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Abstract

Hyperedge replacement (HR) grammars can generate NP-complete graph lan-
guages, which makes parsing is hard even for fixed HR languages. Therefore,
we study predictive shift-reduce (PSR) parsing that yields efficient parsing for a
subclass of HR grammars, by generalizing the concepts of SLR(1) string parsing
to graphs. We formalize the construction of PSR parsers and show that it is
correct. PSR parsers run in linear space and time, and are more efficient than
predictive top-down (PTD) parsers recently developed by the authors.

Keywords: hyperedge replacement grammar, graph parsing, grammar analysis

1. Introduction

Everywhere in science and beyond, diagrams occur as a means of illustra-
tion and explanation. In computer science and engineering, they are also used
as primary source of information: they form visual specification languages with
a precise syntax and semantics. For instance, the diagrams of the Uniform
Modeling Language UML specify software artifacts. (See www.uml.org/.) When
diagram languages shall be processed by computers, techniques of compiler con-
struction have to be transferred to the domain of diagrams. A processor of a
textual language parses its syntax, which is specified by a context-free Chomsky
grammar, in order to construct an abstract hierarchical representation that can
then be further interpreted or translated. The syntax of a diagram language is
its structure. To analyze the structure of diagrams, one thus needs grammars
to specify their syntax, and parsers for these grammars that perform the anal-
ysis. A successfully parsed diagram can eventually be processed further. Since

*This paper formalizes the concepts described in [14] and provides detailed correctness
proofs for them.
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diagrams can be represented as graphs, their syntax can be captured by graph
grammars.

Here we consider hyperedge replacement (HR) graph grammars.! Hyper-
edges are a generalization of edges that may connect any number of nodes, not
just two. In a host graph G, the replacement of a hyperedge e by a graph R glues
the nodes connected to e to distinguished nodes of R. The context-free case,
where the replacement depends just on the label of e (a nonterminal symbol) is
well-studied [22]. Unfortunately, it is well known that hyperedge replacement
can generate NP-complete graph languages [1]. In other words, even for fixed
HR languages parsing is hard. Moreover, even if restrictions are employed that
guarantee L to be in P, the degree of the polynomial depends on L; see [27].2
Only under rather strong restrictions the problem is known to become solvable
in cubic time [34, 9].

Since even a cubic algorithm would not scale to diagrams occurring in real-
istic applications, the authors have recently transferred results of context-free
string parsing to graphs: Simple LL-parsing (SLL(k) for short, [28]), a top-down
parsing method that applies to a subclass of unambiguous context-free string
grammars (using k symbols of lookahead), has been lifted to predictive top-down
parsing of graphs (PTD parsing for short, [12]); the program generating PTD
parsers approximates Parikh images of auxiliary grammars in order to deter-
mine whether a grammar is PTD-parsable [13], and generates parsers that run
in quadratic time, and in many cases in linear time.

In this paper, we devise—somewhat complementary—efficient bottom-up
parsers for HR grammars, called predictive shift-reduce (PSR) parsers, which ex-
tend SLR(1) parsers [8], a member of the LR (k) family of deterministic bottom-
up parsers for context-free string grammars [26]. We formalize the construction
and modus operandi of PSR parsers, show their correctness, and relate them
briefly to PTD parsers and to SLL(1) and SLR(1) string parsers.

In Sect. 2 we recall basic notions of HR grammars. To support intuition, we
briefly recall SLR(1) string parsing in Sect. 3. In Sections 4-9, we work out in
detail how it can be lifted to PSR parsing:

Section 4 develops a naive shift-reduce parser for HR grammars and shows
its correctness. This parser is a stack automaton that, one by one, consumes the
edges of the input graph and simply “guesses” nondeterministically a backwards
application of rules that take the input graph to the start symbol. While this
parser is correct, its nondeterminism renders it impractical. One of its disad-
vantages is that it can run into “dead ends”, situations which can never lead to
acceptance, regardless of the remaining input.

Section 5 defines a notion of viable prefires and shows that the naive shift-
reduce parser would avoid running into a dead end if and only if one could make

LOther graph grammars and parsing algorithms are discussed in Sect. 11.

2The polynomial algorithm for a restricted class of (fixed) HR grammars presented in [27]
was refined in [4] and implemented in the system Bolinas for semantic parsing in natural
language processing.
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sure that its stack does always contain a viable prefix.

Section 6 thus develops a notion of nondeterministic characteristic finite
automaton (nCFA) and shows that it recognizes (we say approves) exactly the
viable prefixes. However, since the nCFA is itself nondeterministic, it cannot
reasonably be used in order to improve the naive shift-reduce parser.

Section 7, therefore, shows how the nCFA can be converted into a determin-
istic characteristic finite automaton (ACFA) that is equivalent to the nCFA.

Section 8 incorporates the dCFA into an improved version of the naive shift-
reduce parser. This dCFA-assisted shift-reduce parser will thus avoid to run
into a dead end. However, it is still nondeterministic as the dCFA may allow
for alternative parser actions in a given situation, i.e., there may be conflicts.

Finally, Sect. 9 formalizes conflicts, shows how they can be detected, and
ends in the definition of predictive shift-reduce parsers (PSR parsers) that, for
all practical purposes, run in linear time and space.

In Sect. 10, we compare PSR parsing to SLR(1) and PTD parsing wrt.
generative power. Related and future work is discussed in Sect. 11.

This paper formalizes the concepts developed in [14] and provides detailed
correctness proofs for them. We would also like to mention that the proof of
Theorem 1 of [14] turned out to be wrong; see the discussion at the end of
Sect. 10.

Acknowledgment. We thank the reviewers for their comments and criticism; we
hope to have made good use of them.

2. Hyperedge Replacement Grammars

We let N denote the non-negative integers. For set A and B, let 24 denote
the powerset of A and (A — B) the set of all partial functions A — B. The
domain of a partial function f: A — B is denoted by dom(f), i.e., dom(f) =
{a € A | f(a) is defined}. For S C A, we let f(S) = {f(a) | a € SN dom(f)}.
Given two partial functions f and g, we write f C g if f C g as binary relations.
The composition g o f of (possibly partial) functions f: A — B and g: B —~ C
is defined as usual, i.e., (g o f)(a) equals g(f(a)) if both f(a) and g(f(a)) are
defined, and is undefined otherwise.

A* denotes the set of all finite sequences (or strings) over a set A; the empty
sequence is denoted by € and the length of a sequence «a by |a|. A stack S of
elements in A is a nonempty string in A*. Its top is the rightmost element of
the string, which is denoted by top(S).

For a (total) function f: A — B, its extension f*: A* — B* to sequences is
defined by f*(a1---an) = f(a1)--- f(an), for all ay,...,a, € A, n > 0. Given a
relation ~~ C A x A, we denote its n-fold composition with itself by ~»™ (where
~0 is the identity on A), its transitive closure by ~»* and its reflexive and
transitive closure by ~~*, as usual.

Throughout the paper, we let X denote a global, countably infinite supply
of nodes or wvertices.
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Definition 2.1 (Graph). An alphabet is a set 3 of symbols together with an
arity function arity: ¥ — N. Given such an alphabet, a literal e = a(x1, ..., zk)
over ¥ consists of a symbol a € ¥ and k = arity(a) pairwise distinct nodes
Z1,...,x € X. We write {(e) = a and denote the set of all literals over ¥ by
Lity.

A graph v = (V, ) over ¥ consists of a finite set V' C X of nodes and a
sequence ¢ = ey - - - e, € Lity, such that all nodes in these literals are in V. Gy,
denotes the set of all graphs over X.

We say that two graphs v = (V, ) and v/ = (V' ¢’} are equivalent, written
v/, if V=V'and ¢ is a permutation of ¢'.

Note that the set of literals of a graph is ordered, i.e., two graphs (V| ¢) and
(V') ") with the same set of nodes, but with different sequences of literals are
considered to differ, even if V' = V' and ¢’ is just a permutation of . However,
such graphs are equivalent, denoted by the equivalence relation . In contrast,
“ordinary” graphs would rather be represented using multisets of literals instead
of (ordered) sequences. The equivalence classes of graphs, therefore, correspond
to conventional graphs. The ordering of literals is technically convenient for the
constructions in this paper. However, input graphs to be parsed should of course
be considered up to equivalence. Thus, we will make sure that the developed
parsers yield identical results on graphs g, ¢’ with g ¢’

For a graph v = (V,¢), we use the notations X(v) = V and lit(y) = .
By X(vy) we denote the set of symbols a € ¥ such that + contains a literal
a(--+). An injective function o: X — X is called a renaming, and v° denotes
the graph obtained by replacing all nodes in v according to 0. We define the
“concatenation” of two graphs a, 8 € Gy as aff = (X (a) U X(B), lit(«a) lit(B)).
A graph « is a prefix of graph « if there is a graph § such that o = «é. Thus,
a prefix is a particular kind of subgraph. If a graph = is completely determined
by its sequence lit(7y) of literals, i.e., if each node in X () also occurs in some
literal in lit(vy), we simply use lit(vy) as a shorthand for . In particular, a literal
e € Lity, is identified with the graph consisting of just this literal and its nodes.

