undesirable situations as the one
occurring in the grammar [41| with the rules S — Ac and A — a | ab. Given
such a grammar and an input string abc, the parser would fail when scanning
symbol b, since after having consumed the prefix a and returned according
to the first alternative for A, it would expect the symbol c.

A direct implementation of the parsing algorithm developed here may
use exponential time on some extreme grammars. However, using the mem-
oization technique guarantees linear time complexity of the parser.

6.1 Non-left-recursive grammars

The recursive descent parsing method for standard context-free grammars, as
well as its generalizations for conjunctive and Boolean grammars [61], require
the grammar to be free of left recursion, which means that no nonterminal
A can derive A€ for any £ € (X U N)T. The reason for that is that a parser
can enter an infinite loop otherwise.

The notion of left recursion can be extended to grammars with right
contexts similarly to the case of conjunctive grammars [61], using the relation
of context-free reachability in one step, which is an adaption of context-free
derivation [2] to specify dependence of nonterminals in a grammar.

Definition 6.1 ([61]). Let G = (£, N, R,S) be a grammar with right con-
texts. Define the relation of context-free reachability in one step, ~~, a bi-
nary relation on the set of strings with a marked substring { a[B]y | o, B,y €

(XUN)*} as: a[fAY|p ~ aBolnyp, for all o, B,v,p1,&,0,m € (BUN)*,
A € N, and for all base conjuncts Eon in the rules for the nonterminal A.

Using this relation, the notion of a non-left-recursive grammar with right
contexts can be now given.

Definition 6.2. Let G = (X, N, R,S) be a grammar with right contexts.
Then it is said to be non-left-recursive if and only if for all A € N and
a,B € (XU N)*, such that e[Ale ~1 a[A]B, it holds that (e)y ¢ Lg(«), for
all y € 3.
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6.2 Outline of the algorithm

The recursive descent parser enables to perform the analysis of an input
string, using the collection of recursive subroutines constructed from the
form of the rules of the grammar. For each symbol of the grammar, the
recursive descent parser contains a subroutine, which, having access to the
input string and the current position of the parser, tries to recognize this
symbol and advance the current position, until the whole input string is
consumed.

In the case of LL(k) context-free grammars [43, 46, 48, 78|, for which
recursive descent parsing is possible, the code of each procedure a(), with
a € 3, checks whether the next symbol in the input string is a, and, if so,
advances the current position of the parser. Otherwise, an error is reported.

Listing 6.1. Code for a terminal symbol a € >:

a() {
if w, = a then
pi=p+1
else

report error;

Every nonterminal symbol A € N, in its turn, has a corresponding recur-
sive subroutine, which tries to parse the substring according to some rule for
A. The rule is chosen from the look-up table using some local information,
that is, the next k symbols of the string. Once a rule A — X;...X,, is
chosen, the code Xi();...; X, () parses the following substring according to
this rule, that is, by invoking the corresponding procedures for every symbol
X, 1€ {1,...,7’L}.

Listing 6.2. For every nonterminal A € N, the code is as follows:

A0 A

select a rule r using k look-ahead symbols

caser=A—->a1&... & & &.. & &>V & ... & >Vn

//code for the conjunct oy

//code for the conjunct oy

//code for the conjunct (31
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//code for the conjunct [y,
//code for the conjunct ~;

//code for the conjunct v,

case A — ...

else

report error;
}

In the extension of recursive descent
parsing to conjunctive grammars [61], the o—©
conjunction operation is implemented by pOS, . DOS,
scanning a single substring multiple times. X
If the parser chooses a rule, say, A — SCAN 20
B & C, then it first stores its current (ini- e 0
tial) position in a local variable, and then pos, ?
invokes the procedure B(). So far, the substring is parsed according to the
first conjunct. Then the parser again stores its (final) position in another
local variable, thus remembering the position it gained after the first parse of
the substring. Next, the current position of the parser is rewound back to the
stored initial position and parsing of the substring according to the second
conjunct is performed by invoking the procedure C(). Once it returns, the
parser checks whether its current position is identical to what it had after
the first parse of the string. If the two positions are identical, the procedure
A() returns; if not, an error is reported.

Listing 6.3. Code for the first base conjunct o = X;... Xy, with X; €
YUN:

start :=p;
X1();

X0();
end :=p;

Listing 6.4. Code for every consequent base conjunct of a rule:
p =start;
X1();
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X0();

if p # end then report error;

The generalization of the recursive descent parser method to the case of
grammars with right contexts, additionally to implementing the conjunction
operation, shall check that proper and extended right contexts are satisfied.

If the parser chooses a rule, say, A — B & C & >F & =H, then initially
it behaves exactly the same as the parser for conjunctive grammars. After
the two successful parses of the substring (according to B and C), the parser
stores its current position in a local variable and invokes the procedure F'().
If the position after the procedure F' returns is identical to the length of the
string, the context > F' is deemed satisfied and the parser continues with the
context = H. If not, an error is reported.

Listing 6.5. Code for a conjunct >y = X1 ... Xy, with X; € XU N:

p :=end;
X1();

X0();

if p # |w| then report error;

When checking the context > H, the parser rewinds its position to the
beginning of the substring and invokes the procedure H(). Similarly to the
case of the context of the form >F, either an error is reported or the parser
continues its work.

Listing 6.6. Code for a conjunct =3, with = X;... Xy, X; € X UN:

p =start;
X10);

Xo();
if p # |w| then report error;

Since no other contexts are left to check, the parser reports a successful
parsing of the substring. In the general case, after the last conjunct of a rule
has been successfully satisfied, the procedure for the nonterminal A returns.

The procedure S() is called in the main procedure of the parser.

Listing 6.7. The main procedure of a recursive descent parser:
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integer p :=1;

50;

if p # |w| then REJECT
ACCEPT

This is an extension of the recursive descent parsing technique (in the
form as developed for conjunctive grammars [61]) for the grammars with
right contexts. In the version of the algorithm presented in this section,
operators, referring to the right contexts of strings, are not taken into account
when a choice of rule is made. In what follows, the algorithm is further
extended to handle the case of grammars with ordered rules and ordered
conjuncts within rules. This shall allow one to verify first the extended
context operators, which represent a form of a lookahead. If some >-conjunct
of a rule is not satisfied, then the whole rule is considered mismatching, the
actual parsing of the substring shall not be done, and another rule shall be
tried.

6.3 Constructing a parsing table

The computation of a recursive descent parser is guided by a parsing table,
which, for every A € N and w € ¥*, determines the rules to apply when A
is to produce a string starting with w.

The algorithm for constructing a parsing table uses sets FIRSTy (A) and
ForLowy, (A4), similarly to the LR parsing algorithm, as described in Sec-
tion 5.2. For a nonterminal symbol A € N, the set FIRSTy (A) represents
all k-symbol prefixes of the strings defined by A, and the set FOLLOW} (A)
gives all potential continuations of strings generated by this nonterminal.

Since the set FIRSTy (A) cannot be effectively computed, the algorithm
shall use its superset PFIRSTy (A) constructed by Algorithm 6.1. This algo-
rithm is a version of Algorithm 5.1 adapted for grammars with right contexts.

The correctness of the algorithm is claimed in the following lemma.

Lemma 6.1. Let G = (X, N, R, S) be a grammar with right contexts. Then,
for any symbol X € ¥ U N, FIrsT (X) C PFIRST) (X).

In the case of grammars with right contexts, the definition of the set
FoLLowy (A4) is not symmetric with Definition 5.2 for grammars with left
contexts.

Definition 6.3. Let G = (X, N, R,S) be a grammar with right contexts.
A string v € X* is said to follow a nonterminal symbol A € N, if there
exist strings x,u € ¥*, such that zuv € L(G) and there is a deduction of
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Algorithm 6.1. Let G = (X, N, R, S) be a non-left-recursive grammar with
right contexts. Let & > 0. For a = X7...X,, with X; € ¥ U N, define
PFIRST), () = Flirsty, (PFIRSTE (X1) - ... - PFIRST, (X5)).

For all symbols X € 3 U N, compute the set PFIRST; (X) as fol-
lows.

let PFIRSTE (a) = {a}, for all a € &
let PFIRST, (A) = @, forall Ae N
for all nonterminals A € N do
while new strings can be added to PFIRST (4) do
for all A — an&...&oy & Bh&...&C0n &
>y & ... &>y € Rdo
PFIRST}, (A) = PFIRST; (A) U (N, PFIRST}, ()

the proposition S((muv)a), that essentially uses an intermediate proposition

A({u)v). Define
FoLLowy, (A) = First, ({v | v follows A}).

Again, the algorithm for constructing a parsing table shall use a suit-
able superset PFOLLOWy, (A) of this set, and this superset is computed by
Algorithm 6.2 (cf. Algorithm 5.2).

The algorithm is stated correct as follows.

Lemma 6.2. Let G = (X,N,R,S) be a non-left-recursive grammar with
right contexts and let k > 0. Then for all symbols A € N and for all strings
v e X, ifv follows A, then Firsty (v) € PFoLLOWy, (A).

Now the definition of the look-up table can be given.

Definition 6.4. Let G = (X, N, R, S) be a non-left-recursive grammar with
right contexts. Let k > 0. A look-up table for G is a function Ty, : N x
Nk 28 such that for every rule r € R for some nonterminal A € N
and w,v € ¥*, for which (w)v is in the language defined by the rule r and v
follows A, it holds that r € Ti[A, FIRST), (wv)].

Note, that the definition allows k to be zero. In that case, the function
T}, maps the set of nonterminals to the powerset of the rules: Tj, : N — 2%,
This means, that whenever more than one rule is given for some nonterminal,
all of them should be tried (until the first of them, matching the substring,
is found) without using any lookahead symbols.

Note, that using supersets of the sets FIRSTy (A) and FOLLOW}, (A) may
lead to fictional entries in the table, which, however, do not prevent the
algorithm from being correct [61].

The following lemma claims correctness of Algorithm 6.3.
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Algorithm 6.2. Let G = (X, N, R, S) be a non-left-recursive grammar with
right contexts. Let k& > 0. For a nonterminal symbol A € N, compute the
set PFOLLOWYy, (A) as explained below.
Define the set X of all such nonterminal symbols A € N, that appear
as the last symbol in conjuncts of the form =5 or >vy: X = {A €
N | B - ai&...&q&fi&.. . &6, &P & ... &>Vvm € R, €
(XUN)*Aor v € (XUN)*A, for some applicable i }.
In an analogous way, for a rule € R, define the set )(r), containing nonter-
minals A € N, that are the last symbols of base conjuncts in this rule: Y(r) =
{AeN|r=B—-a&. . . .&u&hi&.. &0, &> &...&>Ym €
R, € (XUN)*A, for some 1 < i</}
let PFoLLOW (S) = {e}
let PFoLLOWy (A) = {e}, forall A e X
let PFoLLOwy (A) = @, forall Ae N\ ({S}UX)
while new strings can be added to PFoLLowy (A) do
for all rules r = B — a1 &...&ar & BH1&... &6 &
>y & ... & >vm € R do
if Ae Y(r) then
PFoLLowy (A) = PFoLLowy, (A) U (%, PFIRST) (7;)
for all conjuncts o; do
for all factorizations o; = pAv, with p,v € (XU N)* do
PFoLLowy (A) = PFoLLowy (A) U
First, (PFIRST (v) - PFOLLOWY (B))
for all conjuncts =5; do
for all factorizations ; = pAv, with p,v € (XU N)* do
PForLLowy (A) = PFoLLowy (A) U PFIRST (V)
for all conjuncts >+; do
for all factorizations ; = pAv, with p,v € (XU N)* do
PFoLLowy (A) = PFoLLowy (A) U PFIRST (V)

Algorithm 6.3. Let G = (X, N, R, S) be a non-left-recursive grammar with
right contexts. Let k > 0. The elements of the LL(k) look-up table are
computed as follows.
Ty[A,z] = @, for all A € N and z € B<F
forallrules A > a1 & ... & & 01 & ... &EBp &1 & ... & >Vm € R
do
for all =z € (ﬂle PFIRST (o) - PFOLLOWY, (A)) N
Ni—; PFIRSTY (8;) do
TilA, z] = T [A, x] U {r}
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Lemma 6.3. Let G = (X,N, R, S) be a grammar with right contexts. Let
A e N, z e XF and r € R be some rule, which should be put in the
cell Ty[A, x] according to Definition 6.4. Then r is put in T[A, z] by Algo-
rithm 6.3.

Let us consider an example of a grammar..
Example 6.1. Consider a language {a"cb” | n > 0} U {a"db*™ | n > 0},
which is not an LL(k) language for any & [2, Ex. 5.1.20].

This language can be generated by the following grammar with right
contexts.

>AcX & C | 2AdX & D
aCb | ¢
aDbb | d
aA e
aX | bX | cX |dX | €

e 0 QA wm
L 4L 4 14

Nonterminals C and D generate languages a"cb” (with n > 0) and a"db*"
(with n > 0) in any right context, respectively. Both rules for S use a right
context specification of the form a*xX* with x = c or z = d.

The following parsing table can be constructed for this grammar.

€ a b c d
s| o gs:;zc;(gl% o | S5 BAXLC | S sAdX&D
A| A—e A — aA o) A—e¢ A—e
X | X—e¢ X —aX X —bX X —cX X —dX
C %] C — aChb o) C—ec %)
D o] D — aDbb o] 2] D —d

The table is nondeterministic, as the cell (S, a) contains two rules. Thus,
both of the rules shall be tried in the given order by the parsing algorithm
with limited backtrack, as described in the next section.

6.4 Parsing algorithm with limited backtrack

When the parser can not deterministically choose the rule to apply, it shall
use the backtracking technique, which is fairly standard in recursive descent
parsing |7, 18, 41, 76].

The following example is meant to demonstrate how extended right con-
texts can be used in disambiguating the syntax of programming languages.

Example 6.2. Consider the following fragment of an ordinary context-free
grammar for the language of assignment statements and function calls.
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S — Assignment | FunctionCall

@,

Assignment — ident “=" Expression “;

FunctionCall — ident “(” ParameterList “)”

Since both alternatives for the nonterminal S start with the same termi-
nal symbol, the grammar is not LL(1) context-free. This can be obviously
got around by factorizing the rules as follows.

S — ident RightPart
RightPart —

@,

“=” Expression “;” |

“( ParameterList “)”

Now both rules for the nonterminal RightPart start with different sym-
bols; however, such a factorization may not be possible, if different semantic
actions are associated with the terminal ident in the rules for Assigment
and FunctionCall in the first grammar.

Using right contexts, one can, before making the actual parsing, look-
up the entire suffix of the input string, and make a decision about a rule
to apply. This idea can be implemented by changing the rule for S as fol-
lows (nonterminal anything defines all strings in all right contexts, that is,
L(anything) = { (w)v | w,v € ¥* }).

S —

W

ident anything & Assignment |

>
> ident “(” anything & FunctionCall

Here the extended right contexts (> ident “=" anything and > ident
“(” anything) are used to decide, based on whether the symbol after the
identifier is an assigment symbol or an open bracket, how the substring shall
be parsed. Note, that modifying the original rule for S as

S —

1))

Assignment & > anything |

FunctionCall & > “ (" anything

is of no sense, because in both alternatives the substring is parsed according
to the base conjuncts first and only then the right contexts are verified. More-
over, placing proper right contexts (> “=" anything and > “ (" anything)
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before the base conjuncts (Assignment and FunctionCall, respectively)
should not be allowed, since the right context of a substring can only be
specified after the substring itself has been specified.