Definition 2.2 (HR Grammar). Let ¥ = N U T be an alphabet which is
partitioned into disjoint subsets N and T of nonterminals and terminals, re-
spectively. A hyperedge replacement rule r = (A — o) (a rule for short) has a
literal A € Lity as its left-hand side, and a graph ¢ € Gy, with X(A) C X (o)
as its right-hand side.

Consider a graph v = aA’S € Gy and a rule r as above. A renaming
p: X — X is a match (of r to ) if A* = A’, and if X(y) N X (") C X(A*).
A match p of r derives « to the graph v' = ap"B. This is denoted as vy=>,, 7/,
or just as y=,.7. We write y=r 7 if v=-,.7 for some rule r taken from a set
R of rules.

A hyperedge replacement grammar T’ = (X, T, R, Z) (HR grammar for short)
consists of finite alphabets X, T as above (where N/ =X \ 7)), a finite set R of
rules over X, and a start symbol Z € N of arity 0. T" generates the language

LT)={9€dr|2()=%9g}
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of terminal graphs. We call a graph g valid with respect to T" if £(T") contains
a graph ¢’ with g g’.

In the following, Z shall denote the literal Z() of the start symbol of T
Moreover, we shall generally omit the subscript in = and =%, thus writing
simply = and =* instead because the HR grammar in question will always be
clear from the context.

We call literals in Lit7 terminal literals and denote them as a,b,c,...,
whereas nonterminals literals are literals in Lita denoted as A, B,C, ... . Ter-
minal graphs, those in G, are denoted as a, b, ¢, . .., whereas graphs in Gy, i.e.,
graphs that may contain nonterminal literals, are denoted as «a, 53,7, ... .

The following lemma follows more or less immediately from the definition of
derivation steps. Its proof is straightforward by induction over the length of the
derivation.

Lemma 2.3. Z =" v implies Z =" v" for every renaming p: X — X.

Throughout the paper, we shall generally restrict our attention to rightmost
derivations:

Definition 2.4 (Rightmost Derivation). A derivation step y=-+' with v =
aAB and o = adf is rightmost if § € Gr. We write v = /. A rightmost

derivation is a derivation each step of which is rightmost.
Due to context-freeness, the restriction to rightmost derivations does not

affect the generated language. The following fact can be shown analoguously to
the string case.

Fact 2.5. For graphs g € Gy, Z="g ff Z =" g.

An immediate consequence of the definition of the derivation relation is the
following:

Fact 2.6. For all graphs «, 8,7 € Gx and § € G, a =" [ implies yad ="
B4 if and only if X(B) N X (yad) C X(«).
It is a well-known result [22, Theorem IV.4.1.2] that every HR grammar can

be transformed into an equivalent reduced HR grammar where every nontermi-
nal contributes to its language:

Definition 2.7 (Reduced HR Grammar). A hyperedge replacement gram-
mar ' = (X, 7, R, Z) is called reduced if R = & or, for every literal A € Litys,

i) there is a terminal graph g € G7 such that A="* g, and
(i) graph g € Gr g
(ii) there are graphs 4,9’ € G, such that Z =*§A¥’.
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Example 2.8 (Semantic Representation). A HR grammar can derive se-
mantic representations of sentences of natural language. The semantic graphs
in this example are much simplified Abstract Meaning Representations [3].
As in [15] (where the more powerful concept of contextual hyperedge replace-
ment [10] was used), we represent the semantics of sentences using the predicates
(i.e., verbs) ‘persuade’, ‘try’, and ‘believe’. These yield interesting semantic
graphs (to the extent such a small example reasonably can), because ‘persuade’
is an object control predicate (the patient of the persuasion is the agent of what-
ever she is persuaded to do) and ‘try’ is a subject control predicate (the agent
of the trying is also the agent of whatever is being tried).
The represented patterns are

e “x persuades y to do 2"

e “x tries to do 2”

o “x believes y”

e “x believes y about z”

e “x believes y about himself”

The nodes of the graphs represent (anonymous) persons when they are leaves,
and statements otherwise. Predicates are represented by terminal edges with
the corresponding label and arity (with a further, first tentacle to the root of
the statement governed by the predicate). The rules are as follows:

Z() — T(r,x) [s]
T(r,z) — per(r,z,y,2)T(zy) | try(r,z,2)T(z,2) [p, 1] (1)

| bel(r,z,y) | bellr,2,y) T(y,z)  [be, bo)

| bel(n z, y) T(y, l‘) [bt]

A derivation of the AMR graph g representing the phrase “f persuades b to try
to believe m” reads as follows:

Z = T(rf)
= per(r, £,b,d) T(d,b)
i} per(r, f,b,d) try(d, b, s) T(s,b) (2)
2 per(r, f,b,d) try(d, b, s) bel(s,b,m) .

Since g can be derived, so can the graph ¢’ = per(r,m, f,d) try(d, f, s) bel(s, f,b),
i.e., the node names in derivations are irrelevant. Furthermore, while the
graph h = try(d, b, s) per(r, f,b,d) bel(s,b,m) cannot be derived, it is valid for
this grammar since g > h. Fig. 1 shows how the rules for 7" and the graph g
are drawn as diagrams, a visually convenient notation that specifies them up to
equivalence.
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Figure 1: Diagrams of the rules in (1) and of the abstract meaning representation derived
in (2). (Circles represent nodes, and boxes represent edges. The box of an edge contains its
label, and is connected to the circles of its attached nodes by lines; these lines are ordered
counter-clockwise around the edge, starting to its top. Names attached to nodes in rules
define the correspondence between left-hand side and right-hand side. Vertical bars separate
the right-hand sides of the rules for the nonterminal T'.)

3. Shift-Reduce Parsing of Strings

The predictive shift-reduce parser for HR grammars borrows and extends
concepts known from the family of context-free LR(k) parsers for context-free
string grammars [26], which is why we recall these concepts first. As context-free
grammars, shift-reduce parsing, and LR(k) parsing in particular can be found
in every textbook on compiler construction, we discuss these matters only by
means of a small example.

A Context-Free String Grammar for the Dyck Language. The Dyck language of
matching nested square brackets “[” and “]” is generated by the context-free
string grammar with the nonterminals Z, T', and B, and set of rules

D={Z—->T,T—|[B], B=>TB, B— ¢},

where Z is the start symbol. An example deriving a string of the Dyck language
is

Z=T= Bz [TBl=[T]= (Bl =[] (3)
The derivation is rightmost: every derivation step replaces the rightmost non-
terminal of the current string.

A Naive Shift-Reduce Parser for the Dyck Grammar. A parser checks whether
a string like “[[]]” belongs to the language of a grammar, and constructs a
derivation such as the one in (3) if this is the case. A shift-reduce parser can
be formalized as a stack automaton. It reads an input string from left to right
and uses its stack for remembering its moves. In a naive shift-reduce parser,
a configuration can be represented as a.w, where « is the stack, consisting of
the nonterminal and terminal symbols that have been parsed so far, and w is



the consumed part® of the input, a terminal string. (As defined in the previous
20 section, the rightmost symbol of « is the top of the stack.) The parser is named
after the kind of moves it performs (where o and w are as explained above):

e Shift consumes the next input symbol, and pushes it onto the stack. The
parser for the Dyck language shifts square brackets:

a.wF af.w| a.wF al.w)

e Reduce pops symbols from the stack if they form the right-hand side of a
rule, and pushes its left-hand side onto it. Thus, in effect, it applies the
rule in reverse. The parser for the Dyck language performs the following
reductions:

T.wlaZ.w a[B].w}IozT.w ozTB.wgozB.w a.w}gaB.w

The parser accepts the string w if it reduces the start rule, and its con-
sumed input is w, as in the first reduction.

A successful parse of a string w is a sequence of shifts and reductions starting
from the initial configuration €.¢ to the accepting configuration Z .w, as below:

e.e B[ S U L o (220 | R 1T Y (O I A 1§

c B0 £ B0 - BN K T 2

(The places where reductions apply are underlined.) The reductions of a suc-
a5 cessful parse, read in reverse, yield a rightmost derivation, in this case the
derivation (3) above.
The naive shift-reduce parser is correct, i.e., a string has a successful parse
if and only if it has a rightmost derivation.

Nondeterminism. The naive parser is nondeterministic: E.g., in the configura-
20 tion “[TB.[[]” above, the following moves are possible:

(i) a reduction by the rule B — T B, leading to the configuration [B.[[];
(ii) areduction by the rule B — ¢, leading to the configuration [TBB.[[]; and
(iii) a shift of the symbol “]”, leading to the configuration [T'B].[[]].

Only move (i) will lead to a successful parse, namely the one above. After move
»s  (ii) or (iii), further reduction is impossible. In such situations, the parser would

3The configurations of a shift-reduce parser can also be defined as a. u, where « is the stack,
and wu is the unread part of the input. Then successful parses have the form e.w F* Z.e (where
the definition of shift and reduce moves is adapted in the obvious way). It is easy to show
that both definitions are equivalent, i.e., that e.w F* Z.e if and only if e.e F* Z.w. Here we
have chosen configurations that contain the consumed input as this can more easily be lifted
to configurations of graph parsers.
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have to backtrack, i.e., undo shifts and reductions and try alternative moves,
until it finds a successful parse, or fails altogether.

Backtracking makes parsing inefficient. To avoid this, the naive shift-reduce
parser can be refined by gathering information from the grammar that helps to
predict which moves lead to successful parses:

e The rules of a grammar allow to predict viable prefizes: these are pre-
fixes of sequences of nonterminal and terminal symbols that occur during
rightmost derivations of terminal strings. In a successful parse, the stack
of the parser does always contain a viable prefix. In cases (i) to (iii) dis-
cussed above, the sequences “[T'B” and “[B” are viable prefixes, whereas
the sequences “[TBB” and “[TB]” are not.

e A lookahead of the k > 0 next input symbols may help to decide which
move must be taken to make a parse successful. In the situation sketched
above (where a lookahead of k = 1 suffices), the reductions (i) and (ii)
should only be made if the next input symbol is “]”, which is the only
terminal symbol that may follow B in derivations with the grammar. Such
a symbol is called a follower symbol (of the nonterminal B).

Several ways to determine viable prefixes, and different lengths of lookahead can
be used to construct predictive shift-reduce parsers. The most general one is
Knuth’s LR(k) method [26]; here we just consider the simplest case of DeRemer’s
SLR(k) parser [8], namely for a single symbol of lookahead, i.e., k = 1.

Nondeterministic Characteristic Finite-State Automata. The viable prefixes of
a context-free grammar form a regular language of nonterminal and terminal
symbols that is generated by an automaton, known as characteristic finite-state
automaton (CFA, for short), which can be derived from the grammar as follows:

e The states of the CFA are so-called items, rules with an additional dot
occurring in the right-hand side. The dot indicates how far parsing has
proceeded. For instance, the rule T' — [ B| of the Dyck grammar leads to
items T — .[B],T = [.B], T — [B.],and T — [B]..

e A state like T' — .[B], where the dot is before some symbol (terminal

or nonterminal), has a transition under this symbol to the state where
the dot is behind that symbol, here a transition under the terminal “[” to
T — [.B].
A state like T — [. B], with the dot before a nonterminal, does further-
more have spontaneous transitions under the empty string € to all items
for that nonterminal in which the dot is before the first symbol of the
right-hand side, e.g. to states B — .TB and B — .c.

Fig. 2 shows the CFA for the Dyck grammar; it is nondeterministic, due to
its transitions under the empty string e. Its start state qo (distinguished by
the ingoing edge without source node and label) represents the situation Z —
.T" where nothing has been recognized yet. A path from ¢g to some state g
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q0 q1

—Z—=.T Z—=T.
5—:l [ a3 B da ds
[T — .[B]}] T —[.B]] [T —[B.]]
a € de
€ B—.
5
T B
[B— .TBl——[B—=T.B}——[T > TB.|
art s a9
€

Figure 2: Nondeterministic characteristic finite-state automaton for the Dyck grammar

in the CFA is an alternating sequence of states and labels of the transitions
connecting them; the concatenations of the labels along such a path defines a
string generated by the CFA. (Note that a path may contain states and labels
repeatedly.)

Now a well-known result for shift-reduce parsing reads as follows: a string
is generateed by the CFA of a context-free grammar if and only if it is a viable
prefix of a successful parse for that grammar. E.g., the viable prefixes “[T B”
and “[B” are generated by the CFA, whereas the sequences “[TBB” and “[TB]”
are not.

Deterministic Characteristic Finite-State Automata. The nondeterministic
CFA of a context-free grammar is easy to define, but less practical for pars-
ing. Fortunately, it can be turned into a deterministic CFA defining the same
language (of viable prefixes). The well-known powerset construction works as
follows: a state set @ joins some state g with all states ¢’ reachable from ¢
by e-transitions; ¢ is called a kernel item of @, whereas the ¢’ are called its
closure items. Then the non-e-transitions of the items in @ have corresponding
transitions to successor state sets Q' that again contain core and closure items.
Thus state gg of the nondeterministic CFA is joined with state g to form a

Qo 7 1
| Z=.T Q- Qs Q4
T — .[B] [ VT%[.B]—BvlTH[B.” [T —[B].|
B—.c Qs Qs
B> TB— g1 7T > T8,
T—.B| T 5o = B

L B— .TB
[ T—.B]| |T
Figure 3: Deterministic characteristic finite-state automaton for the Dyck grammar

10
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state set g, and states g3 and gg are both joined with states gg, g7, and ¢s
to form state sets Q2 and @5, respectively, while the states ¢1, g4, ¢5, and g
form singleton state sets @1, @3, @4, and Qg of the deterministic CFA. The
transition diagram of the deterministic characteristic finite-state automaton for
the Dyck grammar is shown in Fig. 3.

The powerset construction may let the number of states explode (2" state
sets for n states of the nondetermistic CFA). However, this rarely occurs in
practice; in our example, the number of states does even decrease.

SLR(1) Parsing. The stack of the SLR(1) parser is modified to contain a se-

quence like “Qo[Q2[Q2TQs BQs” , recording a path Qp -+ Q2 - Q2 5 Q5 3 Qs
in its deterministic CFA, starting in its initial state. The moves of the parser
are determined by its current (topmost) state, and are modified in comparison
to those of the nondeterministic parser as follows:

e Shift consumes the next input symbol a if the current state is @ and if
the deterministic CFA contains a transition @ — Q’. The move pushes

a onto the stack, together with the successor state @’. For our grammar,
and 7 € {0,2,4}:

aQi.w - ag[Q2.w]  aQz.whk aQz]Qs.w]

e Reduce pops the right-hand side of a rule A — (8 (and the intermediate
states) off the stack, leaving a state ) on top, which has a transition

Q 4 Q’. Then A and Q' are pushed onto the stack. The SLR(1) parser
performs a reduction only if the lookahead—the nect input symbol—is
a follower symbol of A. We write “if £ = a” if this is subject to the
lookahead symbol a. If A = Z, the parser accepts the string. Then a
successful parse is as follows:

QoTQq.¢ |5 Z
aQo[Q2BQ3]Q4 - w T aQoTQr.w
aQ2[Q2BQ3]Q4w T aQTQ@s5.w
a@5[QBQs]Qs w1 aQsTQs . w
aQ2TQs5BQg .« w g a@2:BQsz.w if { =]
aQsTQs5BQgw l; aQsBQg.w if ¢ =]
a@z «w l; a@Q2BQs.w if £ =]
aQs . w lg a@QsBQs.w if £ =]

The SLR(1) parser is correct as well: it recognizes the same language as the
naive shift-reduce parser.

11
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Conflicts. The CFA may reveal conflicts for SLR(1) parsing:

o If a state allows to shift some terminal a, and to reduce some rule under
the same lookahead symbol a, this is a shift-reduce conflict.

o If a state allows reductions of different rules under the same lookahead
symbol, this is a reduce-reduce conflict.

Whenever the automaton is conflict-free, the SLR(1) parser exists, and can
choose its moves in a deterministic way.

The deterministic CFA for the Dyck grammar is indeed conflict-free: In
states Q2 and @5, rule B — ¢ can be reduced if the input begins with the only
follower symbol ”]” of B, which is not in conflict with the shift transitions from
these states under the terminal “[”.

A deterministic parse with the SLR(1) parser is as follows:

Qo-e F Qo[Q2.] Qo [Q2[Q2.[[
L Qo[Q2[Q2BQs.[[ F Qo[Q2[Q2BQ3]Q4.[[]
b Qo [Q2T Qs []] N Qo [Q2T Q5B Qe+ [[]
L Qo [Q2BQ3.[[] F Qo[Q2BQ3]Q4-[]]]
F QT Qi [[]] = 2]

Each run of the deterministic parser corresponds to a run of the corresponding
naive shift-reduce parser when we ignore states and just consider the symbols
on the stack. Thus the deterministic parser is correct, but it does only apply to
grammars that are free of SLR(1) conflicts.

4. A Naive Shift-Reduce Parser for HR Grammars

We now start to transfer the ideas of shift-reduce string parsing to HR gram-
mars. In this section, we describe a naive nondeterministic shift-reduce parser,
which will be made more practical in the sections to follow. We prove the
correctness of the naive parser, i.e., that it can (nondeterministically) find a
derivation for an input graph if and only if there is one.

Assumption 4.1. Throughout the rest of the paper, let I' = (2,7, R, Z) be
the HR grammar for which we want to construct a parser. Without loss of
generality, we assume that I is reduced.

In the remainder of this paper, we will use a HR grammar generating trees as
a running example.

Example 4.2 (HR Grammar for Trees). The HR grammar with start
symbol Z and the following rules derives n-ary trees.