This is formalized in the following definition.

Definition 6.5. A grammar with ordered rules is a quadruple G =
(X,N,R,S), where

e X N, and S are the same as in Definition 2.1;

e R is a finite set of linearly ordered rules, each of the form

A— Qlal&...&Qnan, (61)
with A€ N,n>1, 0 € (BUN)*, Q; € {&,0,>}.

A term Q;q; is called a conjunct, and, as in Definition 2.1, a conjunct
Q;q; is called base, if Q; = O, extended right context, if QQ; = ==, and proper
right context, if Q; = 1.

Every rule should have at least one base conjunct, that is, {i €
{1,...,n} | Q; = O} # @. This restriction means that a substring itself
should be always defined explicitly.

Moreover, every proper right context should be preceded by at least one
base conjunct, that is, @; = > implies that ); = O for some j < 7. This
reflects the fact that a right context of a string can only be specified after
the string itself has been specified. The same restriction is not needed for
extended right contexts, since they describe the form of both the string and
its right context.

In a parser with limited backtracking, if several rules ri, ..., r, for a
nonterminal symbol A are suitable, the parser first tries to parse the sub-
string according to the first rule, 71, having stored its (initial) position in
a local variable beforehand. If no error has been reported, the substring is
recognized according to the rule r1, and the parser moves on to the next sym-
bol to parse. Otherwise, the parser shall rewind its current position to the
stored one, and try the next rule, 3. The parser continues working in such a
manner until either after some rule 7; no error is reported (then the substring
is recognized according to this rule), or all possible rules for nonterminal A
are exhausted. In the latter case, an error is reported. Such behaviour of
the parser can be implemented with the mechanism of structured exception
handling [21].

A recursive descent parser with backtracking, that uses k look-ahead
symbols, is defined below for grammars with right contexts. It shall use two
global variables accessible to all subroutines: the input string w and the
current position p of the parser within that string (a positive integer).
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Listing 6.8. Code for a nonterminal symbol A € N:

A0 A

boolean failed :=false;

try {
//code for the first rule in Ti[A, wpwpi1 . . . Wy

}

catch {
try {
p :=pos;

//code for the next rule in Ti[A, wpwpi1 ... wy]

}

catch {

try {
P =pos;
//code for the last rule
//in Tip[A, wpwpy1 . . . wy)

}

catch {

failed :=true;

}

if failed then raise;

}

In the recursive descent parser with backtracking, the code fragments for
conjuncts in a rule are the same as in Listings 6.3-6.5. The only difference
is that the code for the very first conjunct in the rule has to initialize the
local variable start with the value p (start :=p).

Listing 6.9. The main procedure of a recursive descent parser:
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try {
integer p :=1;

S0;
if p # |w| then raise

}

catch {
REJECT

}
ACCEPT

6.5 Grammars allowing parsing with backtrack

Backtracking in a recursive descent parser has to impose some restrictions
on how the rules for the same nonterminal are ordered in a grammar.

Example 6.3. Consider a grammar with the rules S — a and S — ab, to
demonstrate that the order in which the rules appear in a grammar is dra-
matically important for a recursive descent parser with partial backtrack.
Given the input string ab, the parser consumes the symbol a and the proce-
dure S returns according to the rule S — a. Thus, the string ab can never
be recognized in such a grammar.

However, ordering the rules as S — ab | a solves this issue: given the
string ab, the parser first consumes a, then b and returns by the rule S — ab.
Given the string a, the parser first consumes a and then expects symbol b.
But this is not the case and the next alternative for S has to be tried by the
parser: it consumes a and returns according to the second rule S — a.

The following notion formalizes the intuition of how the rules should be
ordered in a grammar.

Definition 6.6. Let G = (X, N, R, S) be a grammar with ordered rules, let
uvy be the input string, and let A be a nonterminal symbol such that A — o1,
.oy A — @y are all the rules (in order) for A. Then A is said to have prefix

property, if (uwv)y € Lg(p;) tmplies (w)yvy ¢ La(yi), fori < j.

Note, that this definition can be considered as an extension of the prefix
property, formulated by Wood [94], to the case of grammars with ordered
rules.

Example 6.4. Consider the grammar G with the following rules.
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S—ab|a

For nonterminal S, ¢1 = ab and p2 = a. Then, (uv)y € Lg(p2) implies
uv = a and y € ¥* and hence two possible factorizations of uv exist:

o u=a,v=c¢,y € X then (u)vy = (a)y ¢ La(p1), as desired;

e u=c¢,v=a,y € X* that is, (u)vy = (¢)ay, which does not belong to
L (1) either.

Thus, nonterminal S has the prefix property.
Consider now the grammar G, where the rules for S are reordered, that
is, 1 = a and @2 = ab.

S —alab

Let (uv)y € Lg(gp2), with y € ¥*, that is, uv = ab and the following
cases are possible:

e u=uab, v=c¢,yecX*and (u)vy = (ab)y ¢ Lc(p1), as required;

e u=c¢,v=ab, y € X* gives (u)vy = (¢)aby, which is not in Lg(¢1) as
well;

e u=ua,v=>b y€ X" means that (u)vy = (a)by, and (a)by € Lg(¢1),
which violates the condition.

Thus, another ordering of rules for S deprives the grammar of the prefix
property and the grammar cannot be treated by the recursive descent parsing
with backtracking.

Example 6.5. The following grammar G with ordered rules defines the
nondeterministic context-free language { a"cb™ |n >0} U{a"ch®" | n > 0}.

S —- C|D
C — aCb|c
D — aDbb|c

Consider the rules for nonterminal S, and consider the string (uv)y =
(a™cb"b™)y € Lg(D), that is, with y € ¥*. Letting u = a™cb™ and v = b"
gives that (uyvy = (a"cb™)b"y is in Lg(C'), which violates the prefix property.
A grammar, where the the rules for S are reordered as S — D | C, does not
have the prefix property either. Indeed, let (uv)y = (a"cb™)y € L (C), with
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y € X*, and consider the case when n =0, u = ¢, v = ¢, y = €. Then the
string (¢)c is in Lg (D), which is not allowed by Definiton 6.6.

The following grammar is very similar to the grammar from Example 6.4,
but it turns out that any order of rules preserves the prefix property.

Example 6.6. Consider the following grammar with contexts G:
S — ab | a&>e,

and the following grammar Gs, where the rules are ordered in a different
way.

S —>a&>e|ab

Both grammars define the language {a, ab}.
In the first case, 1 = ab and ¢y = a & >e. Consider (uv)y € Lg, (¢2),
that is, (uv)y = (a)e.

o u=a,v=c¢,y=c¢, then (u)vy = (a)e ¢ Lg,(¢1), as desired,;

e u=¢,v=a,y=c¢, that is, (u)vy = (¢)a, which is not in Lg, (¢1), as
required.

In the second case, 1 = a & > and ¢y = ab. Considering (uv)y = (ab)y,
y € ¥, gives the following three possibilities:

e u=a,v=">byeX* and (a)by ¢ Lg,(¥1);
o u=c¢c,v=ab,y € ¥* and (e)aby ¢ La,(¢1);
e u=ab,v=c¢,y € ¥ and (ab)y ¢ Lg,(v1), as desired.

The following example demonstrates that the prefix property alone is
not sufficient for a grammar to be tractable by the recursive descent method
with limited backtrack.

Example 6.7. Consider the grammar with the following rules.

A — aB
B — b

B — ¢

S — Abb

In this grammar, only nonterminal B has alternative rules and in fact,
this nonterminal has the prefix property. Let the input string be abb. The
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parser starts with a call to procedure S, which, in its turn, invokes A and
then b twice. The procedure A consumes symbol a and invokes B, which
consumes b by the rule B — b. Thus far, the prefix ab has been consumed by
the rule A — aB. At this point the parser, according to the rule S — Abb,
expects two symbols b, and successfully consumes the first of them. Now the
unread part of the input is €, whereas the parser still expects the last b to
appear.

Thus, alongside with the prefix property, one more restriction has to
be imposed on a grammar with ordered rules. Such a condition, called
separability of a nonterminal, shall represent an intuitive idea of a “border”
between two strings. Before a formal definition can be given, a technical
notion has to be introduced.

Definition 6.7. Let L, K C X* x ¥* be two languages of pairs. Then
the proper left quotient of L by K, denoted as K~ 'L, is the set { (w)v |
(x)wv € K, (zw)v € L}. For k > 0, the pair (L, K) is said to be k-quasi-
separable [94], if FIRSTy, (L™'L) NFIRST), (K) = @.

Example 6.8. Consider the following grammar generating the language
{a™b"™ | m = n,n >0}, which is not LL(k) context-free for any k > 0.

S — AB
A — aAle
B — aBb|e

The language generated by nonterminal A is ¢* (in any right context),
while nonterminal B generates the language a™b™, with n > 0 (in any right
context).

The languages { (a™)y | n > 1, y € ¥*} and {(a)a® 1" | n > 1} are
not separable.

Example 6.9. Consider the following grammar with right contexts.

X&C
A& >ab
aA e

aX | bX | €

<o QW
L1 1L 11

Clearly, A defines a* in any right context. The context specification in
the rule for nonterminal C' assumes that a* should be followed by the string
ab. As in the previous example, the languages { (¢")y |n > 1, y € £¥* } and
{(ab)e} are not separable.
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Now the definition of a grammar allowing recursive descent parsing with
limited backtracking can be given.

Definition 6.8. Let G = (X, N, R, S) be a grammar with ordered rules and
let k > 0. Then G allows limited backtracking, if

(1) every nonterminal A € N has the prefix property;

(1I) for any A, B € XU N such that B follows A, the pair (Lg(A), La(B))
18 k-quasi-separable.

Note, that in general, checking whether an arbitrary grammar with con-
texts satisfies Definition 6.8 is undecidable. This is caused by the unde-
cidability of the separability property, which, in its turn, follows from the
undecidability of emptiness of intersection [2].

6.6 Proof of correctness

The correctness of the recursive descent parsing algorithm with limited back-
tracking for grammars with right contexts is stated in the following lemmata.
It has to be shown that the algorithm always terminates and that it accepts
a string w € ¥* if and only if this string is defined by the grammar.

Lemma 6.4. Let G = (X, N, R, S) be a grammar with right contexts. Let
k>0 LetT : N x X — 28 be an arbitrary function, with the sole
assumption that T'(A,w) always gives a (possible empty) set of rules for A.
Let the set of procedures be constructed with respect to G and T. Then:

1. for every A € YUN and w,v € ¥*, if A() invoked on the input wv
returns, consuming w, then (w)v € Lg(A);

2. for every A,B € N and w,v € ¥*, if A() is invoked on wv, and the
resulting computation eventually leads to a call to B() on the input v,
then e[Ale ~T £[B]n, where (w)v € Lg(§).

Proof. The first part of the lemma is proved inductively on the height of the
tree of recursive calls made by the procedure A() on the input wv. Since A()
terminates by the assumption, this tree is finite and its height is well-defined.

Basis. Let the call of the procedure s() make no recursive calls and
return.

If s =a € ¥ and a() returns on wv, consuming w, then w = a and
obviously (a)v € Lg(a).

If s=A e N and A() returns without making any recursive calls, then
at least one of the rules which could be chosen upon entering A(), has to
contain a conjunct e. Then w = ¢ and (e)v € Lg(A).
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Induction step. Let A() return on the input wwv, consuming w, and let
the height of the tree of recursive calls made by the procedure A() be h. At
the beginning of the computation, the procedure A() looks up the cell of the
parsing table Tj[A, FIRSTy (wv)], to find the set of rules of the form

A— Qlal&---&Qnan; (62)

with n > 1, a; € (¥ U N)*. Then for every rule in the set, whenever the
control is passed to it, the code fragments for all its conjuncts are executed.

e Consider a conjunct «j;, with a; = s1...s5,. Then the code
$1(0); ... se() is executed on wv, and it returns, consuming w. Consider
a factorization w = wy ...wy defined by the positions of the pointer
within the input after each procedure s;() returns and before the next
procedure, s;+1(), is called. Each s;() returns on w;w;1 ... wev, con-
suming w;, and the height of recursive calls made by s;() does not
exceed h — 1. By the induction hypothesis, the string (w;)w;t1 ... wpv
is in L (s;). Concatenating such strings for all 4, one obtains that

(w)yv = (w1)wa ... wev-. . .-(we)v € Lg(s1)-...-La(se) = La(ej). (6.3)

e Consider a conjunct >o;, with o; = si...s,. Then the code
$10);...;8e() is executed on wv, and it returns, consuming wv. Con-
sider a factorization wv = x1...zp defined by the positions of the
pointer within the input after each procedure s;() returns and before
the next procedure, s;1+1(), is called. Each s;() returns on z;z;41 ... xy,
consuming x;, and the height of recursive calls made by s;() does not
exceed h — 1. By the induction hypothesis, (z;)zit1...2¢ € Lg(si).
Again, concatenating the latter expression for all ¢ gives that

(wv)&? = <.751>(E2 e X <$g>€ S Lg(81)~. . .‘Lg(SZ) = Lg(aj). (64)

e Consider a conjunct >oj, with o; = s1...s,. Then the code
$1(); .. .5 8¢() is executed on v, and it returns, consuming v. Consider a
factorization v = vy ... v, defined by the positions of the pointer within
the input after each procedure s;() returns and before the next proce-
dure, s;11(), is called. Each s;() returns on v;v;y1 ... vy, consuming v;,
and the height of recursive calls made by s;() does not exceed h — 1.
By the induction hypothesis, (v;)vit1...v, € Lg(s;). Concatenating
the latter for all 7, the following is obtained:

<’U>€ = <'U1>1)2 LV <’U@>8 S Lg(sl) e Lg(Sg) = L(;<Ozj>. (6.5)

Combining (6.3)—(6.5) together for all j, the desired item kg A({w)v)
can be deduced, thus proving the induction step.
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Turning to the second part of the lemma, if the procedure A() starts on
the input wv, and the procedure B() is called on v at some point of the
computation, then consider the partial tree of recursive calls made up to this
point. The proof is by induction on h, the length of the path from the root
to this last instance of B().

Basis. Let h = 0. If A() coincides with B(), that is, B() is called on the
same string wv = v, then w = ¢, e[A]e ~* ¢[A]e and (e)v € Lg(e).

Induction step. The procedure A(), called on the string wv, begins with
determining a set of rules of the form (6.2) using T;[A, FIRST) (wv)], and
then proceeds with calling the subroutines corresponding to the symbols in
the right-hand side of such rules. Some of these calls terminate, while the
last one recorded in the partial computation history leads down to B(). Let
&Cn be a conjunct in which this happens, and C/() be this call leading down.
Consider a factorization w = zy (with z = x; ... xy), such that C() is called
on the string yv.