Z — root(x) T'(x) T(y) = T(y)e(y,z) T(2) T(y) — ¢
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We shall refer to these rules by the number 1,2,3. Note that the unique edge
label root designates the unique node where parsing has to start. The empty
sequence ¢ in the last rule is actually a short-hand for the graph ({y},¢) con-
sisting of a single node rather than for the empty graph. Fig. 6 shows a deriva-
tion of the tree t = root(1)e(1,3)e(1,2)e(2,4), which is rightmost. The tree
t' =e(2,4) root(1) e(1,3) e(1,2) is valid wrt. the grammar since ¢’ < ¢.

The diagrams of the rules are shown in Fig. 4, and a diagram of the tree ¢
is shown in Fig. 5.

vofE] — vo VAN

©)

.
—> y—>

x

O
=] ]

z

Figure 4: HR rules deriving trees. The binary terminal edge e(y, 2)
is drawn as an arrow from node x to node y. Figure 5: A tree

Z = root(1)T(1)
— root(1) T(1) e(1,2) T(2)
—" oot (1) T(1) e(1,2) T(2) e(2,4) T(4)
—7!: root(1) T(1) e(1,2) T(2) (2, 4)
= root(1) T(1) e(1,2) e(2,4
—" root(1) T(1) e(1,3) T(3) (1, 2) (2, 4)
—7!: root(1) T(1) e(1,3) (1, 2) (2, 4)
—> root(1)e(1,3)e(1,2)e(2,4

Figure 6: A rightmost derivation of a tree

Similarly to the string case, a shift-reduce parser of graphs is modeled by
a stack automaton that reads the literals of the input graph in an appropriate
order and uses a stack for remembering its actions. A configuration consists of
the current stack v, which is a graph that may contain nonterminals, and the
subgraph ¢ of the (terminal) input graph that has been processed already:

Definition 4.3 (Parser Configuration). A (shift-reduce parser) configura-
tion v.g consists of graphs v € Gy and g € Gy. The former is the stack
whereas the latter is the already consumed subgraph of the input graph.

The parser begins with both the stack prefix already consumed literals being
empty, i.e., the initial configuration is €.e. The parser then tries to turn it into
an accepting configuration using shift and reduce moves similar to the string
case. Shift moves in fact process literals of the input graph, which are then
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stored in the parser configuration. The parser accepts the input graph if it
is able to terminate with a stack consisting of just the start graph Z and g
having been processed completely. This situation is represented by an accepting
configuration Z .g'. We will show in the following that reaching Z.g’ in fact
means Z =* ¢’ 4 g, i.e., the parser has identified a permutation of the input
graph literals which shows that g is valid with respect to the grammar.

Definition 4.4 (Shift and Reduce Steps). A reduce move turns a configu-
ration 7y.g into v’ . g if there is a graph o € Gy, a rule A — p and a renaming
p: X — X such that v = ap”, v = aA*, and X (o) N X(o*) C X(A*). We

write ap” . g Im aA*.g.

A shift move turns a configuration v.g into ya.ga for a literal a € Lity if
X(a)NX(g) C X(v). We write V-9t na-ga.

Wewritey.gi—9"+g ifv.gto=9".g' ory.gip—on'.g and cally.g—7'. o'
a move of the parser.

Let us briefly discuss the difference between these shift and reduce moves on
the one hand and their counterparts in string parsing on the other hand.

A shift move in string parsing always reads the first symbol of the remaining
input; the string parser cannot choose the symbol to be shifted. The graph
parser, in contrast, can pick any of the remaining (terminal) literals for a shift
move, as long as the application condition is satisfied. This adds another di-
mension of nondeterminism to the parsing of graphs.

A reduce move in string parsing replaces the right-hand side of a rule on the
stack by its left hand side without further consideration. The graph parser, in
contrast, must rename the nodes in the rule first (cf. Def. 2.2). The condition
X(a) N X(o*) € X(A*) makes sure that v = aA* = ap* = 7, ie., 7 is
derived to 7 using rule A — p. A reduce move indeed removes all nodes from
the stack that are generated by the derivation step 7/ =~ (when the literals
of o* are removed.) The application condition X (a) N X(g) C X () of shift
moves eventually checks that these nodes do not occur in the rest graph when
its literals are processed. Note that if a literal of the rest graph violates the
condition for a shift move once, it will never satisfy this condition, and will
thus never be shifted. Once a condition for a shift move fails, the parse fails
altogether.

Example 4.5 (Nondeterministic Shift-Reduce Parser for Trees). The
nontederministic shift-reduce parser for the tree grammar of Example 4.2 has
the following operations:

e Shift operations, for the edges labeled with root and e, and
e Reductions for the tree-generating rules.

Fig. 7 show the moves of a nondeterministic shift-reduce parser when recognizing
the tree ¢t with ¢ > root(1) e(1,2) e(1,3) e(2,4). In many steps of this parse, the
parser has a choice where a “wrong” decision could lead it into a dead end:
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1. In the third step, the parser shifts the edge e(1,2); it could have chose
e(1,3) instead, which is another match of the edge pattern e(y, z). It is
easy to see that the parser could succeed in this case, accepting the graph
g = root(1)e(1,3)e(1,2)e(2,4). However, g > ¢g’. Shifting e(2,4) is also
possible, but leads to a dead end.

2. In the fourth step, the parser could shift edge e(2,4) instead of reducing
rule 3. This choice of a shift instead of a reduction would lead into a dead
end.

3. Instead of reducing T'(2)e(2,4)T(4) to T'(2) in the seventh step, the parser
could reduce rule 3. Reduction of a rule like T'(y) — ¢ is possible in every
step. Here it would also lead to a dead end.

4. Another choice would have to be made if the grammar is extended by a
rule T(y) — node” (which is rather ridiculous): In the third step, the
parser would then have to choose between a shift of e(1,2) and a shift of

node(1).
= root(1)_.root(1)
Ig root(1)T'(1) . root(1) y/1
F root(1)T(1)e(1,2)_. root(1)e(1,2)
l; root(1)T(1)e(1,2)T(2) + root(1)e(1,2) y/2
F root(1)T(1)e(1,2)T(2)e(2,4)_. root(1)e(1,2)e(2,4)
Ig root(1)T(1)e(1,2)T(2)e(2,4)T(4) « root(1)e(1,2)e(2,4) y/4
g root(1)T(1)e(1,2)T(2) . root(1)e(1,2)e(2,4) y/2,z/4
l; root(1)T(1) . root(1)e(1,2)e(2,4) y/1,2/2
F root(1)T(1)e(1,3)_.root(1)e(1,2)e(2,4)e(1,3)
Ig root(1)T(1)e(1,3)T(3) . root(1)e(1,2)e(2,4)e(1,3) y/3
E root(1)T(1) . root(1)e(1,2)e(2,4)e(1,3) y/1,2/3
|I Z.root(1)e(1,2)e(2,4)e(1,3) z/1

Figure 7: Moves of the nondeterminstic shift-reduce parser when recognizing the tree in
Example 4.2. Places on the stack where reductions occur are underlined. Matches for rules
in reductions appear in the rightmost column.

We now show that a parse consisting of shift and reduce moves corresponds
to a rightmost derivation and vice versa. We first show that each parse yields
a rightmost derivation (Lemma 4.6) and then that each rightmost derivation
yields a parse (Lemma 4.8).
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Lemma 4.6. For every sequence y.g+—*v'+g of moves with X(v) C X(g),
there is a graph u € Gr such that g' = gu and o' =" yu. Moreover, X(v') C

X(g').
PROOF. Let v.g—"v".¢" be any sequence of moves with X(y) C X(g). We
prove that there is a graph u € G7 such that ¢ = gu and +/ =" qu by

induction over n. The proposition follows for n = 0 from v = ', ¢ = ¢’ and
U =Ee.
For n > 0 and the last move being a shift move, the sequence has the form

'y.g%n—l/}///.g//?v//a.g//a:/_y/.g/

for some a € Lity, ¢" € Gr, and v/ € Gx. Let u = v'a. By the induction
hypothesis, there is a graph v’ € Gr such that g” = gu’ and 7" =* ~u'.

Moreover, because of X (v) C X (g) and by the definition of shift moves, X (a) N
X(yu') € X(a)NX(gv') = X(a) N X(¢") € X(v"). Therefore, by Fact 2.6,
7 =7"a="y'a="yuand ¢ = g"a = gu'a = gu.