Let £ = s1...5p. The call to C() is preceded by the calls to s1(); .. . ; se(),
where each s;() is called on z;...xpyv and returns, consuming z;. By the
first part of the present lemma, this implies that (x;)z;11 ... xpyv € La(s;),
and hence (z)yv € Lg(§).

Since a conjunct of the form {Cn always exists, e[A]e ~» £[C]n. For
the partial computation of C() on yv (up to call of the procedure B()), the
distance between C() and B() is h — 1, which allows applying the induction
hypothesis and obtain that [Cle ~* vy[B]d, with (y)v € La(y).

According to Definition 6.1, e[A]e ~T &v[B]on.

Moreover, &((z)yv) - v((zy)v) = &y((zy)v) = &y ((w)v), that is, (w)v €
La(§)- O

Lemma 6.5. Let G = (X,N,R,S) be a non-left-recursive grammar with
right contexts allowing limited backtracking. Let k > 0. Let T : N x ©5F —
28 be an arbitrary function, with the sole assumption that T(A,w) does al-
ways give a (possibly empty) set of rules for A. Let the set of procedures be
constructed with respect to G and T. Then, for every s € XUN and w € X7,
the procedure s() terminates on the input w, either by consuming a prefix of
w and returning, or by raising an exception.

Proof. Suppose there exists s € ¥ U N and w € ¥*, such that s() does not
halt on the input w. Consider the tree of recursive calls (which is infinite in
that case), the nodes of which are labeled with pairs (¢,u), where t € XU N
and u is some suffix of w.

Since the right-hand side of every rule is finite, every procedure makes
finitely many recursive calls, and the tree has finite branching. Hence, by
Konig’s lemma, this tree should contain an infinite path

(Al,ul),(Ag,Ug),...,(Ai,ui),..., (66)
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where (A1,u1) = (s,w), A; € N and each procedure A;() is invoked on u;
and, after calling some procedures that terminate, eventually calls A; 1 on
the string w; 41, which is a suffix of u;. This means that |uj| > |ug| > ... >
lui| > ...

Since w is of finite length, it has finitely many different suffixes, and
the decreasing second component in the path (6.6) should converge to some
shortest reached suffix of the input w. Let u be such a suffix, and consider
any node (A4, u) that appears multiple times in the path (6.6). Consider any
two instances of (A, w); then, by Lemma 6.4, c[A]e ~* {[A]n, with € € L(§).
This contradicts the assumption that G is a non-left-recursive grammar. [

Lemma 6.6. Let G = (3, N, R, S) be a grammar with right contexts allowing
limited backtracking. Let k > 0. Let T : N x ©5F — 2F be a parsing table for
G, and let the set of procedures be constructed with respect to G and T. Let
w,v € X* and s1, ..., s € LUN (with £ > 0), and assume that there exists
0 € X*, such that O follows sy ...s; and FIRSTy (0) = FIRST, (v). Then
the code s1();...;s0() returns on the input wv, consuming w, if and only if
<’LU>U S L(;(Sl e 8@).

Proof. According to Lemma 6.5, the code s1();...s¢() always terminates,
either by returning or by raising an exception. Consider the tree of recursive
calls of the code s1();...s¢() executed on the input wwv, as in Lemma 6.5.
This tree is finite, and let h be its height.

The proof is by induction on the pair (h, ), where pairs are ordered as
(h,0) < (W, 0')ift h <h orif h="h"and ¢ < ¢'. Besides the trivial case when
h = ¢ = 0, another natural base case is h =0 and ¢ = 1.

Basis I is (0,0), that is, s1...s, = €. Obviously, Lg(e) = { (c)w | w €
¥* }, and accordingly the empty statement returns on wwv, consuming w, if
and only if w =e.

Basis IT'is (0,1), s = a € ¥. The procedure a() is constructed so that
it returns on the input wwv, consuming w, if and only if w = a. That is,
w € Lg(a) = {{a)v | v e X*}.

Induction step I'is (h —1,...) — (h,1), or (0,1) and s € N. Let
¢=1and s; = A€ N, let v follow A, with FIRST; (0) = FIRST (v), and
let h be the height of the tree of recursive calls made by the procedure A()
executed on ww.

6 If A() returns on wv, consuming w, then Ti[A, FIRST) (wv)] gives a
nonempty set of rules of the form

A%Qlal&...&Qnan. (67)

Suppose that this set contains more than one rule. Let r €
Ti[A, FIRST) (wv)] be a rule such that it is the first with respect to the
order introduced on R.

Then, for this rule, the following computations take place.
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e For every base conjunct of the form «;, with o; = s1... sy, the code
51();...58¢() is called on the string wv. It either returns, consum-
ing w, or raises an exception; in the latter case the next rule from
Ti[A, FIRST) (wv)] is chosen and treated in a similar way.

Since the computation of s1();...s/() on wv is a subcomputation of
the computation of A() on wwv, the height of the tree of recursive calls
corresponding to this subcomputation does not exceed h — 1. The
string v follows s1 ... sy, since v follows A and s; ... sy is a conjunct of
some rule for A.

Hence, by the induction hypothesis, (w)v € Lg(ay).
e For every conjunct of the form >q;, with a; = s1...sy, the code
$10);...;8¢() is called on the string wv. It returns consuming wv and

then rewinding the position of the parser to where it had been before
the processing of the substring wv.

Similarly to the previous case, by the induction hypothesis, (wv)e €
La(si...s0).

e For every conjunct of the form >q;, similarly to the previous cases,
(v)e € Lg(sy...sg). It returns consuming v and then rewinding the
position of the parser to the beginning of the substring v.

Combining the results for individual conjuncts, one can obtain that

<w>v € LG(Qlal &... & Qnan)a

where A — Qi1 & - . - & Qnavy, is exactly one of the rules (6.7).

Thus, (w)v € Lg(A).

@ If (w)v € Lg(A), then there exists a nonempty set of rules of the
form (6.7), such that

(w)v € La(Qron & - .. & Qnawn) (6.8)

for one of them, which is the least with respect to the order on R.
Since v follows A,

o <[S]e ~* E[Aln, with 6 € Lo(n);
e for each conjunct Zaq;, ela;le ~* £[A]n, with v € Lg(n);
e for each conjunct >ay, e[a;le ~* £[A]n, with v € Lg(n).

Thus, by (6.8), (wi)e € La((Qra1 & - - - & Qnan) - 1).

Then, by Definition 6.4, T;[A, FIRST; (w?)] contains the rule (6.7).

Furthermore, since FIRSTy (w0) = FIRSTy (wv), the rule (6.7) is con-
tained (among other possible rules) in Ti[A, FIRSTy (wv)].
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The computation of A() on wv starts by choosing some rule of the
form (6.7). For each such rule, consider its conjuncts in the order of the
corresponding code fragments, and prove that each of them is successfully
passed.

1. For each conjunct of the form «;, with a; = s1...s¢, by (6.8), (w)v €
Lg(sy...s0), 0 follows A and hence v follows s ... s, (since s7 ... sy is
a conjunct of the rule for A).

By the induction hypothesis, the code s1();...;s¢() returns on ww,
consuming w.

2. For each conjunct of the form >ay, with a; = s1... sy, similarly to the
previous case, (wv)e € Lg(sy ... S¢), and by the induction hypothesis,
the code s1();...;s¢() returns on wv, consuming wv and rewinding the
pointer where it has been before the processing of the substring wwv.

3. For each conjunct of the form >a«;, with o; = s1...5sy. Similarly to
the previous cases, (v)e € Lg(sy ... s¢). By the induction hypothesis,
the code s1();...;s¢() returns on v, consuming v, and rewinding the
pointer where it has been before the processing of the substring v.

Thus, all the conjuncts of the rule (6.7) are processed.

The final assignment in the code for this rule rewinds the pointer to the
location where it was put by the code for the first base conjunct.

Thus, A() returns, consuming y.

Induction step IIis (h,f—1) — (h,{). Let £ > 2,let s1...5; € (BUN)*
and let 0 follow sy ...s, where FIRSTy (0) = FIRST} (v).

© Let the code s1();...;s¢—1() return on input wv, consuming w. Con-
sider the position of the parser after sy_1() returns and before sy is to
be called: the string w can be factorized as w = xy, such that the code
51();...;8¢—1() returns on zyv, consuming x, and the code s¢() returns on
yv, consuming y.

The height of the recursive calls in these subcomputation does not exceed
that of the whole computation.

Since v follows sy, the induction hypothesis is applicable to the compu-
tation of sy() on yv, yielding (y)v € La(se).

The induction hypothesis can be applied to the former ¢ — 1 calls,
provided the string yo follows sy...sp_1: since v follows s1...sy, then
eld]e ~* &[s1 ... sg]n, where 0 € Lg(n), and 6 = S or § is a conjunct with a
context operator. Thus, e[d]e ~»* £[s1...s¢—1]s¢n. Since (y)0 € L (s¢) and
(0)e € Lg(n), it holds that (yo)e € La(sem).

Since FIRSTy (y0) = FIRST (yv), by the induction hypothesis applied to
the computation of the code s1();...; s¢() on xyv, which returns, consuming

z, (x)yv € Le(s1...50-1).
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Since (z)yv € Lg(s1...s¢—1) and (y)v € La(se), (xy)v € La(sy ... sp).
That is, (w)v € Lg(sy ... s¢).

© To prove the other direction, consider the string (w)v €
Lg(s1...80—18¢), where w can be factorized as w = xy such that (x)yv €
La(s1...s0-1) and (y)v € Lg(sy).

The computation of the code s1();...;sp—1() is a subcomputation of the
computation s1();...s¢—1();s¢(). Hence, the recursion depth for the sub-
computation does not exceed that of the whole computation.

Since (y)v € Lg(sg) and 0 follows sy ... sp_15¢, y0 follows s1...8p_1.

Thus, by the induction hypothesis applied to this subcomputation, the
code s1();...;8¢—1() returns on zyv, consuming x.

After the subcomputation s1();...sy—1() returns on zyv, the computa-
tion of s1();...s0-1();s¢() invokes sy() on yv. Hence, sy() on yv is also a
subcomputation with the height not greater than that of the whole compu-
tation.

Since v follows sy, the induction hypothesis can be applied, and (y)v €
L¢(sg) implies that the procedure s;() returns on yv, consuming y.

Therefore, the sequential composition of the two subcomputations, that
is, 51();...50-1(); s¢() returns on wv, consuming ry = w. O

6.7 Implementation

This section discusses the implementation of the recursive descent parsing
algorithm for grammars with right contexts.

6.7.1 Complexity of the algorithm

The algorithm in the form it is presented, has exponential time complexity,
which is caused by recomputing the same procedures with the same value
of the pointer in different branches of the computation. The technique of
memoization, that is, storing the results of the first computation in memory
and then looking it up for every subsequent call of the same procedure with
the same arguments, can be used to avoid such behaviour of the parser.

Listing 6.10. The redefined code for a nonterminal A € N:

A0 {
if M[A][p] €{1,...,n,n+1}
then p :=M[A][p]
else if M[A][p] = error
then report error

else {
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let start :=p;

MT[A][start] :=error;

//the code for A() as in Listing 6.2 (or 6.8)
MT[A][start] :=p;

}

The memoized recursive descent uses a two-dimensional array M [A][i],
indexed by a nonterminal in one dimension and a position of the pointer in
the other. Each element belongs to {undef,error} U{l,...,n,n+ 1} and in
the beginning, M[A][i] = undef for all A € N and i € {1,...,n+1}. The
value M[A][i] = undef means that the procedure A() has not been called
thus far with p = 4. If M[A][i] = j, this means that A() called with the
value of pointer p = ¢ returns and the value of the pointer after it is j. In
the case M[A][i] = error, the call to A() with p = i leads to a parsing error.
This allows reducing the complexity of the algorithm to linear.

6.7.2 Extended grammars with contexts

Let us define an extension of the model, where rules with regular right-hand
side parts are allowed, similarly to the case of context-free grammars 8, 23,
24|. First a notion of an expression is defined.

Definition 6.9. Let A be a finite alphabet. An expression is defined induc-
tively as follows:

e ¢ is an expression (“empty expression” );

e foralla € A, ais an expression (“symbol expression”);

e E;-...-E, is an expression (“concatenation expression”), for expres-
stons Eq, ..., Ey;

e Ei | ... | E, is an expression (“disjunction expression”), for expres-
stons Eq, ..., E,;

e Q1E1 & ... & QuE, is an expression (“conjunction expression” ), for ex-
pressions By, ..., Ey, and for operators Q1, ..., Qn € {&,0,>}, such
that there exists 1 < 1 < n, such that QQ; = O, and whenever @QQ; = >,
then Q; = O for some j < i;

o (E)* is an expression (“iteration expression”), for an expression E;

e (E)* is an expression (“positive iteration expression”), for an expres-
ston E;
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o [E] is an expression (“optional expression” ), for an expression E.
Now a definition of a new model can be given.

Definition 6.10. An extended grammar with contexts is a quadruple G =
(3,N,R,S), where

e X N and S are the same as in Definition 2.1;

e R is a finite set of extended rules, each of the form A — E, where
A€ N and E is a disjunction expression over XU N.

In fact, every extended grammar with contexts can be converted to a
grammar which does not have any regular expressions in the right-hand
sides of the rules.

Theorem 6.1. Let G = (3, N, R, S) be an extended grammar with contexts.
Then there can be effectively constructed a grammar with ordered rules G' =
(3,N' R, S), such that L(G) = L(G").

The construction is similar to the conversion of a context-free grammar
in the extended Backus—Naur form to an ordinary grammar, and is omitted
here.

The subroutines of a recursive descent parser for extended grammars are
defined as follows.

Listing 6.11. For every nonterminal A € N and for every rule A — £ the
subroutine is

where C(&) is the corresponding code for the expression €.
For every expression &, the code C(€) is defined inductively on the struc-
ture of the expression as follows.

o If £ = ¢ is an empty expression, then C(£) is defined as a statement
performing no action.

skip

o If £ =0, with§ € A =X UN, is a symbol expression, then C(€) is
defined as follows.

call 6 ();
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o IfE=&;-...-&, is a concatenation expression, then C(£) corresponds
to a compound statement composed of the codes of the expressions &1,

o, Enyie. C(E) =C(E1)...C(E).

o IfE=E1| ... | &, is a disjunction expression, then C(&) is defined as
follows.

boolean failed :=false;
integer pos; (omit this if n =1)
try {

pOS :=p;

C(&1)
}
catch {

try {

b =pos;

C(&)

try {
b =pos;
C(&n)
}
catch {
failed :=true;

if failed then raise;

The underlying idea of the presented code is that the first of rule for a
nonterminal is tried, and if it fails, then the next (in the order given)
shall be tried. This process repeats until one of the possible rules
matches the string. If this does not happen (that is, all the rules have
failed), an error is raised.

o If £ = (&1)" is an iteration expression, then C(€) is defined as follows.

boolean failed = false;
integer pos :=p;

try {
while — failed {
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C(&1)
pos :=p;

}

catch {
failed :=true;

}

b :=pos;
e If £ = & is a positive iteration expression, C(£) is defined as follows.

boolean failed = false;
boolean looped = false;

integer pos :=p;

try {
do {
C(&1)
POS :=p;

looped :=true;
} while — failed,
}

catch {
failed = true;
b :=pos;

}

if = looped then raise;
o If £ =[&;] is an optional expression, C(€) is defined as follows.

integer pos :=p;
try {

C(&1)

pos :=p;

}

catch {
b :=pos;

}
e fE=Q1&1 & ... & Qn&n, C(E) is defined as follows.
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integer start;
integer end;

D(Q1&1)

Depending on the operator, the code D(Q;&;) is defined as follows.