For n > 0 and the last move being a reduce move, the sequence has the form

’y.g%”flag“.g'%qujg“ aA* g =+".4¢

for a rule A — p and a renaming p: X — X. By the induction hypothesis,
there is a graph u € Gy such that ¢’ = gu and ap* =" yu. Moreover, by the

definition of reduce moves, X (a) N X(o") € X(A"). Therefore, v/ = aA' =
apt =" yu.
Finally, X(7') € X(yu) € X(gu) = X(¢') as ' =" yu and X(7) € X(9g).
O
The following lemma is needed in the proof of Lemma 4.8; it generalizes the
condition for applying one shift move to sequences of shift moves:
Lemma 4.7. X(g)NX(u) C X () impliesy.g ls—h* YU« gu for all graphs v € Gs,
and g,u € Gr.
PROOF. We prove the proposition by induction over n = |u|. The proposition
follows for n = 0 from u = €. For n > 0, let g, u,~ as in the lemma, u = au’ for

some a € Lit7 and v’ € Gr. Then, X(g9) N X(a) C X(g9) N X(u) C X(v), and
therefore v.g+— ya.ga. Further, X(ga)NX (W) =(X(gNnX))U(X(a)N
X)) € X(y)U X(a) = X(va), which satisfies the condition of the lemma,
hence va.ga I;* ~vyau'.gau' = yu.gu by the induction hypothesis. O

Lemma 4.8. v =" g implies e.e+"y.g for all graphs v € G, and g € 7.
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PROOF. Let v =" g be any derivation as in the lemma. We prove the propo-

sition by induction over n.
For n = 0, we have v = g and, by Lemma 4.7, e.gg*g.g =7.9.

For n > 0, the derivation must be of the form
_ Iz iz n—1 _
v=aA" = ag'v=""uww =g (4)

for some w,v € Gy, a € Gy, rule A — p, and renaming p: X — X. By
ot ﬁ"fl u and the induction hypothesis,

ceet—"ap" cu.

Moreover, by the definition of derivation moves, X (a)NX (0*) C X (A*), which
satisfies the condition for the following reduce move:

ao” cu—— aA* Lu.
AH = ot

X(u)NX(v) C X(aA*) follows from (4) and Fact 2.6, and therefore,
aA“.uliaA”v.uv =7.g.

by Lemma 4.7. g

Lemma 4.6 and Lemma 4.8 prove the correctness of the naive shift-reduce
parser:

Theorem 4.9. For each graph h € Gr, e.e =" Z . h if and only if Z =" h.

ProOOF. For the only-if direction, set v = g = ¢, v = Z, and ¢ = h in
Lemma 4.6, and for the if direction, set v = Z in Lemma 4.8. 0

5. Viable Prefixes of Graphs

The naive shift-reduce parser may always find a successful parse for a valid
graph (and only for those), but it must always choose the right move to avoid
backtracking. Bear in mind that the parser can always perform a shift move as
long as the input graph has not yet been consumed in its entirety. In particular,
all literals can be shifted right away. Also, a rule like TY — ¢ in Example 4.2
can always be reduced. This will typically lead into a dead end. We shall now
distinguish stacks that may occur in successful parses from those that do not.
This will eventually result in the characteristic finite automaton that “assists”
the parser. We follow a similar line of argument as for string parsing and define
so-called wviable prefizes first [2, Sect. 5.3.2].
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Assumption 5.1. For the remainder of the paper, we add to I' a new nontermi-
nal Start of arity zero, and the rule (Start — Z) with Start = Start(). Thus,
the derivations starting with Start are just those in the original grammar, but
with an additional first step Start —> Z. Clearly, the generated language is

independent of whether Z or Start is considered to be the initial nonterminal.

A viable prefix is a prefix of a graph derivable from Start by a nonempty
rightmost derivation, provided that this prefix does not extend past the right-
hand side of the most recently applied rule. More formally:

Definition 5.2 (Viable Prefix). A graph v € Gy, is called a viable prefix if
there are graphs «, 5 € Gy, as well as z € Gy and a literal A € Litx such that
Start —" aAz =—> afiz and 7 is a prefix of af.

Example 5.3. We illustrate Def. 5.2 using an initial segment of the rightmost
derivation in Fig. 6 (though now beginning with Start()):

@ A z
— N ————
Start() =" root(1) T(1) e(1,2)e(2,4)
« B z
—

root(1) T'(1) e(1,3)T'(3) e(1,2) e(2,4) .

rm2

~y

The graph v = root(1) T'(1) e(1,2) T'(3) is the longest viable prefix of the derived
graph; all prefixes of v are viable as well.

Before we show that the set of viable prefixes is just the set of all stacks
occurring in successful parses, we need the following two technical lemmata.
Lemma 5.4 states that the set of viable prefixes does not change if we add to
Def. 5.2 the additional requirement that the suffix v with yv = o is a terminal
graph.

Lemma 5.4. A graph v € Gy, is a viable prefix if and only if there are graphs
a,B € Gs as well as v,z € Gy and a literal A € Lity such that Start —"

aAz = afz = yvz.

PROOF. The if direction follows immediately from the definition of viable pre-
fixes. For the only-if direction, let v be any viable prefix. Hence, there is a
rightmost derivation

Start =" a Az = afjz (5)

and aff = 70 (because we assume that I" is reduced). Without loss of generality,
assume that this derivation is maximal in the sense that there is no longer
rightmost derivation Start =" o'A’z" = o/p’z’ such that 7 is a prefix of

o' and m > n. Further assume that § ¢ G, that is, there is a nonterminal
literal B and graphs 6 = ¢’ Bu == §'#'u. Then f',0’ € Gs and u € Gr such
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that Start =" aAz = affz = 70z = 76'Buz == 70'Buz is a rightmost

derivation, and ~ is a prefix of vé’8. But this rightmost derivation is longer
than (5), contradicting the assumption. Hence, ¢ € Gr. O

We now show that the set of viable prefixes is just the set of all stacks
occurring in successful parses. In Sect. 6, we shall then define nondeterministic
CFAs and show that they just approve viable prefixes. Such a CFA will therefore
allow to identify the stacks of successful parses.

Lemma 5.5. For every sequence €. +—*y.g of moves such that v is a viable
prefiz, there is a graph g’ € Gr with y.g+—*Z . gq’.

PROOF. Let e.e—*7v.g be a sequence of moves as in the lemma. By
Lemma 4.6, v =>" g. We first show that there is a rightmost derivation

Start =" a Az = afiz = yvz =" gvz (6)

where v € G7. Since v is a viable prefix and according to Lemma 5.4, there
is a rightmost derivation Start =" &AZ = &% for some n € N such

that v0 = @B for a terminal graph ¢ € Gr. However, one cannot conclude
Y02 =" g0z because of possible naming conflicts. To circumvent this problem,

we rename all nodes that may cause such conflicts. For this purpose, choose any
renaming p: X — X with u(z) = x if x € X(v) and p(z) ¢ X(g) otherwise,
and let o = &*, = By = oMz = zZH and A = A. By the choice of p,
v =~" and yv = af, as well as

X(vz) N X(g) € X(7). (7)

Hence, yvz —" gvz by Fact 2.6. By Lemma 2.3, we thus have a derivation as

in (6). Note that
X() N X(P) € X(A) (8)

follows from a Az = af2.

We now show that, for every sequence €.e+—* . g of moves and every right-
most derivation (6), there is a sequence v.g+—* Z.gvz by induction over the
length of the derivation in (6).

For n =0, we have a = 2z = € and Start = = Z = v, i.e,, v = Z and

v=c¢. Hence, y.g = Z.guz+—"Z.gvz.
For n > 0, we distinguish between two cases.

(1) The derivation (6) has the form

Start ﬁ"il dBu = dpAwu = affz = yvz =" guvz (9)

where a = §¢, z = wu, and a8 = yv. By (7), (8), and Lemma 4.7,

Vg vv.gv:aﬁ.gvlmaA.gv:&pA.gv. (10)
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Note that (9) has the form of (6) where B plays the role of A, dp A the role
of v, w the role of v, and gv the role of g. Because of (10), we can make
use of the induction hypothesis so that dpA.gv—*Z.gvz.

(2) The given derivation (6) has the form

Start ﬁn_l aAuBw = aAw'w => afz = ywz =" guz (11)

rm

with B=v" € Gy and z = w'w. By (7), (8), and Lemma 4.7,

w.g?*wv-gv:aﬁ-gvmaz‘l-gv- (12)

Note that (11) has the form of (6) where B plays the role of A, oA the
role of 7, uv’ the role of v, and gv the role of g. Because of (12), we can
make use of the induction hypothesis so that aA.gv+—* Z.gvz. O

Lemma 5.6. For every sequence €& —"v.ur—"*Z .uv of moves, v is a viable
prefix.

PROOF. If v = Z, then there is nothing to show because Z is a viable pre-
fix due to Start —> Z. Otherwise, the sequence of moves has the form

ger—*y.ur—"1 Z.uv. As the last move is a reduce move, the sequence can
be written as

5.5%*7.uHh*’Yv'.uv’ = aﬁ.uv’lmozA.uv’%*Z.uv'v”
S

for some graphs v’,v” € Gy with v = v'v”". We can make use of Lemma 4.8 for

each of these moves, yielding Start = Z —* a Av" = affv” = y'v", ie.,
’ rm rm rm

v is a viable prefix. O
An immediate consequence of Lemma 5.5 and Lemma 5.6 is the following:

Theorem 5.7. For every sequence €. +—"y.u of moves, there is a graph v €
Gr with v.u+—"*Z .uv if and only if v is a viable prefix.

In other words, the stack of a reachable configuration is a viable prefix if
and only if the nondeterministic parser can reach the accepting configuration
for some possible rest graph.

6. Nondeterministic Characteristic Finite-State Automata

Let us now start to develop the means to “assist” the shift-reduce parser
to restrict its moves to promising ones. The first step towards this goal is the
construction of nondeterministic characteristic finite automata, which we define
next.

Definition 6.1 (Nondeterministic CFA). The nondeterministic character-
istic finite automaton (nCFA) for T is the tuple 2 = (Q, o, A) consisting of the
following components:
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1. Q={A — a.8| (A — af) € R} is a finite set of states.
2. qo = (Start — .Z) ist the initial state.

3. A CQ x (Lits U{e}) x Q is a ternary transition relation. Writing p = ¢
if (p,x,q) € A, the transitions constituting A are:

(a) (A — «.lp) LN (A — al.p) for every state (A — «.18) € @, where
l € Lity; such a transition is called goto transition.

(b) ¢ = p for all states ¢ = (A — a.Bf) € Q and p = (C — .7) €
Q such that ((B) = ¢(C) € N; such a transition is called closure
transition.

Assumption 6.2. Since we assume a fixed HR grammar I', we assume a fixed
nCFA 20 = (Q, g0, A) obtained from T' from now on.

Following the ideas discussed earlier, each item is a rule with a dot somewhere
between literals in its right-hand side, indicating the division between literals
that have already been processed and those which have not. Accordingly, the
dot is moved across a literal when a corresponding literal is processed. We now
formalize how an nCFA approves graphs (which will later turn out to be viable
prefixes).

An nCFA approves a graph ¢ if the sequence lit(p) of literals corresponds to
a sequence of state transitions, starting at the initial state. We define the notion
of nCFA configurations (or just configurations if it is clear from the context) to
formalize this:

Definition 6.3 (nCFA Configuration). An nCFA configuration po[q]* con-
sists of

e agraph ¢ € Gy,
e astate ¢ = (A — a.f) € Q, and
e an injective partial function p: X — X with dom(u) = X ().

The function g in an nCFA configuration ¢¢[g]* corresponds to the match
defined in Def. 2.2, which maps rule nodes to nodes of the graph processed so
far. In an nCFA configuration, this match has in general not completely been
determined yet; the mapping of nodes that have not yet been processed is still
undefined. The mapping p is extended when a literal is processed, which means
that all its attached nodes, if they have not been processed earlier, are now
processed as well. As a consequence, nodes of state ¢ must be mapped by u to
nodes in (p—unless they have not been processed yet, in which case they are not
in dom(p). Such nodes may only occur in literals behind the dot in ¢, which is
reflected by the requirement that dom(u) = X ().

To compare literals that have only partially been matched, let — ¢ X be a
special value denoting ‘undefined’. Given a partial injective function p: X — X
and a literal I = a(xy,...,2x), we let 1" = a(yi,...,yx) where, for all 1 <14 <k,
y; = p(x;) if ; € dom(p) and y; = — otherwise. Note that I* is a literal if (and
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only if) x1,...,2x € dom(p). “Literals” with ‘= are called pseudo-literals. We
let X (1*) denote p(X(1)).

An nCFA works by processing and consuming literals step by step while
moving from state to state, represented by a corresponding sequence of nCFA
configurations, starting at £¢[go]*, the initial configuration. Here, ¢:: X — X
is the totally undefined function with dom(t) = &. Intuitively, £o0[go]* being
the initial configuration means that the nCFA starts with the empty graph ¢ in
qo = (Start — .Z) and with no nodes mapped yet, the latter being indicated
by the empty domain of ¢.

Each step of the nCFA is modeled by a move, defined as follows:

Definition 6.4 (nCFA Move). Let po[¢]* be a configuration. A goto transi-

tion ¢ LN ¢’ induces a goto move
/
@olg)* ke el olq']”

where pu C v, dom(v) = dom(p) U X (1), and X (I¥) N X () C X (1IM).
A closure transition ¢ — ¢’ with ¢ = (A — a.Bf) and ¢ = (C — .9)

induces a closure move
17

polg]" rpold]

cl

where B* = C” and dom(v) C X(C).
We write C' ~ C’ if either C he C"or C - C’, and call this a move.

A goto move applies a goto transition by processing a (possibly nonterminal)
literal I. The parser consumes the corresponding literal, which also means that
all its nodes have been consumed after this move, and all nodes of I are mapped
by the resulting node mapping v. The processed literal is hence 1¥, which
is added to the end of the approved graph, resulting in ¢l”. The first two
conditions, y C v and dom(v) = dom(p) U X (1), state that the mapping v
extends the previous mapping p so as to map the entire literal I to the input
graph. The remaining condition X (I*) N X (¢) C X (I*) ensures that nodes that
have already been consumed (i.e., those in ¢) are not matched another time by
extending p to v.

A closure move applies a closure transition and corresponds to a (rightmost)
derivation step, i.e., the mapping p of nodes in B is translated into a mapping v
of the corresponding nodes in C. Note that dom(u) and dom(v) are unrelated
because the nodes in B and C' may differ. Only nodes appearing in C—Dbut
not necessarily all of them—are mapped by v; other nodes of state ¢ are not
mapped because their corresponding nodes have not yet been consumed.

Example 6.5 (The nCFA for the Tree-Generating Grammar). Fig. 8
shows the transition diagram of the nondeterministic CFA for the tree-
generating grammar in Example 4.2. In Fig. 9 we show moves of the non-
deterministic CFA.

22



595

600

605

T(z)l %_ e(y, z)
IZ() — root(x)T(x) ‘ ;IT T(y e( ) T(z )‘

.
lStart() —.Z() }—ilZ() — . root(x)T(:c)‘ IT )= T(y)e(y, 2)T(z )‘
T(z) l root(x) l l T(y
lStart()—)Z().‘ lZ()—)root(x).T(m)‘ : IT (y)l e(y,2)T(z )‘
)

T(y) — (y)e( )()l

Figure 8: Nondeterministic CFA for the tree-generating grammar in Example 4.2. The initial
state appears in the upper left. Closure transitions are drawn with thicker lines.

eo[Start() — « Z()]

e e0[Z() = «root(a)T(x)]*/"

e root(1) ¢ [Z() — root(z). T(x)]g”/1

- root(1) o [T(y) = - T(y)e(y, 2)T(2)]*/*
e root(1) T(1) o [T(y) — ( ) ey, 2)T(2)]¥/!
N root(1) T(1) e(1,2) o [T(y) = T(y)e(y, 2) . T(z)]¥/1*/2
- root(1) T(1) e(1,2) 6 [T(y) = T (y)e(y, 2)T(z)]¥/2
N root(1) T(1) e(1,2) T(2) 0 [T(y) — T(y) - e(y, 2)T(2)]*/?
e root(1) T(1) e(1,2) T(2) e(2,4) o [T(y) — T(y)e(y, z) . T(2)]¥/>=/*
e To0t(1) T(1) e(1,2) T(2) e(2,4) T(4) 0 [T(y) = T(y)e(y, 2)T(z) . JV/>*/*

Figure 9: Approval of a graph with a nondeterministic CFA. Renamings p of states g; with
w(z1) =wy1,...,mu(Tk) = yi are represented by exponents z1/y1,..., Tk /yk

Every graph approved by the automaton is a viable prefix occurring in the
rightmost derivation in Fig. 6 of Example 4.2, and in the parse shown in Fig. 7
of Example 4.5. We will show in the sequel that this is not a coincidence. [

Definition 6.6. The nCFA approves a graph ¢ € Gy, if there is a configuration
C = po[q]* such that £o[go]* ~—* C.

It is rather obvious that one can arbitrarily rename input graph nodes with-
out affecting approval by the nCFA:

Fact 6.7. £0[qo]* " @olq]* implies co[qo]* ~—" 7 0[q]’°* for every renaming
X —-X.

Moreover, properties of goto moves can be generalized to sequences of goto
moves:
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Lemma 6.8. ¢o[A — a.fS7]" " eYo[A = aB.y]Y implies p C v, dom(v) =
dom(p) U X (B), and X (p) N X (a”B"y") € X (a¥piy").

PRrROOF. Consider any sequence po[A — «a.[]* K" VYolA — af.y]”. We

prove the proposition by induction over n. The proposition follows for n = 0
from p =wv.
For n > 0, we have the sequence

PO[A = . B i et o[A — B eq] s o[ A = aB ]

with 8 = f’e and ¢ = v)’e”. By the induction hypothesis and the definition of
goto moves,

pC v (13)

X(p) N X(a” )gX(a“ﬁ“ ") (14)
dom( ) = dom(s') U X (e) = dom() U X (') U X (e)

= dom(p) U X(B) (15)

X(e’) N X(pd) € X(e) (16)

By Def. 6.3 and (13), X(a”) = X(a”') and X(8") = X(8"). Moreover,

X(") C X(v7)UX(e”) using (13) and (15), and X (e”)N (/cp) j= X(e”)NX(p )

using ((16)). Therefore, X (9)NX (o 8¥7") C X (p)NX (o' B¥'4*") C X (aBryH)

using (14). 0

The following lemma shows that all mapped nodes of the current nCFA state
have been consumed already, i.e., occur in consumed literals.