— if @; = &, then D(Q;&;) is
start :=p; (if this is the very first conjunct in the rule)
end :=p; (if this is the very first conjunct in the rule)
p :=start; (otherwise)
C(&)
if p # |w| then raise;

— if @; = O, then D(Q;&;) is

start :=p; (if this is the very first conjunct in the rule)
p :=start; (otherwise)

C(&)

end :=p; (if this is the first base conjunct in the rule)
if p # end then raise;

— if Q; = >, then D(Q;&;) is
p :=end;
C(&)
if p # |w| then raise;

6.7.3 Prototype implementation

Letting the number of lookahead symbols & = 1 constitutes a special case
of the recursive descent parser: it becomes possible to reformulate the code
fragments for disjunction, iteration and optional expressions.

For every expression £ over the alphabet XUN, the code CT (€) is defined
inductively on the structure of the expression as follows:

if £ is a simple expression, then CT () = C(&);

if £ is an epsilon expression, then CT(€) = C(€);

if £ is a concatenation expression, then CT () = C(&);
if £ is a conjunction expression, then CT(£) = C(E);

if £ = (&1)* is an iteration expression, then CT(£) is
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integer pos :=p;
while w, € PFIRsT (&1) {

CT (&)
pos =p;
}
P =pos;

e if £ = (& )" is a positive iteration expression, then CT (€) is

integer pos :=p;
do {
CT (&)
pos :=p;
} while Wy € PFIRsST (61)
p :=pos;
e if £ = [&] is an optional expression, then CT(£) is

integer pos :=p;

if w, € PFIRST; (&1) then
CT (&)

else

p =Dpos;

o if E=&1] ... | &, is a disjunction expression such that A — & € R
for some nonterminal A € N, then CT (€) is

switch Peek() {

case PFIRST] (&):
C(&)

break;

case ... :

default:
raise;
break;
}

Thus, a model of a recursive descent parsing technique has been defined.
A prototype implementation of a parser generator for grammars with con-
texts, which further allows regular expressions in the right-hand sides of the
rules [8, 23, 24, 55|, has been developed. The expressive means of the gram-
mars are experimentally augmented with the negation operation [56, 61].
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Chapter 7

Grammars with regular
contexts

A special case of context restrictions that is often useful in applications in one
or another form are regular contexts, meaning that a substring under consid-
eration is preceded or followed by a string from a given reqular language. For
instance, one can consider regular expressions with context operators [38],
or finite automata incorporating context restrictions [86]. In grammar-based
parsing, there are LL-regular and LR-regular grammars [29, 11, 6], which
have no explicit context operators, but the parsers analyze contexts using
finite automata.

Although, by the complexity of parsing, grammars with contexts are
comparable to ordinary grammars, they may be too powerful for some ap-
plications, where parsing in substantially less than cubic time is essential.
For that reason, this chapter introduces a natural special case of grammars
with contexts, where each context operator is applied to a regular language,
given, for instance, by a regular expression.

As an introductory example, consider the following grammar describing
the language {a™b" | n > 0}.

S — aSa | aSb | bSa | bSH | € & <a* & >b*

With the context operators removed, the grammar would define simply
the language of all strings of even length. The left context operator in the
rule S — € & <1a* & >b* ensures that the first half of the string is of the form
a*, while the right context operator restricts the right half of the string to
be of the form b*. Thus, S only defines strings of the desired form. Note,
that the version of this grammar without context operators defines a regular
language, but adding regular context operators makes the language defined
by the grammar non-regular.
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In this particular grammar, regular context operators can be eliminated
by removing all rules that generate prefixes and suffixes contradicting the
context specifications. The resulting grammar has only the rules S — a.Sb
and S — e. As shown in the present chapter, regular context operators can
be eliminated in any grammar, though this requires more than just omitting
some rules.

7.1 Specifying a grammar with regular contexts

Grammars with regular contexts may be defined with regular languages spec-
ified by any standard means: for instance, the above example uses regular ex-
pressions. As the constructions presented in this chapter are best expressed
using deterministic finite automata, the definition of grammars below as-
sumes exactly that representation. First, consider the notation for automata
assumed in what follows.

Definition 7.1. A deterministic finite automaton (DFA) without an initial
state is a quadruple A = (X, Q,{d,}, F), where:

e Y is the input alphabet;
e Q is a finite set of states;

e for any input symbol a € X, a partial transition function d,: Q — Q
defines the behaviour of the automaton on this symbol;

o F is the set of accepting states.

The behaviour of the automaton on an arbitrary string over the alpha-
bet 3 is defined as follows. For a string w € X%, there is an extended
transition function 0,: Q — Q, defined recursively as 6:.(q) = q and
Owa(q) = dq (0w(q)), with a € X.

In the above definition, the behaviour of an automaton on the empty
string (0¢) is the identity function id: @ — Q, with id(q) = ¢, for all ¢ € Q.

Definition 7.2. A grammar with reqular contexts is a quintuple G =
(X,N,R, S, A), where ¥ is the alphabet of the language being defined, N
s a finite set of nonterminals, S is a symbol representing well-formed sen-
tences of the language, A = (X,Q,0,F) is a DFA without an initial state
and each rule in R is of the form

A—=o&.. . &ap&pr & & <pm& <L & .. & <qn

(7.1)
&ri & ... &ry &>s1 & ... & >5,y,

where p;, q;,Ti,8; € Q are states of the DFA.
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Every rule of the form

A—=X11... X1 & & X1 Xp, &Ip1 & - & <P & A1 & - - - & gy
&Bri & .. . &Brp &>s1& .. &Sy
in R induces the following schema of deduction rules. A string with contexts

u(w)v is defined by this rule, if for all strings z; ; € ¥*, with 1 <7 < k and
1 <5<V, that satisfy x11...21¢, = ... = 2p1... Tk, = w, it holds that

5 (p1)7 6 (pm) 5uw(q1) o 5uw(qn)7 5wv(rl)7 s 5wv(rm’)7 51}(31)7 sy
( n’) eF

Xig(w(zi)zig. .. 2100), .., X1 (uzi 1212 .. 21,021 (21,0,)0),

Xk,l (u(.ka,1>fL’k72 e J:ka), e 7Xk,£k (uxhlxk,g e :L’k,gk_1<xk7gk>’l))

Fo A(u(w)v)
The following example is given to demonstrate the definitions.

Example 7.1. Consider the following grammar with regular contexts defin-
ing the language {a™b™c™d™ | n,m > 1, n is even }.

S — aSd | bSc | € & <aTbT & <1(b*ab*ab*)*

If the grammar did not have the context specifications, it would define all
strings of the form w - h(w'), where w € {a,b}* and the homomorphism A
maps symbol a to symbol d and symbol b to symbol c. The context operators
in the last rule for S are used to check that the first half of the string is of
the form a™b™ and contains an even number of occurrences of the symbol a.
Thus, the nonterminal S only defines strings of the desired form.

Using the automaton representation of the regular language defined by
the context operator, the grammar can be reformulated as the following
grammar with regular contexts G = (X, N, R, S, A).

S 5 aSd | bSc | £ & <® & <@
The set of states of the finite automaton A is Q = {®,@,®,®,®} and the

transition functions are defined as follows.

b b
5,(D) = @ a
5a(®) = 6,(®) = @
5,(®) = @ a
5(®) = @ @25 b,
5(®) =G 2 ; G
5p(®) = 5,(®) = ® a b
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The accepting states of the automaton are states @ and ®.
Consider the following logical derivation of the fact that the string aabedd
is defined by the grammar.

5aab(®)a 6aab(®) € ‘F)
b(aa(b)cdd), S(aab(e)cdd), c(aab(c)dd) + S(aalbe)dd) (S = bSe)
a(a{a)bedd), S(aa(be)dd), d(aabe(d)d) - S(alabed)d) (S — aSd)

a(e(a)abedd), S(alabed)d), d(aabed(d)e) - S(e({aabedd)e) (S — aSd)

The tree corresponding to this deduction is given in Figure 7.1(a); this tree
represents a parse of the string according to the grammar.

7.2 Example of transformation

Let G = (¥, N, R, S, A) be a grammar with regular contexts. The goal is to
construct an ordinary grammar G’ = (3, N', R', S") with L(G") = L(G).

In the original grammar with regular contexts, parse trees of strings are
augmented with runs of automaton A, as shown in Figure 7.1(a). Strings
defined by the new grammar have standard parse trees, and those trees
shall have the same structure as the corresponding trees defined by the old
grammar. In order to respect context operators, nonterminals of the new
grammar shall be labelled with special marks referring to the behaviour of
the automaton A on certain substrings.

Let us now consider how a grammar with regular leff contexts can be
transformed to an ordinary grammar. Consider a rule with a context opera-
tor <@, with ® € Q, which defines a string u(w)v, with u, w, v € 3. On the
string u, which is the left context of w, the automaton starts its computation
in the state @. If 6,,(®) is in F, then the left context is considered satisfied.
In the new grammar, every nonterminal symbol shall have a subscript that
encodes the behaviour of the automaton on the left context of the current
string.

Example 7.2. Consider the grammar from Example 7.1 and construct an
ordinary grammar G’ = (X, N’, R',S’) that defines the same language.
For the start symbol S, the new grammar has a symbol So_0 e,
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Figure 7.1: (a) A parse tree for the grammar in Example 7.1; (b) the corre-
sponding tree for the transformed grammar in Example 7.2.

where the subscript represents the behaviour of the automaton on the empty
string (which is, of course, the identity function). Thus, the subscript of the
nonterminal represents the fact that the left context of .S is the empty string.
The new grammar has the following rule with the start symbol on the
left-hand side, produced out of the rule S — aSd in the old grammar.

So-0,050 = aSosee—ad (7.2a)

In the right-hand side of this rule, the subscript of S»_, @@ should rep-
resent the behaviour of the automaton on the left context up to the symbol
a (including the symbol a as well). On the substring preceding a, this be-
haviour is the identity function (as stored in So_,@ @—@), and its composition
with the transition function d, yields the function stored in the new nonter-
minal.

One could also have another rule for the start symbol, originating from
the rule S — bSc.

So-0,0-0 = bSosac

However, as the function in the subscript of Sp_.@ is undefined on state
@, the context operator <@ will never be satisfied. The nonterminal Sq_.@
would accordingly generate the empty language, and hence it can be omitted
in the present construction, along with the above rule.

Another rule for S in the original grammar is S — ¢ §& <@ & <®@. This
rule cannot be implemented for nonterminal So_,» @@ in the new grammar,
because state @ is mapped to a rejecting state @, and thus the context
operator is not satisfied.
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For the nonterminal Sp_,@ @@ in the rule (7.2a), the new grammar shall
have two rules corresponding to the automaton’s transitions by a and by b.

Svse0-0 — aSooe—ed (7.2b)
So—e0s0 — bSvseem6C 7.2c)

In each case, the behaviour on the accumulated left context in the sub-
script of So_@0—® is composed with the automaton’s behaviour on the
corresponding symbol, resulting in S, 0@ for a and in Sp_,@ e—® for b.

The grammar has the following rules for these nonterminals.

Sosoe0-0 — aSoseesed (7.2d)
Sosve—se — bSooesed (7.2¢)
Sose0-00 — bSoseeseC (7.2f)

In the first two rules, the function ® — ®,® — @ is composed with J,
and dp, and it yields the functions ® — @,@ — @ and ® - ©,@ — ©®,
respectively.

The third rule implements the rule S — bSc for Sp_,@,.0—-5: the function
® — @,@ — ® is composed with d, and gives the same function. The rule
S — aSd could be implemented for S @6 as well, but it would not
ultimately generate any string, and is therefore omitted.

The rule § — €& <® & <@ from the original grammar can be imple-
mented for the nonterminal S¢_,» @—,®, because the function in its subscript
maps state @ to the accepting state @ and state @ to the accepting state ®.
The left contexts are thus verified, and the context operators <® and <®
are removed from the grammar.

So0,050 — € (7.2g)

Thus, the construction results in an ordinary grammar with five nonter-
minal symbols generating the same language.

7.3 Elimination of regular context operators

When a grammar uses both left and right context operators, one has to
store functions (say, f and h) representing the behaviour of the automaton
on the contexts, as well as one more function (say, g), corresponding to
the automaton’s behaviour on the current substring. The behaviour of the
automaton on the extended left context is then expressed as a composition
of functions f and g, while the composition of g and h gives the automaton’s
behaviour on the extended right context.
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Consider a grammar with regular contexts G = (X, N, R, S, A), and as-
sume, for the sake of simplicity, that its rules are of the following forms.

A — BC (7.3a)

A — B&<pi & &<Wpn&da&. . &L & (7.3b)
Eri&...&Crp &>s1 & ... & D>Ssyy

A — a (7.3c)

A — ¢ (7.3d)

Then construct an ordinary grammar G’ = (X, N, R, S"), with the set
of nonterminals N’ = {Af g n | A€ N, f,g,h: Q = Q}U{S’} and with

the following set of rules R’.

e For a rule of the form (7.3a) in R, and for all functions f, g, ¢’, h: Q —
Q, add the following rules to R'.

Af7 gloga h - va 9, hog’ gOf, g/7 h (743’)

e For a rule of the form (7.3b) in R, and for all functions f, g, h: Q@ — Q,
if it holds that f(p;), (g o f)(qi), (ho g)(ri), h(s;) € F, then add the
following rules to R'.

Af7 g, h Bf7 g, h (74b)

e For every rule of the form (7.3c) in R, and for all functions f,h: Q —
Q, the following rules are added to the set R'.

Aﬁ 8o, h — a (7.4C)

e For every rule of the form (7.3d) in R, and for all functions f,h: Q —
Q, the following rules are added to the set R'.

Af’ id, h — & (74d)

e The new grammar has the following rules for the initial symbol.

S"— Sid, g, id (for all g: Q@ — Q)

The constructed ordinary grammar G’ defines the same language as the
original grammar with regular contexts G, as claimed below.

Lemma 7.1. If u(w)v € Lg(A), then w € Lg(As,, 5., 5,)-
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Proof. The proof is by induction on ¢, the number of steps used in the
derivation of the proposition A(u(w)v) in the grammar G.

Basis. Let t = 1 and consider the rule used to deduce the proposition
A(u(w)v), with u, w,v € ¥*. If the rule is of the form A — a € R, then the
deduction takes the following form.

a(u(a)v) Fa A(u(a)v)

By construction, G’ should contain a rule of the form Af 5, » — a, with
f = 6y and h = §,, which can be used to deduce the proposition As, s, s,(a).

a(a) Far As,, 5., 5,(a)

If the rule used to deduce the proposition A(u<w>v) is A — e € R, then
w = ¢ and, accordingly, d,, = id. The deduction of the proposition A(u(5>v)
is as follows.
Fo Au(e)v)

By construction, the new grammar G’ should have a rule A fid,h — €
with f = 6, and h = §,. Then the desired proposition A;, idq,s,(€) can be
deduced in G’.