Lemma 6.9. €0[qo]* ~—" ©0[A — a.[]* implies X (a*5") C X (p).

PROOF. We prove the proposition by induction over the length n of the sequence
of moves. The proposition follows for n = 0 from A = Start, a = @, § = Z,
and p = .

For n > 0 and the last move being a closure move, the sequence has the form

0lqo) r—""" po[B — §.CH]” rpolA — o f]".
with @ = ¢, C” = A*, and dom(u) C X(A). Therefore, X (") = X (A*) =

X(CH*) C X(6¥C¥4") C X (¢) using the induction hypothesis.
For n > 0 and the last being a goto move, the sequence has the form

£0[qo]' "t @' 0[A — o/ L ef]” e PolA = a. f]"
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with o = d’e, p = ¢’'e”, v C u, dom(u) = dom(v)UX (e), and X (e*)NX (') C
X (e”). Therefore, X (8*) C X(8")U X (e*) and
X(akph) < X(O/V) U X{(e")UX(5)
C X(a"e"B") U X (e")
C X(¢) U X(e")
= X(p)

using the induction hypothesis. O

We now show that the graphs approved by the nCFA are viable prefixes
(Lemma 6.10) and vice versa (Lemma 6.11).

Lemma 6.10. For every sequence
£0[qo]" r—" oA — a. ]

of moves and every injective function 7: X (af) = X with pn C 7 and X(B7) N
X () C X(B"), there exist ¥ € Gs, and z € G such that

Start =" YAz = Pa’ 7z = pf7 2.

PROOF. We prove the proposition by induction over the number n of moves. For
n = 0 the proposition follows from the definition of initial nCFA configurations
(with 7 =, A = Start = Start™, p = a =z = ¢, and g = Start).

For n > 1 and the last move being a goto move, we have

£0[qo]' "1 ¢’ 0[A = o/ . eB]” e PO[A = a'e. fF = po[A — . B
where
p=y'e (17)
vEp (18)
dom(p) = dom(v) U X (e) (19)
X(e")NX(y') € X(e), (20)

Let 7 be as in the lemma. Then v C pu C 7. In order to make use of the induction
hypothesis, we additionally need to show that X (e”87)NX(¢’) C X(e¥5¥). In
fact, we have

X(e™BT)N X (¢") = (X(e) N X (") U(X(B7) N X(¥))
= (X(e")NX(¢)) U (X(BT)N X(p) N X ()
C X(e")u(X(8") N X(¥))
C X(e") uX(5")
= X(e"p")
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Hence the induction hypothesis applies, yielding 1 € Gy, and z € Gy such that
Start =" A7z = a'Te” 7z = pf7z, which proves the proposition.

For n > 0 and the last move being a closure move, we have
£0[qo]* ~—""1 wo[B — 7. C3]" ~— po[A — A"

where C¥ = A*, dom(p) € X(A), and o = e. Again, let 7: X(af) — X
be as in the statement of the lemma. To be able to use the induction hy-
pothesis we need an injective function n: X (yC§) — X such that v C n and
X(C"6M) N X(p) € X(C¥6"). But we also need C" = A” in order to conclude
a derivation Start =" ¢ B"w = ¢y"C"6"w = pA"d"w. However, this may
be impossible because of naming conflicts.

To circumvent this problem, we rename all nodes that may cause such con-
flicts and use Fact 6.7. For this purpose, we choose any renaming f: X — X
with f(xz) =z for z € X(¢) and f(z) ¢ X(87) for x € X(87) \ X (). We then
have X (C") C X(y) because of Lemma 6.9, and hence C/°¥ = (C")/ = C" =
AH as well as ¢f = ¢, and therefore

£0[qo] "1 o[ B — 7. CH) "  po[A — . B]M.
We can now choose a renaming n: X — X with fov Cn, X(C"6") N X(p) C
X(Cfov§for), and C" = A", and by the induction hypothesis, Start ="
YBMw = py"C"0"w = @AT6"w. Although A™= (7, we cannot conclude

YATI"Mw = BTd"w because 07w may contain nodes that are created by the
derivation A” = B7. Again, we solve this problem by renaming the conflicting
nodes in §"w to new nodes. For this purpose, let Y = X (6"w) \ X(pA") and
choose, for each y € Y, a new node n, € X \ X(¢870"w). Let h: X — X
be a renaming with h(z) = n, if x € Y and h(z) = z for v € X(pp7). By
Lemma 2.3, Start =" (pATdMw)" = p AT Mwh. By the definition of h, and

because I is reduced, there is a graph u € G5 such that
(pA'r(shonwh = @BT(Shon’wh é* QOBTU’LUh.
Therefore, Start =" o7z for z = uw", which proves the proposition. O

Lemma 6.11. For every rightmost deriation Start =" aAz = afz and

v

each prefiz ¢ of af, there is a sequence €o[qo]* ~—* wo[p]” of moves (for a suit-

able state [p]” ).
PROOF. We prove by induction over n that Start =" aAz = a3z implies

e0[qo]" " po[p]” for every prefix ¢ of af.
For n = 0, the derivation is of the form Start = Z = 8 and we have p = ¢

or ¢ = Z. Hence, ¢ € {¢, Z}, and the proposition follows by making no move
at all, or by making the goto move

eolaol hg Zo[Start — Z.]".
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For n > 0, the initial part of the derivation up to aAz has the form

Start =—=""1 9 Xw = Yow = aAz.
rm rm

There are two cases:

(1) o€Gr.
Then ¢ = aAu for some u € G, Start ﬁ"’l aAuXw = aAugw =

afupw. We distinguish two sub-cases:

(1a)

(1b)

@ is a prefix of a.

Then ¢ is a prefix of aAup and hence the proposition follows directly
from the induction hypothesis.

@ = ar for a prefix 7 of S.

By the induction hypothesis, there is a sequence €¢[go]* "™ . Ao[p]”
of moves. W.l.o.g, let m be the minimum number of such moves. By
Def. 6.4, this sequence must be of the form

£0lgo) """t ao[B = 8. C3') b aAO[B — 6C 6]
with A = C”. Suppose that A =3 uses rule D — ¢ with |7 = [¢)].

By making a closure move instead of the goto move at the end of the
sequence above, we obtain

£0[qo]* """t ao[B — §.Cd'|* rao[D — . Pip]®

with C* = D?. The proposition follows when applying the appropri-
ate number of goto moves:

ao[D = «i]” s * aroD = .17 = po[D = .47

(2) 0 ¢ Gr-

Then A is a literal in ¢ and the given derivation has the form Start ﬁ”_l

VX w = JyAuw => Jypuw, where Jy = o and thus ¢ is a prefix of Jy0.

We distinguish two sub-cases:
(2a) ¢ is prefix of ¥.

As in case 1la, the proposition follows directly from the induction hy-
pothesis because ¢ is a prefix of ¥yAu.

(2b) ¢ = U7 for a prefix 7 of S.

By the induction hypothesis, there is a sequence €6[go]* ~—* 9vAo[p]",
and with a similar argument as in case 1b, £¢[go]* F—* dyro[p’]. O

An immediate consequence of Lemma 6.10 and Lemma 6.11 is the following;:

Theorem 6.12. A graph ¢ € Gs, is a viable prefix if and only if the nCFA
approves .
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On the one hand, we have shown at the end of Sect. 4 that the naive nonde-
terministic parser can reach the accepting configuration (with some rest graph)
if and only if the current stack content is a viable prefix (Thm. 5.7). On the
other hand, Thm. 6.12 shows that the nCFA approves precisely the viable pre-
fixes. In other words, the nondeterministic parser can avoid running into a
situation in which no rest graph could ever make it accept the input by making
sure that its moves only produce stacks that are approved by the nCFA.

7. Deterministic Characteristic Finite-State Automata

Because of its spontaneously acting closure transitions, the nCFA cannot
efficiently be used to improve the naive shift-reduce parser by making sure that
the stack of the parser is always a viable prefix. This is so because the nCFA,
whenever it reaches a configuration, may also be in any configuration reachable
by closure moves. In a deterministic implementation, all these configurations
must be maintained simultaneously when the next goto move shall be made. To
avoid this, we preprocess the nCFA and create the deterministic CFA (dCFA)
by combining such simultaneously reachable states into new states, using a
procedure similar to the classic powerset construction.