Far As,, id, 5, (€)

Induction step. Let t > 1 and consider the rule, used at the last step of
deduction of the proposition A(u(w)v) in the grammar G.

e Let the rule be of the form (7.3a), that is, the deduction took the
following form.

B (u(wi)wav), C(uwr (wa)v) Fa A(uw(w)v)  (w = wiws, wy, wy € X¥)

By construction, the new grammar has a rule (7.4a) with f = §,,
g = 0wy § = 0wy, and h = J,. Note, that §, 0 dy, = Ouwyy and
0w, © 0y = Oy, , and therefore the rule has the following form.

A(Suy 5w2 Oéwl, Oy — Béua 61017 6w2vC5uw17 6w2» Oy

Since the derivation of the proposition B(u(w;)wsv) in G is shorter
than ¢, by the induction hypothesis, w1 € Lg/(Bs,, 6,,, 61,,)- Similarly,
wy € Lg/(Cs,,,, 8wy, 8,)- Now the proposition As, s s, can be
deduced in the grammar G’ by that new rule.

wo 05w1 3

Bs,, 6y, e (W1)s Coy, by, 8, (W2) FGr Asy, 81y 080,, 8, (W1W2)
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e Let the last step of the deduction of the proposition A(u(w)v) use the
rule of the form (7.3b), for some states p;, ¢;, 7i, S; representing regular
contexts.

B(u(w)v) Fa A(u{w)v)

For this rule to be applicable, the states p;, g;, r; and s; should satisfy
the following conditions.

5u(pz')u 6uw(Qi)a 51111) (Ti)a 5U(Si) eF

Let f = 0y, g = 0, and h = J,; the above conditions are then written
down as f(pi), (go f)(q), (hog)(r:), h(s;) € F. Then, by construc-
tion, the new grammar has a rule (7.4b) corresponding to the original
rule (7.3b) and the functions f, g, h.

Asy, 60,60 = Bsy, 6, 6,

By the induction hypothesis, the string w is in Lg/(Bs,, 5,,06,). The
proposition As, s, s,(w) can then be deduced in the new grammar by
the above rule.

Bs,, 5., 6, (W) Far Asy, 5., 6, (W)

Conversely, the following statement holds.
Lemma 7.2. Ifw € Lg/(Ay, g 1), then:
1. 6y =g, and

2. for every string u € X* with 0, = f and for every string v € ¥* with
dy = h, it holds that u{w)v € Lg(A).

Proof. The proof is by induction on ¢, the number of steps in the derivation
of the proposition Ay 4 (w) in the grammar G’.

Basis. Let t =1, then the rule used to derive the proposition Af 4 p(w)
is either of the form (7.4c) or (7.4d).

In the former case, w = a, ¢ = d, and the deduction of the proposition
At 5. n(a) takes the following form.

a(a) Far Ay, g n(a)

Since the rule Ay 4 5 — aisin R, the grammar G should have a rule A — a
by construction. Then the proposition A(u(a)v) can be deduced in G by
this rule.

a(u(a)v) Fa A(u(a)v)
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In the latter case, w = ¢. Then g = id and the proposition Ay iq #(€)
can be deduced in the grammar G’ out of an axiom. By construction, the
grammar G has a rule A — ¢, by which one can deduce the proposition
A(ule)v).

e(ule)v) Fa A(ule)v)

Induction step. Let t > 1 and consider the rule used at the last step of
derivation of the proposition Ay 4 ,(w) in the grammar G’.

e Let the rule be of the form (7.4a), constructed for some rule A — BC
in G. In order to derive the proposition Af , p(w), the rule must be
constructed for the functions f and h and for any partition of g as
g = g9 o g1, where g1, g2, h: @ — Q. Then the last step of deduction
takes the following form.

By, g1, hogs (wn), Cglof, 92, n(w2) Fer Af, 920491, n(wiws)
(w = wiwy, wy,wy € %)

By the induction hypothesis (part 1) applied to the proposition
By, g1, hogo (w1), it holds that g = dy,. Similarly, by applying the
induction hypothesis (part 1) to the proposition Cy o¢, g,, n(w2), one
obtains that ga = dy,. Then, g2 0 g1 = dwy © 0y, = O, wy, Which proves
part 1 of the claim.

Turning to part 2, consider any two strings u, v € ¥*, such that f = d,
and h = 6,. Then, hogs = 6, 0 by, = Ouyw, and therefore w; €
L (Bs,, 81, uy0)- Since &y and Gy, are transition functions of the
left context of wy and on its right context, respectively, the induction
hypothesis (part 2) applies, and it asserts that u(w;)wsv is in Lg(B).
Similarly, g1 0 f = 0w, © 0y = dyw, and wa € Lg/(Cs,,,,, 6.,,,5,)- Again,
duw, and o, are transition functions on the contexts, and thus, by the
induction hypothesis (part 2), uw (we)v is in Lg(C).

Since the grammar G has a rule A — BC, the proposition A(u<w>v)
can be deduced as follows.

B (u(wi)wav), C(uwi (wa)v) Fa A(u(w)v)

e Let the rule be of the form (7.4b). By construction, this rule is obtained
from the rule of the form (7.3b), for functions f, g, h: @ — Q, such

that f(pi), (90 f)(q), (hog)(ri), and h(s;) € F.

The deduction of the proposition Ay 4 p(w) in G’ takes the following
form.

By, 4, n(w) Far Aﬁ 9, n(A)
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By the induction hypothesis (part 1) for By 4 p(w), the function g
coincides with d,,, and this proves part 1 for Ay , p(w).

In order to prove part 2, consider some strings v and v € X* for
which §, = f and §, = h. By the induction hypothesis (part 2),
Fe B(u{w)v). Now, since all f(p;), (g0 f)(a), (hog)(r;), and h(s;)
belong to F, the desired proposition A(u(fw)v) can be deduced in G
by the rule (7.3b).

B(u({w)v) e A(u(w)v)

7.4 Construction for an arbitrary grammar

Let us now give a general version of the construction that does not require
any pre-processing of rules of a grammar.

Let G = (X, N, R, S, A) be a grammar with regular contexts, where A =
(3, Q,6,F) is a finite automaton.

For o« = zoB'z1B?...x_1B‘xp, with z; € ¥* and B* € N, and for
functions g1, ..., g¢: Q — Q, define g(a) as g(a) =05, © g 0 g, , © ... 0
g1 0 5:1:0~

Construct an ordinary grammar G’ = (3, N', R', S") as follows.

The goal is that for nonterminal A, the corresponding nonterminal in the
new grammar is Ay g(x,..x,), n, where g is a composition of the functions
gi,--.,9gp stored in the symbols X;,...,X,. If X; = a € ¥ is a terminal
symbol, then g; = §,, and in the case of the empty string, g; is the identity
function.

For every rule of the form

A— aoB'm1B? .. e B'ry &<ipr & & pmn & < & - & L &
&Eri & ... &rp &>s1& ... & D>y

in R, and for all functions f, ¢1, ..., g¢, h : Q — Q, if f(p;),
(g(woB'z1B?.. . 2y 1B'xy) o f)(g), (h o glxoB'z1B?...x¢_1B))(ry),
h(s;) € F, then the set R’ contains the following rules.

1
Af, g(zoBlz1B2...xp_1 Blxy), h — Zo Bézoof, g1, g(x1B2...Btxy)oh 1

B? BS T
82, 09100200f, g2, g(x2B3...Bbag)oh * 0z, 1 0ge—10...005, 091065 0f, gr, Gz, 0h UL

The correctness of this construction can be stated verbatim as in Lem-
mata 7.1 and 7.2, and the proofs proceed in a similar way.
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7.5 Conjunctive grammars with regular contexts

Consider the following conjunctive grammar and construct an equivalent
grammar with regular contexts with a smaller number of nonterminals.

Example 7.3. The following grammar defines the language { a"b"c" | n >
0}, represented as an intersection of two context-free languages { a’b’c’ |
i,7 >0} and {a*bFct |k, 0 >0},

S — AB&DC
A — adAle
B — bBc|e
D — aDb|e
C — cC|e

This language can be defined by the following conjunctive grammar with
reqular contexts.

S = X&Y
X — aX&<a"|bXc&<a™b" | e
Y — aYb&<a* | Ye&<atbte | e

In this grammar, concatenations AB and DC' in the first rule for non-
terminal S are represented by symbols X and Y, respectively.

The first rule for nonterminal X is only applicable when the current
accumulated left context of the string is a*, and then the control is passed to
the rule X — bXc & <1a*b*, which can be applied as far as the left context is
still satisfied. This rule appends symbols b, thus making its left context be
of the form a*b™", and the rule X — aX & <la* is not applicable anymore.

Similarly, the first rule for nonterminal Y adds symbols a and b, and then
at some point the control is given to the second rule for Y, which appends
symbols ¢. Again, the order in which these rules can be applied is restricted
by the regular context operators.

For an arbitrary conjunctive grammar with regular contexts, the goal is
to construct a conjunctive grammar which would define the same language
as the original grammar. Such a transformation again proceeds similarly
to the previous cases, with the only difference in the way how rules with
multiple base conjuncts are processed. As an elementary case, consider a
rule A — B § C; for this rule and for all functions f, g1, go, h: @ — O, the
new grammar shall have rules Ay o n — By g, h & C¥, g, h, as long as the
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functions representing the current substring in both conjuncts coincide, that
is, g1 = g2. The general construction is given below.

Let G = (X, N, R, S, A) be a conjunctive grammar with regular contexts,
where A = (X, 9,4, F) is a finite automaton.

Construct a conjunctive grammar G’ = (3, N', R', S”), with the set of
rules defined as follows.

For a rule of the form

A—-a&.. . &ar&<Ipr & &<pn &< & - & <Lgn &
Pri&... &Crp &>s1 & ... &D>Sy

in R, with
o =x;0B" w1 ... l’i,zi—lBi’&xi,eﬂ
and for all functions f, g11, ..., gk, h: @ — Q, if
91,6, ©-..0091200911 = --- = Gk, ©---°9k2°gk,1
and

f(pi), (g(x1.0B " w11 BY2 . 2y gy 1B a1 ,) © ) (i),
(h (¢] g(.%'LoBl’l.%'LlBl’Q e ngl,lBl’lel’gl))(Ti), h(SZ) S f,

then add to the new grammar G’ the rules

' /
Af7 ge1,0BY a1 1 BY2 2y o 1By 0), h T YL &... &oy,

with
I Bz‘,l )
Oé7, - ZCZ,O (Szi 00f7 gils g(xi,lBi’szi’zixi,gi)Oh J)’L,l
12
0z; 1094100z, oof, gi 2, g(wi2BH3..B¥biz; g )oh """

A
B T; 0.
612‘,[1'71ogiveiflo“'O(;zi,lOgivlo(;zi,oof’ gie; 611.‘[1. oh Lilis

and the function g defined as in Section 7.4.
Altogether, the following theorem is established.

Theorem 7.1. Let G be an ordinary reqular, linear context-free, conjunctive,
linear conjunctive grammar augmented with reqular contexts. Then there
exists and can be effectively constructed a grammar of the same type without
any context operators that describes the same language.

185



186



Chapter 8

Linear grammars with contexts

This chapter studies the linear subclass of grammars with one-sided contexts,
where linearity is understood as a restriction to concatenate nonterminal
symbols only to terminal strings.

A similar family of languages, defined by linear conjunctive grammars,
which allow using the conjunction operation, but no context specifications,
was found to be computationally equivalent to one-way real-time cellular au-
tomata |14, 87|, also known under a proper name of trellis automata |12, 27].
This chapter sets off by developing an analogous automaton representation
for linear grammars with one-sided contexts. The proposed trellis automata
with feedback augment the original cellular automaton model by an extra
communication channel. Its motivation comes from the understanding of
those automata as circuits with uniform connections [12|, to which one can
add a new type of connection. As the model is proved to be equivalent
to linear grammars with one-sided contexts, it follows that this new type
of connections has exactly the same power as context specifications do in
grammars.

The main result is a method for simulating a Turing machine by a trellis
automaton with feedback processing an input string over a one-symbol al-
phabet. This method subsequently allows uniform undecidability proofs for
linear grammars with contexts, which parallel the recent results for conjunc-
tive grammars due to Jez [31] and Jez and Okhotin [32, 33, 34|, but are
based upon an entirely different underlying construction.

Section 8.3 gives a simple example of a 3-state trellis automaton with
feedback, which recognizes the language {an_Q | £ > 2}. Recall that,
standard trellis automata over a one-symbol alphabet recognize only regular
languages [12].

The next Section 8.4 presents a simulation of a Turing machine by a trellis
automaton with feedback, so that the latter automaton, given an input a™,
simulates several steps of the Turing machine’s computation on an empty
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input, and accordingly can accept or reject the input a™ depending on the
current state of the Turing machine. This result is then used in Section 8.5
to prove the undecidability of the emptiness problem for linear grammars
with one-sided contexts over a one-symbol alphabet. The finiteness problem
for these grammars is proved to be complete for the second level of the
arithmetical hierarchy.

Some further examples of linear grammars with contexts, which describe
the languages {a™b™ | i,n > 1} and {a™ | n > 0}, are presented in
Section 8.6.

Finally, the last Section 8.7 establishes some closure properties of the
linear grammars with contexts. Here the automaton representation becomes
particularly useful, as it gives an immediate proof of the closure of this lan-
guage family under complementation, which, using grammars alone, would
require a complicated construction.

Example 8.1. The following grammar defines the singleton language
{abac}.

S — aBc
B — bA&<A
A — a

The derivation of the string abac begins by deriving the inner substring
ba from B. First, the rule A — a defines the symbol a in the empty context
and in the context ab.

axiom

axiom

T
S
—
@
S
—~
S
~
~—
~—~ ~ —~
— — — ~—

A—a
A—a

Then the rule B — bA & <1A defines the substring a(ba) by concatenating b
to a one-symbol string ab(a) derived from A. Furthermore, this rule requires
the left context of a(ba) to be described by A, and this has also been derived
above.

- b(a(b)) (aziom)
b(a(b)), A(ab(a)), A(e(a)) F B(aba)) (B — bA& <A)
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Finally, the rule S — aBc concatenates the substrings a, ba and ¢ to obtain
the desired string abac.

F c(aba(c)) (aziom)
a(e(a)), B(a(ba)),c(aba(c)) + S(e(abac)) (S — aBc)

This derivation of the string w = abac is illustrated in Figure 8.1, where
elements of the triangle correspond to non-empty substrings of w, and each
element contains all nonterminal symbols generating the corresponding sub-
string. The dotted line shows the effect of a context operator (<A), whereas
the band rising up from the second A through B to S demonstrates the rules
appending symbols to substrings.

Figure 8.1: Derivation of the string abac in Example 8.1, informally illus-
trated.

The following example is an elaborated version of Example 2.4 in Sec-
tion 2.3.1, which describes an abstract language representing declarations of
objects before their use.

Example 8.2. Consider the grammar in Example 2.4, which is not linear
as it is, and let us show how it can be converted to one.

The first non-linear rule S — D.S expresses a concatenation of d*a with S
in a linear grammar, this concatenation can be defined by a new nonterminal
Dg with the rules Dg — dDg and Dg — aS. In a similar way, one can
express concatenations C'E and DFE in the rules for £. Thus, for instance,
a new symbol Cg defining concatenation C'F will have rules Cr — ¢Cg and
C 5 — akb.

The rules S — US and U — C & JEFa concatenate a string from c*a
to S, and also apply a context operator to this string. In a linear grammar,
this is done by a new nonterminal Ug, which has two rules, Us — cUg and
Us — aS & <\Er. These rules simulate concatenation of a string from c*a
to S, and the latter rule applies a context operator, where a new symbol Ep
simulates the concatenation FF'. Unlike in the original grammar, the context
specification in this rule is proper, since it is enough to match symbols ¢
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(defined by the rule Ug — cUg), without taking into account the last a of a
block. One can transform the rest of the rules in a similar way.

Below a complete linear grammar is given, with nonterminals renamed
for better readability.

S —- D|U]|e
D — dD|aS
C — cC|aS
U — cU|aS&<H
E — P|Q]|e
P — dP|aE
Q — cQ|aE
H - X|Y|F
X = dX |aH
Y — Y |aH
F — dFc|aFE

8.1 Normal form for linear grammars with contexts

As has been shown in Chapter 4, every grammar with contexts can be trans-
formed to a certain normal form, which extends the Chomsky normal form for
ordinary context-free grammars. While the original Chomsky normal form
has all rules of the form A — BC and A — a, its extension for grammars
with contexts allows using multiple conjuncts BC and context specifications
<D, F.

Recently, Okhotin [69] has shown that every grammar with left contexts
can be transformed to a stronger normal form, where only proper context
operators <1D are allowed. A similar normal form shall now be established
for the linear subclass of grammars.

Theorem 8.1. For every linear grammar with left contexts G = (X, N, R, S),
there exists another linear grammar with left contexts G' = (X, N', R', S) that
defines the same language and has all rules of the form
A—>bBl&...&ng&Clc&...&CkC (8.1&)
A= a&<Di&...& <Dy, (8.1b)
where A, B;,C;, D; € N, a,b,ce ¥, L+k>1andm > 0.
The size of G’ is at most triple exponential in the size of G, where the

size is measured by the total number of symbols used in the description of the
grammar.
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The transformation is carried out along the same lines as in the general
case. Given an arbitrary linear grammar with contexts G = (X, N, R, S),
the rules of the grammar are first preprocessed: long conjuncts are cut until
all of them are of the form bB, Cc or a, and every context specification <1y
or <y with v € ¥ or |y| > 1 is restated as <X, or <X, respectively, where
X, is a new nonterminal with a unique rule X, — ~.

This results in a grammar G; = (X, N1, Ry, S) with the rules of the
following form:

A - bB (8.2a)
A — Ce (8.2b)
A — a (8.2¢c)
A = Bi&...&Br&<Di1&...& <Dm & <E1 & . .. & <E, (8.2d)
A — ¢ (8.2¢)

where a,b,c € ¥ and A, B,C, B;,D;, E; € N.

The transformation continues with the elimination of null conjuncts, that
is, any rules of the form A — ...&e. First, one has to determine, which
nonterminals generate the empty string, and in which contexts they generate
it. This information is represented in a set NULLABLE(G1) C 2V % N, as
defined in Section 4.4.1. Given a nonterminal A € N and a string u € ¥*, the
string u(e) is defined by A if and only if the set NULLABLE(G) contains a
pair ({Ky,..., K}, A), with A, K3,..., Ky € N, such that e(u) € Lg, (K1),
ey 5<U> S LG1 (Kt)

Using the set NULLABLE(G1), a new grammar G = (X, N1, Re, S) with-
out null conjuncts can be constructed as follows.

1. The rules of the form (8.2a)—(8.2d) are copied to the new grammar.

2. For every rule of the form (8.2a) and for every pair ({K1,..., K}, B) €
NULLABLE(G1), arule A = b& K1 & ... & <K} is added to the new
grammar.

3. For every rule of the form (8.2b) and for every pair
({Ki,...,K:},C) € NULLABLE(G;), the new grammar has the
rule A = c&<K1 & ... & <K;. Moreover, if e(e) € Lg, (K;) for all
i€ {l,...,t}, then a rule A — ¢ & <& should be added.

4. For every rule of the form (8.2d), a rule A — Bi&... & Br &
FE1&...& E, & <e shall be added to the new grammar, if e(e) €
Lg,(D;) for all i € {1,...,m}.

191



After this step, the rules of the grammar are of the following form.

A — a

A — B

A — Cc

A — Bi&.. &Br&<Di1 & ... & <D &<LE1 & ... & LB,
A — Bi&...&Bip&<e

A = b& K1 &. .. & <K,

A — c&<K1 &...&<K;

A — c&<e

Having constructed this grammar, one can apply verbatim the rest of
the steps of the general transformation to the normal form, described in
Chapter 4. This transformation constitues in elimination of null contexts <1e
(described in Section 4.4.3) and of unit conjuncts (see Section 4.4.4) as in
the rules A — ... & B. The final step is elimination of extended left contexts
<FE, which are all expressed through proper left contexts <D [69]. Each
step preserves the linearity of a grammar.

8.2 Automaton representation

Linear conjunctive grammars are known to be computationally equivalent
to one of the simplest types of cellular automata: the omne-way real-time
cellular automata, also known under the proper name of trellis automata.
This section presents a generalization of trellis automata, which similarly
corresponds to linear grammars with one-sided contexts.

A standard trellis automaton, as introduced by éuh’k, Gruska and Salo-
maa [12], processes an input string of length n > 1 using a uniform array of
w nodes, as presented in Figure 8.2(left). Each node computes a value
from a fixed finite set (). The nodes in the bottom row obtain their values
directly from the input symbols using a function I: ¥ — (. The rest of
the nodes compute the function d: Q x @ — @ of the values in their pre-
decessors. The string is accepted if and only if the value computed by the

topmost node belongs to the set of accepting states F' C Q.

Theorem A (Okhotin [57]). A language L C X7 is defined by a linear
conjunctive grammar if and only if L is recognized by a trellis automaton.

In terms of cellular automata, every horizontal row of states in Fig-
ure 8.2(left) represents an automaton’s configuration at a certain moment
of time. An alternative motivation developed in the literature on trellis au-
tomata [12, 14, 27| is to consider the entire grid as a digital circuit with
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Figure 8.2: Trellis automata (left) and trellis automata with feedback (right).

uniform structure of connections. In order to obtain a similar representa-
tion of linear grammars with left contexts, the trellis automaton model is
extended with another type of connection, illustrated in Figure 8.2(right).

Definition 8.1. A trellis automaton with feedback is a sextuple M =
(3,Q,1,J, 0, F), in which:

e X is the input alphabet;
e () is a finite non-empty set of states;
e [:X — @ is a function that sets the initial state for the first symbol;

o J: Q x X — Q sets the initial state for every subsequent symbol; using
the state computed on the preceding substring as a feedback;

e §:Q xXQ — Q is the transition function;
o ' C Q is the set of accepting states.

The behaviour of the automaton is described by a function A: X* x X — Q,
which defines the state A(u(v)) computed on each string u{v). The value of
this function is defined by the following formulae formalizing the connections
in Figure 8.2(right).

A(e{a)) = I(a)
A(w(a)) = J(A(e(w)), a) (w # €)
A(u(bve)) = 6 (A(u(bv)), A(ub(vc))) (b,c € %)

The language recognized by the automaton is L(M) = {w € X7 | A(e{w)) €
F}.

Theorem 8.2. A language L C XV is defined by a linear grammar with left
contexts if and only if L is recognized by a trellis automaton with feedback.

The proof is by effective constructions in both directions.
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Lemma 8.1. Let G = (X, N, R, S) be a linear grammar with left contexts,
i which every rule is of the form

A—>bB1 &...&bBp&Cic& ... & Cie (b,CGE, A,Bi,Ci GN,Z—I—]C) 1)
(8.4a)

A= a& <D &...& <Dy, (aeX, m=>=0, A, D; € N) (8.4b)
and define a trellis automaton with feedback M = (3,Q, I, J,d, F') as follows.

Q=2 x2Vxx
I(a)=(a,{A|A—a€ R}, a)
J((b,X,c),a) = (a,{ A |3 rule (8.4b) with D1,...,Dp, € X },a)
6((b,X,c), (t,Y,c)) = (b,{A| 3 rule (8.4a) with C; € X and B; €Y },¢)
F={(bX,c)|SeX, bceX}

For every string with context u(v), let b be the first symbol of v, let ¢ be the
last symbol of v, and let Z = { A | uw(v) € Lg(A) }. Then A(u(v)) = (b, Z,c).
In particular, L(M) ={w | e(w) € Lg(S) } = L(G).

Proof. Induction on pairs (Juv|, |v|), ordered lexicographically.

Basis: ¢(a) with a € ¥. The state computed on this string is A(e{a)) =
I(a) = (a,Z,a) with Z ={A| A — a € R}. The latter set Z is the set of
all symbols A € N with e(a) € Lg(A).

Induction step I: u(a) with u € ¥* and a € ¥. The state computed by
the automaton on the string u(a) is defined as A(u(a))) = J(A(e(u)), a). By
the induction hypothesis, the state reached on the string e(u) is A(e(u)) =
(b, X, c), where b is the first symbol of v and X C N is the set of symbols
that generate e(u). Substituting this value into the expression for the state
reached on u(a) yields A(u(a)) = J((b, X, c),a) = (b, Z,a), where

Z = { A | there exists a rule (8.4b) with Dy, ..., D,, € X } =
= { A | there exists a rule (8.4b) with e(u) € Lg(D;) for all i }.

The latter condition means that Z is the set of all symbols A € N
that generate the string w(a) using a rule of the form (8.4b). Since this
string can only be generated by rules of that form, this is equivalent to
Z ={A]|ua) € Lg(A) }, as claimed.

Induction step II: u(bvc) with w,v € ¥* and b,c € X. The state
computed on such a string is A(u(bve)) = §(A(u(bv)), A(ub(ve))). By the
induction hypothesis, the states reached by the automaton on the strings
u(bv) and ub(ve) are respectively A(u(bv)) = (b, X,V’) and A(ub{vc)) =
(c',Y, c), where b’ is the last symbol of bv, ¢ is the first symbol of ve, X C N
is the set of nonterminal symbols generating u(bv) and Y C N contains all
such nonterminals that generate the string ub(vc).
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Substituting the states reached on these shorter strings into the
expression for the state computed on wu(bvc) gives A(u(bve)) =
§((b, X, 1), (c,Y,c)) = (b, Z,c), where

Z = { A| there exists a rule (8.4a) with C; € X and B; € Y } =
= { A | there exists a rule (8.4a) with u(bv) € Lg(C;) and
ub({ve) € Lg(Bj), for all 4,5 }.

That is, Z is exactly the set of nonterminals that generate the string
ub({vc) by a rule of the form (8.4a). The string u(bvc) can only be generated
by a rule of such a form, and, thus, Z = { A | u(bvc) € Lg(A) }, as desired.

O

Lemma 8.2. Let M = (X,Q,1,J,8, F) be a trellis automaton with feedback
and define the grammar with left contexts G = (X, N, R,S), where N =
{A;| ¢ € Q}U{S}, and the set R contains the following rules.

A > a & <e a€x) (
q€EQ,ael) (8.5b
p7q S QJ bvc S E) (85C

geF) (8.5d

AJ(q,a) —a& QAq
A5(p7q) — bAq & Apc

(

(

(
S — Ay (
Then, for every string with context u{v), A(u{v)) = r if and only if u(v) €
La(Ay). In particular, L(G) = {w | A(e(w)) € F } = L(M).

Proof. Induction on lexicographically ordered pairs (|uvl, |v]).

Basis: £(a) with a € X. Then A(e(a)) = I(a). At the same time, (a)
may only be generated by the rule of the form (8.5a), and such a rule for A,
exists if and only if I(a) = r.

Induction step I: u(a) with u € X" and a € X.

6 Let A(u(a)) = r. Then, r = J(A(e(u)),a). Let ¢ = A(e(u)). By
the induction hypothesis, e(u) € Lg(Ay). Since J(g,a) = r, the grammar
contains a corresponding rule of the form (8.5b), which can be used to deduce
the membership of u(a) in Lg(A,) as follows.

- a(u(a)) (axiom) (8.6)
a(ufa)), Ag(e(u)) - Ay (u(a)) (Ar = a & <4y) (8.7)

@ Conversely, assume that u{a) € Lg(A,). Then its deduction must
end with an application of a rule of the form (8.5b), as in step (8.7). By
construction, the existence of such a rule implies r = J(q,a). Applying the
induction hypothesis to Aq(e(u)) gives A(e(u)) = ¢q. Then the automaton
calculates as follows: A(u(a)) = J(A(e(u)),a) = J(g,a) = r, as desired.
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Induction step II: u(bvc) with u,v € ¥* and b,c € .

6 Assume first that A(u(bve)) = r. Then r = §(p,q), where p =
A(u(bv)) and ¢ = A(ub(ve)). By the induction hypothesis, u(bv) € Lg(Ap)
and ub(ve) € Lg(Ag). From this, using a rule of the form (8.5¢), one can
have the following deduction.

= b(u(b)) (aziom) (8.8)

Fc(ubv(c))  (aziom) (8.9)

b(u(b)), Ag(ublve)), Ap(u(bv)), c(ubv(c)) - Ap(u(bve))  (Ar — bAg &(Apc))
8.10

Thus, u({bvc) is in Lg(A,), as claimed.

@ Conversely, if u(bvc) € Lg(Ay), then the deduction establishing the
proposition A, (u(bvc)) must end as (8.10), using a rule of the form (8.5¢).
Then, by the construction, r = §(p,q). Since the propositions Ap(u<bv>)
and A, (ub(vc)) are deduced in the grammar, by the induction hypothesis,
A(u(bv)) = p and A(ub({vc)) = g. Then A(u(bve)) = §(p,q) =r. O

8.3 Defining a non-regular unary language

Ordinary context-free grammars over a unary alphabet ¥ = {a} define only
regular languages. Unary linear conjunctive languages are also regular, be-
cause a trellis automaton operates on an input a” as a deterministic finite
automaton [12].

The non-triviality of unary conjunctive grammars was discovered by
Jez [31], who constructed a grammar for the language {a" | k > 0} us-
ing iterated conjunction and concatenation of languages.

Let us show how one can construct formal grammars for non-regular
languages over a unary alphabet by making use of a left context operator
and not relying upon non-linear concatenation. The simplest case of the new
method is demonstrated by the following automaton.

Example 8.3. Consider a trellis automaton with feedback M =
(3,Q,1,J,0,F) over the alphabet ¥ = {a} and with the set of states
Q = {p,q,r}, where I(a) = p is the initial state, the feedback function
gives states J(p,a) = q and J(r,a) = p, and the transition function is de-
fined by 6(t,p) = p for all t € @, §(q,q) = i(r,q) = q, é(p,q) = r and
d(p,r) = p. The only accepting state is r. Then M recognizes the language
(a2 2|k =2}

The computation of this automaton is illustrated in Figure 8.3. The
state computed on each one-symbol substring a’(a) is determined by the
state computed on £(a’) according to the function .J. Most of the time,
A(g{a*)) = p and hence A(a‘(a)) = q, and the latter continues into a
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triangle of states . Once for every power of two, the automaton computes
the state r on 5<a2k_2), which sends a signal through the feedback channel,
so that J sets A(an_2<a>) = p. This in turn produces the triangle of states
p and the next column of states r.

r. q|r
q’ r
l o alp|q
0 N r|p|q
r q q-\ J(p,a)=
a a q\ Jmna=p
r 9 q q-
a9 9 4 g
T, r 4 9 q q°
a, 9 9 9 a4 q%
r oq r 4 9 9 q q\
a q- 4 9 9 9 q q°
'rp r 9 q.p r 9 q q q q q\
q\\\* 9 ¢ 9P 4 4 4 94 4 g Qq
a a \Cl a a \Cll a a a a
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 8.3: How the automaton in Example 8.3 recognizes { a2 =2 | k > 2}.

The automaton in Example 8.3 can be transformed to a grammar by
Lemma 8.2. However, it is possible to construct a more succinct grammar,
which, for each base k > 2, defines the language Ly = {a*" | n > 0}.

S = ag<e | e&<S | aSa*t

It is now known that linear grammars with contexts over a one-symbol
alphabet are non-trivial. How far does their expressive power go? For con-
junctive grammars (which allow non-linear concatenation, but no context
specifications), Jez and Okhotin [32, 33, 34] developed a method for ma-
nipulating base-k notation of the length of a string in a grammar, which
allowed representing the following language: for every trellis automaton M
over an alphabet {0,1,...,k — 1}, there is a conjunctive grammar gener-
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ating Ly = {a’ | the base-k notation of £ is in L(M)} [32]. This led to
the following undecidability method: given a Turing machine 7', one first
constructs a trellis automaton M for the language VALC(T') C ¥* of com-
putation histories of T'; then, assuming that the symbols in ¥ are digits in
some base-k notation, one can define the unary version of VALC(T) by a
conjunctive grammar.

Linear grammars with contexts are an entirely different model, and the
automaton in Example 8.3 has nothing in common with the basic unary
conjunctive grammar discovered by Jez [31], in spite of defining almost the
same language. The new model seems to be unsuited for manipulating base-
k digits, and thus a different route to undecidability results has been taken,
as explained below.

8.4 Simulating a Turing machine

The idea is that given a Turing machine, one shall construct a trellis automa-
ton with feedback that simulates O(n) steps of the machine and accepts the
input a”, which is a string over a unary alphabet, depending on the state of
the computation of the Turing machine at a certain time. Each individual
cell, computed by a trellis automaton with feedback, should hold informa-
tion about the computation of the Turing machine, such as the contents of
a certain tape square at a certain time.

In order to simulate a Turing machine in
such a way, it is useful to assume a machine of
the following special kind. This machine op-

!n erates on an initially blank tape, which is infi-
nite to the left, and proceeds by making sweeps
> from left to right over the tape. When the ma-
chine arrives at the end of the tape, it appends
a blank tape square to the left and begins a new sweep from that square.

Definition 8.2 (cf. [27, p. 126]). A rotating Turing machine is a quintuple
T=(T,S8,s0,V,F), where

e I is a finite tape alphabet containing a blank symbol O € T';
e S is a finite set of states;
e 50 € S is the initial state;

o the function V: S xI' = S X I determines the next move of the Turing
machine and is called a move function, to distinguish it from transition
functions of trellis automata;

o F is a finite set of flickering states.
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A configuration of T is a string of the form [k]usav, where k > 1 is the
number of the sweep, and usav with u,v € I'*, a € I and s € S represents
the tape contents uav with the head scanning the symbol a in the state s.

The initial configuration of the machine is [1]so0. FEach k-th sweep of
the machine deals with a tape with k symbols, and consists of k steps of the
following form.

[k]uscdv br [k]uc's'dv (V(s,c) = (s,¢))

After the last move of a sweep, the machine appends a blank symbol to the
tape and then begins another sweep.

[E]wse bFr [k + 1]s'Owd (V(s,c) = (s,c))

A rotating Turing machine never halts; at the end of each sweep, it may
flicker by entering a state from F. Define the set of numbers accepted by T
as follows.

S(T)=A{k|[1]so0 b} [k]wste for w e T* sg € Foe €T, |we| =k}

A similar class of Turing machines was studied by Ibarra and Kim [27].
Unlike the model defined in this section, the state of their machine is reset
to the initial state in the beginning of each new sweep. Because of this, these
devices are trivial over a unary alphabet.

The aforementioned Turing machines by Ibarra and Kim [27]| can be un-
derstood as a model equivalent to trellis automata. A similar result holds for
rotating Turing machines: they can be proved equivalent to trellis automata
with feedback.

Let T = (I',S,s0,V,F) be a rotating Turing machine. Construct a
trellis automaton with feedback Mpr = ({a}, @, I, J, 4, F) for simulating the
machine as follows. Its set of states is Q) = {qsc ’ ses, ce F}, with each
state qsc representing the Turing machine’s being in a state s € S, with its
head scanning a symbol ¢ € T'. Let the initial state of the automaton be
I(a) = qs,0; this corresponds to the tape square so in the beginning of the
simulation.

Each diagonal of the automaton corresponds to the k-th sweep of the
Turing machine, and the tape symbols written there represent the tape con-
tents at the end of that sweep, as illustrated in Figure 8.4(b). In this kind
of a computation, each transition of the trellis automaton has to simulate
two moves of the Turing machine T'. For any two neighbouring states in the
Mrp’s computation, (s,c) and (t,d), the former state represents 71" in some
k-th sweep at some position ¢ + 1, whereas the latter state refers to 7" in the
sweep number k + 1 at the position i, as illustrated in Figure 8.5(b). Then
the trellis automaton has to determine the configuration in the (k + 1)-th
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Figure 8.4: (a) Computation of a rotating Turing machine; (b) a trellis
automaton with feedback simulating such a machine.

sweep at position ¢+ 1. The Turing machine arrives to that configuration in
the state produced at the last step by a move V(¢t,d) = (t',d'). Here, it sees
a symbol produced at the previous sweep by another move V(s,¢) = (¢, ).
These data are combined in the following transition.

0 (q807 qtd) = Qe ¢

(@) (b)

—--s S
T NS
l! ' Ik] N
o/ dee/
St f S »A

m [k+1] q s©q®d

Figure 8.5: (a) Computation of a rotating Turing machine during k-th and
(k + 1)th sweeps; (b) trellis automaton’s cells in the k-th and (k + 1)-th
diagonals corresponding to those sweeps.

After the last move of the machine in the current sweep, the feedback
data channel J is used to append a new blank symbol to the bottom element
of the next diagonal.

‘](qsc) =ds0O (V(S, C) = (Slv cl))

The set of accepting states of the automaton is F' = {qcs, |c €T, sy € F }.
The correctness of the construction is established in the following lemma.
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Lemma 8.3. Let T = (I', S, 50, V, F) be a rotating Turing machine, and let
Mp = ({a},Q,1,J,0,F) be the trellis automaton with feedback constructed
from T as described above. Then L(Mr) = {a* |k € S(T)}.

The claim can be proved by a straightforward induction, inferring the
state in each cell from the previously determined values of the neighbouring
cells.

8.5 Implications

The simulation of Turing machines by trellis automata with feedback over
a one-symbol alphabet is useful for proving undecidability of basic decision
problems for these automata, such as emptiness or equivalence. Due to The-
orem 8.2, the same results equally hold for linear grammars with contexts.
Besides establishing the undecidability, these results determine the exact
level of undecidability of these problems in the arithmetical hierarchy.

The arithmetical hierarchy is defined as follows. A set is in X9, if it can
be expressed as {y | Jx1Vxy ... Qrxr P(z1,...,2k,y) }, for some recursive
predicate P, where Q = Fif k is odd, and @ = V if k is even. Similarly, a set
is in I19, if its complement is in X9, that is, if it admits a representation { y |
Vzi3xg ... Qrrr P(z1,...,7k,y) }. In particular, the class %Y at the first
level of the arithmetical hierarchy is the class of recursively enumerable (r.e.)
sets. Fach class Z? and H?, with ¢ > 1, has complete sets with respect to
many-one reductions by Turing machines. For example, the Turing machine
halting problem is ¥.9-complete, whereas non-halting is IT{-complete.

The first decision problem for linear grammars with contexts is testing
whether the language defined by a given grammar is empty. The undecid-
ability of the emptiness problem follows from Lemma 8.3. To be precise, the
problem is complete for the complements of the r.e. sets.

Theorem 8.3. The emptiness problem for linear grammars with left con-
texts over a one-symbol alphabet is T1Y-complete. It remains in IIY for each
alphabet.

Proof. The non-emptiness problem is clearly recursively enumerable, because
one can simulate a trellis automaton with feedback on all inputs, accepting
if it ever accepts. If the automaton accepts no strings, the algorithm does
not halt.

The TI9-hardness is proved by reduction from the Turing machine halting
problem (non-halting, to be precise). Given a machine 7" and an input w,
construct a rotating Turing machine T},, which first prints w on the tape
(over 1 + log |w| sweeps, using around |w| states), and then proceeds by
simulating 7', using one sweep for each step of T'. If the simulated machine
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T ever halts, then T, changes into a special state s and continues moving
its head until the end of the current sweep.

Construct a trellis automaton with feedback M simulating the machine
T, according to Lemma 8.3, and define its set of accepting states as F' =
{dcs; | c € £}. Then, by the theorem, M accepts some string a’ if and only
if Ty, ever enters the state s¢, which is in turn equivalent to 7’s halting on
w. O

For conjunctive grammars, there is a stronger result than just the un-
decidability of the emptiness problem. Namely, for every fized conjunctive
language Lo over any alphabet, the problem of testing whether a given con-
junctive grammar describes Lg is II9-complete [68, Thms. 25,26]. The same
property holds for linear grammars with left contexts, and has a much sim-
pler proof than for conjunctive grammars.

Corollary 8.1. For every fixed language Lg defined by a linear grammar
with left contexts, the problem of testing whether a given linear grammar
with left contexts defines the language Lo is TI{-complete.

Proof. The problem is in H(l), because its complement, the inequivalence to
Ly, is recursively enumerable, solved by simulating a trellis automaton with
feedback on all inputs, looking for any mismatches to Ly.

The M{-hardness is proved by reduction from the emptiness problem.
Given a grammar (G, one can construct a new grammar G that describes
the symmetric difference of L(G) and Lg; the corresponding construction
shall be explained later in Lemma 8.6. Then, L(G1) = Lo if and only if
L(G) = @, which completes the reduction. O

The more general problem of checking the equivalence of two given gram-
mars is also H(l)—complete (its complement is still recursively enumerable,
through the same method of simulating automata on all inputs).

Corollary 8.2. The equivalence problem for linear grammars with left con-
texts is {-complete.

The second slightly more difficult undecidability result asserts that test-
ing the finiteness of a language generated by a given grammar is complete
for the second level of the arithmetical hierarchy.

Theorem 8.4. The finiteness problem for linear grammars with left contexts
over a one-symbol alphabet is ¥9-complete. It remains X9-complete for any
alphabet.

Proof (a sketch). Reduction from the finiteness problem for a Turing ma-
chine, which is ¥9-complete, see Rogers [77, §14.8]. Given a Turing machine
T, construct a rotating Turing machine 7", which simulates 7' running on all
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inputs, with each simulation using a segment of the tape. Initially, T" sets
up to simulate 7" running on ¢, and then it regularly begins new simulations.
Every time one of the simulated instances of T accepts, the constructed
machine “flickers” by entering an accepting state in the end of one of its
sweeps. Construct a trellis automaton with feedback M corresponding to
this machine. Then L(M) is finite if and only if L(T") is finite. O

8.6 Further examples of grammars

This section presents two additional examples of linear grammars with one-
sided contexts. These examples are useful for understanding the expressive
power of this new class of grammars.

The language described in the first example is known to have no linear
conjunctive grammar [96].

Example 8.4 (Toérmé [90]). The following linear grammar with contexts
defines the language {a™™ | i,n > 1}.

S — ab|aSb|aB
B — bB|b&<S

The languages defined by nonterminals B and S are as follows.

L(B) = {a®" () [n>1,1<j<in}
L(S) = {a{a"b" ) [n>1,0<j<n}

For each n > 1, the strings a™b™, with i > 1, are defined inductively on
1. The first string a™b™ is defined by the first two rules for nonterminal S.
In Figure 8.6, this is illustrated by the leftmost vertical S-column.

Every next string w' = a™b(t)" is obtained from the previous string
w = a™'™ by appending as many symbols b as there are symbols a in w.
First, a context operator in the rule B — b& <1S produces a one-symbol
string a”b™(b). Then, B generates the string a™(b™*!) by the rule B — bB
applied ¢ - n times, as shown in a B-diagonal in the figure.

Next, the rule S — aB generates the string ™ (ab™*1), thus setting
up the matching of the new symbols b to the existing symbols a. Then, each
application of the rule S — aSb appends one a and one b, and, overall, it
appends as many symbols b as there as as in the beginning of the string, as
illustrated in an S-column emerging from a B-diagonal. The resulting string
with an empty context is £(a™bT1") | as desired.

The second example defines the set of squares over a unary alphabet.
This example is based upon an idea of Birman and Ullman [7], who used it
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Figure 8.6: The grammar in Example 8.4 defining the language {a
iyn>1}.

to recognize the set of squares using a special recursive descent parser with
backtracking.

Example 8.5 (adapted from Birman and Ullman |7, p. 21]). The following
linear grammar with contexts describes the language {a™ |n > 0}.

S — a&<e | aaaa§ <e | aBaa & <S | aS
B — a&<S|aBa&<C
C — a&<S|aC | Ba

The grammar is centered around the nonterminal .S, which should define,
among others, strings of the form e(a"), with m being a perfect square. The
two shortest strings e(a) and e(a?) are explicitly defined in the first two
rules for S. Other prefixes of the string, that is, e(a™), where m is not a
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Figure 8.7: The grammar in Example 8.5 describing the language {a”2 [ n >

0}.

perfect square, are defined by the symbol C, which acts more or less as the
complement of S.

Nonterminal B generates vertical B-columns, each beginning in a one-
symbol string a”2<a>, with n > 1, and then rising up through a”2_i<a2i+1>,
forall i =1,...,2n — 2. The rule B — a & <15 defines the bottom element
of every such column, and the companion rule C' — a & <1S simultaneously
defines symbol C' in the same position. Every next element of a vertical
B-column is defined from the previous element by the rule B — aBa & <1C.
The context C in this rule is satisfied unless the left context is a perfect
square. Therefore, the height of this column of Bs is equal to the number
of symbols C' between the two previous occurrences of a perfect square in
the main diagonal. Thus, the height of every consecutive B-column is by 2
greater than the height of the previous one.

The symbols C are spawned from B-columns. The rule C' — Ba defines
an initial C-column to the right of a B-column, whereas the rule C' — aC
propagates C' towards the main diagonal.
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The nonterminal S generates S-diagonals, starting with a string
a(”_2)2(a”2> and propagating up to desired strings of the form 5<anz>. The
rule S — aBaa & <1S defines the bottom element of an S-diagonal as a com-
bination of two conditions. First, aBaa makes a jump from the topmost
symbol B in a B-column in a fixed direction and distance (this can be done
from any B in this column). At the same time, the context S in this rule
refers to the next to last perfect square. These two conditions together de-
fine the bottom of an S-diagonal; the rule S — aS propagates symbols S
towards the main diagonal.

The languages generated by the nonterminals S, B and C are as follows.

L(S) = {a@ ) |n>1,0<i<(n-27}
L(B) = {a" a®")|n>1,0<i<2n—2}
LIC) = {d{a™)|n>1,1<j<2n, 0<i<min{n?—j+2n2}}

8.7 Closure properties

A few additional results on the expressive power of linear grammars with
contexts concern their closure under several operations.

The first result is the closure under concatenating a linear conjunctive
language from the right, which is interesting because the family of linear
conjunctive languages is itself not closed under concatenation [87].

Lemma 8.4. Let K C X* be defined by a linear grammar with contexts, and
let L CX* be a linear conjunctive language. Then the language K - L can be
defined by a linear grammar with contexts.

Proof. Let G1 = (3, N1, R1,S1) and G = (X, Na, Ry, S2) be the grammars
generating the languages K and L, respectively. Construct a linear conjunc-
tive grammar with contexts G = (X, Ny U Na U {S}, R1 U Ry U R, S), where
R contains the following rules.

S —aS (for all a € X))
S — S2&<]Sl

The latter rule represents the concatenation of a string v from K with a
string v from L by expressing v written in the context w, that is, u(v). The
goal is to describe e{uv), which is done by applying the rules of the form
S — aS for every symbol of u. O

This, in particular, implies that the language
L={ad"p".. .a"bm |m>2 ij;>1, 3 i1 =3y A ige1 = jm }
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used by Terrier [87] to show that linear conjunctive languages are not closed
under concatenation, can be defined by a linear grammar with contexts.

By the same method as in Lemma 8.4, one can show that the Kleene star
of any linear conjunctive language can be represented by a linear grammar
with contexts.

Lemma 8.5. Let L be a linear conjunctive language. Then the language L*
can be defined by a linear grammar with contexts.

Proof. Let G = (¥, N, R, S) be a linear conjunctive grammar that defines L.
Construct a linear grammar with contexts G' = (X, NU{S’, S}, RUR/, 9,
with the following rules in R'.

S — S& <k | e & <e
S— S8
S —aS (for all a € 3)

Then L(G") = L(G)*.

In this grammar, the nonterminal S’ defines all strings of the form
e(uy ... ug), with k > 0 and uy,...,ux € L(G). For k = 0, the empty string
is generated by the rule S — ¢ & <e. Every next string e(uj ... upugr1) is
represented by concatenating the previous string e(uj ...uy) from S’ to a
string ux41 given by S in the way similar to the previous lemma. O

Similarly to the case of linear conjunctive languages [54, Thm. 7|, the
languages defined by linear grammars with contexts are closed under con-
catenation and star over disjoint alphabets, through a center marker, etc.

Turning to Boolean operations on languages, the closure under union and
under intersection is obvious, as these operations can be expressed in gram-
mars. In spite of having no negation operator, the language family defined
by linear grammars with contexts is closed under all Boolean operations, just
like the linear conjunctive languages.

Lemma 8.6. If the languages K, L are defined by linear grammars with left
contexts, then so are the languages K UL, KN L and L.

For complementation, one can define a direct grammar-to-grammar con-
struction, as for linear conjunctive grammars [54]. However, an easier ap-
proach is to construct a trellis automaton with feedback recognizing the given
language, and then invert its set of accepting states.

Another standard operation on formal languages is the quotient: for two
languages K, L C ¥*, their left quotient is K~'-L={v|3u € K : ww € L}
and their right quotient is L+ K~ = {u | 3v € K : uwv € L}. Already for
linear conjunctive languages, it is known that every recursively enumerable
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set is representable as a quotient of a linear conjunctive language and a
regular language [54, Thm. 11|. Therefore, the languages defined by linear
grammars with contexts are also not closed under this operation. However,
quotient with a finite language preserves this family. The construction is
slightly different for quotient on the left and on the right, because context
operators act only on the left.

Lemma 8.7. Let G = (X, N, R, S) be a linear grammar with contexts, and
let K C ¥* be a finite language. Then the language L(G)- K~ can be defined
by a linear grammar with contexts.

Proof (a sketch). Whenever the language K consists of multiple strings, the
desired quotient can be represented as a union of quotients with singletons.

LK™ = | L{u}™!

ueK

For a finite K, this is finite union. Furthermore, the quotient with a string
u = aj...ay is representable as a sequence of ¢ quotients with one-symbol
strings. Then, since the family of languages defined by linear grammars with
contexts is closed under union, it is sufficient to prove the closure in the case
of K containing a single one-symbol string: K = {d}, with d € X.

Assume, without loss of generality, that G is in the linear normal form,
provided by Theorem 8.1. Construct a grammar G’ = (X, N U N, R, S’),
where N' = { A’ | A € N }. The intention is to have Lg(A) = Lg(A) and
Le(A") = {u(v) | u(vd) € Lg(A) } for all A € N. The new rules in R’ are
defined as follows.

e For each rule of the form A — bB1& ... &bBp & Cic& ... & Cic, the

set R’ contains the same rule for A.
A— bBl&...&ng&Clc&...&Ckc

If all symbols concatenated from the right are equal to d (that is, if
c=d orif k =0), then there is also a truncated rule for A’.

A" 5 bB & ... &bBy & C1 & ... & Ck, (if c=d)

e Every rule A — a& <1D1 & ...& <Dy, is included in R’ as it is, and if
a = d, a truncated rule for A" is added.

A—a& <D & ... & <Dy,
A s e& <D &...& <Dy, (if a = d)
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The facts that k¢ A(u(v)) if and only if F¢ A(u(v)) and Fqr A (u(v))
if and only if Fg A(u(vd>) can be proved by an easy induction. Hence,
L(G") = L(G) - {d} " O

The construction for the closure with a symbol on the left is similar but
not symmetric.

Lemma 8.8. Let G = (X, N, R, S) be a linear grammar with contexts, and
let K C X be a finite language. Then the language K1+ L(G) can be defined
by a linear grammar with contexts.

Proof (a sketch). Similarly to the previous lemma, the quotient from the left
can be represented as a union of quotients with singletons.

Let G be in the linear normal form. Construct a grammar G’ = (3, N U
N, R',S"), where N = {A' | A € N}, such that Lg/(A) = Lg(A) and
Le(A") = {u(v) | du(v) € Lg(A) } for all A € N, as follows.

e For each rule of the form A — bB1& ... &bB & Cic& ... & Cic, the

set R’ contains this rule, and, if b = d or £ = 0, then a truncated rule

for A’ is also added to R’.

A—bB1 &...&bBi & Cic& ... & Cic
A" B &...&Bi&Cic& ... & Cjc (if b = d)

e Forarule A = a& <1D1 & ... & <1D,,, the set R’ contains the following
rule.

A= a& <Dy &...&<D),

If additionally @ = d and m = 0, then an extra rule
A —e

is added to R'.

Similarly to the previous lemma, one can prove that k¢ A(u(v)) if and only
if ¢ A(u(v)) and ¢ A’ (u(v)) if and only if F¢ A(u(vd)). O

The last class of operations to be considered are homomorphisms. Given
two alphabets ¥ and {2, a homomorphism h: 3* — QF is a mapping that
satisfies h(e) = € and h(uv) = h(u)h(v) for all u,v € ¥; it is completely
defined by the images of one-symbol strings. A homomorphism is a code, if
h(u) = h(v) implies u = v. It is known that the family of linear conjunctive
languages is closed under a homomorphism h if and only if either A is a code,
or h trivially maps everything to the empty string [63]. The closure under
codes also holds for linear grammars with contexts.
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Lemma 8.9. Let G = (X, N, R, S) be a linear grammar with contexts, and
let h: ¥* — Q* be a code. Then the language h(L(QG)) is defined by a linear
grammar with contexts.

Proof. Construct a new linear grammar with contexts G’ = (Q, N, R/, S)
with the following set of rules. Consider any rule in R.

A— 1By & ... &2 Brye &<1x’1D1yi &... & Qx;any;n &
Byl & ... & L2l Byl

Then the new grammar contains a rule with all strings encoded by h.

A = h(z1)Bih(y1) & - .. & h(zk) Brh(yx) &
<h(z7)D1h(yy) & - - - & <h(xy,) Dimh(yy,) &
Qh(z])Erh(yy) & - - - & <h(zy,) Enh(y),)

It is claimed that every symbol A € N generates the language Lg/(A) =
h(Lg(A)). In one direction, it has to be shown that for every string u(v)
generated by A in G, the encoding h(u)(h(v)) is in Lg/(A). This is actually
true for every homomorphism h. In the other direction, if an item A(aj(y>)
can be deduced in the grammar G’, then z and y are images of uniquely
determined strings u, v € ¥*, with h(u) = = and h(v) = y, and one can prove
that the string u(v) is in Lg(A). Both proofs follow by a straightforward
induction on the number of steps in the derivations. O

As compared to the well-researched closure properties of other families
of formal grammars [68, Sect. 8.2|, the results for grammars with contexts,
whether linear or with general concatenation, are still quite fragmentary. It
is conjectured that they are not closed under most of the basic operations,
such as concatenation and star, but this cannot yet be proved due to the
lack of negative proof methods for these grammars.
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Chapter 9

Conclusions and future work

Thus, the formalism of context-free grammars has been extended to allow
context specifications, and the basic properties of the resulting models have
been explored. Most importantly, the new grammars manage to maintain the
principle of defining the properties of strings recursively from the properties
of their substrings, and introducing the properties of left and right contexts
into this scheme did not break it. Such inductive definitions form parse trees,
which can be constructed by efficient parsing algorithms.

One can speculate that the models introduced in this thesis are appar-
ently the only way of defining contexts in context-free grammars, which
maintains their meaning as a formalism for syntactic descriptions. However,
it would be premature to suggest that grammars with context specifications
can be indeed used for practical representation of languages. In fact, of
all countless extensions of context-free grammars proposed in the literature,
probably only the tree-adjoining grammars [35] have seen any practical use.
However, the proposed grammars are at the very least not totally absurd,
and applying them is not out of question.

The new model leaves many theoretical questions to ponder. The most
crucial open problem is whether grammars with contexts can define any lan-
guages that cannot be generated by a conjunctive grammar [50, 68|, that is,
without ever using the context operators. Unfortunately, there are no known
non-trivial methods for proving that a given language is not defined by any
conjunctive grammar [68|. Thus, showing that conjunctive grammars are
weaker in power than grammars with contexts requires further understand-
ing of conjunctive grammars.

Establishing any limitations of the expressive power of grammars with
contexts appears to be an even more challenging task. A possible language
that might be not representable by these grammars is the language { ww |
w € {a,b}* }, which, on the other hand, can be defined both by Boolean
grammars [56] and by tree-adjoining grammars.

211



For the subclass of unambiguous grammars with contexts, it would be
interesting to know whether it is weaker in power than the full family of
grammars with contexts. In other words, are there any inherently ambiguous
grammars with contexts? This question is also beyond the current state of
knowledge on formal grammars: already for conjunctive grammars and their
unambiguous subclass, no separation is known [62].

Consider another natural theoretical question: is there a parsing algo-
rithm for grammars with one-sided contexts working in substantially less
than cubic time? For ordinary context-free grammars, Valiant [91] discov-
ered an algorithm that offloads the most intensive computations into calls
to a Boolean matrix multiplication procedure, and thus can work in time
O(n¥), with w < 3; according to the current knowledge on matrix multi-
plication, w can be reduced to 2.373. The main idea of Valiant’s algorithm
equally applies to conjunctive and Boolean grammars, which can be parsed in
time O(n*) as well [70]. However, extending it to grammars with one-sided
contexts seems to be inherently impossible, because the logical dependencies
between the properties of substrings (that is, between the entries of the table
T; ;) now have a more complicated structure, and the order of calculating
these entries apparently rules out grouping multiple operations into Boolean
matrix multiplication. However, there might exist a different O(n%)-time
parsing strategy for these grammars, with o < 3, which would be interesting
to discover.

The complexity of the known parsing algorithms for different families of
formal grammars is as follows (with n°(Y) factor omitted):

e 1?2 for unambiguous conjunctive and Boolean grammars, as well as for
all their subclasses down to linear grammars with disjunction only [62];

e n¥ for the general case of context-free grammars, including their con-
junctive and Boolean variants [91, 70];

e 13 for grammars with one-sided contexts, as proved in Theorem 4.1;

e 13 for grammars with two-sided contexts, as proved by Rabkin [74]
while this thesis was under preparation;

e n?* for tree-adjoining grammars [75].

The cubic-time parsing algorithm for grammars with left contexts, its
version for unambiguous grammars as well as the tabular parsing algorithm
for grammars with two-sided contexts have been implemented by the author
in a prototype software. Given a description of a grammar, the tool gener-
ates a parser for this grammar as a program in the programming language
C+#. However, this tool is a research-level implementation of the mentioned
algorithms, developed to demonstrate their correctness, and only provides

212



om?) . OnY . Om) omd)

‘ TAG /

Conj+ <IB>>

UnambLinCF LinC ’

LinConj

Figure 9.1: Hierarchy of grammar families. Complexity of known parsing
algorithms.

a primitive programmer interface. Thus, implementing the algorithms for
grammars with contexts in a practical software tool remains an open task.

Among other theoretical questions to research about the new models
are their closure properties, efficient parsing algorithms and subfamilies that
admit more efficient parsing. Yet another possibility for further studies is
inwestigating Boolean and stochastic variants of grammars with contexts, fol-
lowing the recent related work [16, 44, 97].

Knowing that regular context operators do not increase the expressive
power of the basic families of formal grammars leaves the following problem
to study: what is the effect of the regular context elimination procedure on
the size of grammars? 1t is also interesting to know whether there exist any
languages described by small grammars with regular contexts, which would
require large grammars without context operators. If the succinctness tradeoff
is significant, then, instead of eliminating context operators in a grammar, it
could be more practical to augment the existing parsing algorithms to handle
these context operators directly.

As for linear grammars with contexts, a suggested topic for future
research is to investigate the main ideas in the literature on trellis au-
tomata [12, 14, 27, 87] and see whether they can be extended to trellis au-
tomata with feedback (and hence to linear grammars with contexts). In
particular, it is essential to learn how to prove that some languages cannot be
recognized by any automaton of this kind. It is also interesting to see how the
parsing algorithms for grammars with contexts, conjunctive grammars and
related models [3, 68| could be adapted to linear grammars with contexts.
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There must have been other good ideas in the theory of formal grammars
that were inadequately formalized before and they may be worth being re-
investigated using the logical approach.

This might be the future of the area. ..

<> FIN <>
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