Literals of prefixes approved by an nCFA are images of literals of transitions
and nCFA states under node mappings. The idea behind our adaptation of the
traditional powerset construction to CFAs is to split such a node mapping into
a composition of two mappings; the so-called parameter mapping is applied first
and the so-called input graph mapping second: The parameter mapping maps
each node of an nCFA state to a parameter, intuitively providing the node with
a formal parameter name under which it can be addressed for instantiation.
The input graph mapping performs this instantiation by mapping parameters
to nodes of the actual input graph. The input graph mapping will be chosen
when “approving” a graph with the dCFA, whereas the parameter mapping is
chosen when constructing the dCFA. Different nodes that are always mapped
to the same input graph nodes and that belong to nCFA states combined in a
common dCFA state, are mapped to the same parameter by the algorithm. Let
us use nodes to model parameters. An item is then an nCFA state with such a
parameter mapping;:

Definition 7.1 (Item). An item {(q,o) consists of an nCFA state ¢ = (A —
a.f) and an injective partial parameter mapping o: X — X with dom(o) =
X (). T denotes the set of all items.

Note that the parameter mapping maps only those nodes of the item which
occur in literals preceding the dot.

If an nCFA processes a graph and reaches a state ¢, it can also reach those
states reachable from ¢ by closure transitions. Of course, nodes must be renamed
appropriately, as we are dealing with items instead of pure states. An item that
is reachable from another item by a closure transition is called closure item of
the latter. The formal definition reads as follows:
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Definition 7.2 (Closure of Items). We call (¢, 7) a closure item of (p,o),
written (p,o) > (q,7),if p=(A = a.Bf) and ¢ = (C — .§), C™ = B, and
dom(7) C X(C).

The closure of a set I of items is the smallest set J that contains all members
of I and, for each item in J, all its closure items.

The closure for a given set of items can be computed in the usual way by
adding all closure items to the set and repeating this procedure as long as new
items are added to the set:

Fact 7.3. Let J be the closure of a set I of items. Then, for every item (¢',o’) €
J, there is a item (q,0) € I such that {q,0) >* (¢',0").

Before we give the formal definition of dCFAs, we define the notion of states
used in it.

Definition 7.4 (dCFA state). A dCFA state @ is a finite set of items. It
is closed if it is its own closure. We let params(Q) denote the set |J{o(X) |
(q,0) € Q'} of all parameters of Q.
A concrete state Q7 of € is a state Q € Q under an input node mapping
7: params(Q) — X. The (infinite) set of all concrete states is denoted by Q.
For a renaming p: X — X, let

= {{gpov)|{g,v)eQ} !

be the state obtained by mapping each parameter by u. Two states Q, Q' are
equivalent, written Q = @', if there is a p such that Q* = Q.

We are now ready to give the formal definition of dCFAs. Each dCFA state
is a closed set of items. In particular, the initial state Qg is the closure of the
initial state of the nCFA. Transitions in the dCFA are labeled with pairs that
consist of a literal and a node mapping. The literal is the one that triggers the
state transition; its nodes are parameters of the source state of the transition and
new parameters whose “values” are the corresponding nodes of the consumed
edge. The node mapping of the transition will later be used to set the “values”
of the target state parameters.

Definition 7.5. A deterministic characteristic finite automaton (dCFA) € =
(Q,Qo, A, Qa) consists of a finite set @ C 27 of dCFA states, initial and final
states Qo,Qa € Q, and a transition relation A C Q x Lit7 x (X = X) x Q
with the following properties:

1. For all states Q,Q" € Q, Q ~ Q' implies Q = Q’.
2. Qo is the closure of {{qo, t)}, where qo = (Start — .)Z is the initial state
of the nCFA.

4Here, p is a total function, but clearly we need only be concerned with defining p for
those parameters actually used.
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Algorithm 1: Converting the nCFA 2 into a deterministic CFA.

Input : Nondeterministic CFA 2
Output: Equivalent deterministic CFA €
1 let go = (Z — . () be the initial state of 2
2 compute Qq as the closure of {{go,¢)} and let € be the automaton with
initial state Qg and no further states yet

3 W {Qo}

4 while W # @ do

5 select and remove any set S from W

6 foreach 1 € leave(S) do

7 obtain literal e from ! by replacing each occurrence of ‘-’ in I by
a new node not used anywhere else

8 I+ o

9 foreach (g,0) € S with 1 € leave(q,0) do

10 let g =(A— a.fp)

11 let v: X — X be injective with ¢ C v, f¥ = e, and

dom(v) = dom(o) U X (f)

12 add (A — af.B,v) to ]

13 compute the closure I’ of T

14 if € has a state Q ~ I’ then

15 ‘ add a transition S ﬂ> Q to € where I' = Q*

16 else

17 add I’ as a new state to € and W

18 L add a transition S =% 1’ to €

3. Qa ={(Start — Z.,.)}.

We write @ ﬂ) Q' if (Q,e, 1, Q") € A where p is an injective function
w: params(Q’) — X.

Alg. 1 converts an nCFA into a corresponding dCFA. To determine the set
of all transitions leaving a dCFA state S, it considers each element [ of the set

leave(S) = U leave(q, o)

(q,0)€S

where leave(A — a.,0) = & and leave(A — a.ef,0) = {e?}, i.e., leave(S)
contains mapped images of those literals that are labels of goto transitions leav-
ing the corresponding nCFA states. These literals are mapped by the parameter
mapping, i.e., they are in general pseudo-literals whose “nodes” are either pa-
rameters of S, or ‘— if they are not (yet) mapped in Q.

Parameter names can be chosen arbitrarily as long as the parameter map-
pings are injective. That way, Alg. 1 frequently creates new sets of items which
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)
@ Start() — . Z() [

| 20 Qa
Z() — vroot(z) T(x)[] ﬁ&m() —Z(). []‘

root(z) | [x/x]

o Z0) —root(z).T(x) [¢/a]

)
T(y)— -« [y/=]
T(y) = T(y)e(y, 2) T(2) [y/x]

T(z) | [x/x]

@ Z() —root(xz)T(z). [z/x]

)
T(y) = T(y)-ely, 2) T(z) [y/]

e(z,a) '[:E/m,a/a]
T ST W 027 ) /a2
T(y)— - [v/a]
T(y) = -T(y) ey, 2) T(2) [y/a]

T(a) | [z/z,a/a] e(a,b) | [z/a,a/b]

—~~
<

(y) = T(y)e(y, 2) T(2) [y/x, 2/a]
(y) = T(y) ey, 2) T(2) [y/a]

N

Figure 10: Deterministic CFA created by Alg. 1 from the nCFA in Fig. 8

should become states of the dCFA €, but are equivalent to sets that have al-
ready been added as states to € and should thus not be added again. Alg. 1
avoids equivalent states (line 14) and “reuses” existing states instead (line 15).
The node mapping being part of transition labels is the parameter renaming
that must be applied to reuse an already existing state.

Example 7.6 (The dCFA for the Tree-Generating Grammar). Fig. 10
shows the dCFA obtained by Alg. 1 from the nondeterministic CFA (Fig. 8) for
the tree grammar in Example 4.2. It consists of the states Qo, ..., Q4, Qa, which
are sets of items. Each item (g, o) is written in a single line that shows its nCFA
state g on the left and its parameter mapping o on the right (in brackets). Each
pair u/v denotes that node w of the item is mapped to the parameter v, i.e.,
o(u) = v; o is undefined for all other nodes. Transitions are labelled by pairs of
literals and node mappings. The latter are represented analogously.

Note that the transitions leading from Qg via Q1 and Q2 to Q3 have identity
node mappings because the target states of these transitions were new states
when Alg. 1 created the transition (line 18). When it created the transition
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ceQy k= root(1)eQ
hn root(1) T(1) Q2 0
A root(1) T'(1) (,2)0(,23["/“1/2
e root(1) T(1) e(1,2) T(2)#Q5/ /2
e root(1) T(1) e(1,2) T(2) e(2, 4) o Q5"
r= root(1)T(1) e(1,2) T(2) e(2,4) T(4) 9 Q5 >/

Figure 11: Moves of the dCFA in Fig. 10. Renamings 7 (or v o u, resp.) of states Q; with
7(x1) = y1,...,7(xk) = yi are represented by exponents z1/y/1,...,Tk/Yk -

leaving )4, however, it constructed the set

I'={(T(y) = T(y)ely,2) . T(2), [y/a, z/b]),
(T(y) — «,[y/0]),
(T(y) — T(y)e(y,2)T(2),[y/b]) }

of items, for some new parameter node b. But this set is equal to Q5 where
= [z/a,a/b] is the corresponding node mapping, and Alg. 1 has reused state
(3 when adding the transition in line 15. O

Assumption 7.7. Since Alg. 1 constructs the dCFA from an nCFA, and as we
have assumed a fixed HR grammar I" and a fixed nCFA, we also assume a fixed
dCFA € in the following.

The dCFA approves graphs in a similar way as the nCFA does. We define
dCFA configurations, dCFA moves, and approval by a dCFA analogously to
their nCFA counterparts (Definitions 6.3, 6.4, and 6.6). The primary difference
is that dCFA moves do not have to take closure moves into account:

Definition 7.8. A dCFA configuration ©eQ7 consists of a graph ¢ € Gy and
a dCFA state (Q mapped under an injective partial function 7: X — X.

A dCFA transition t = (Q —> (e —>(@') turns peQ" into pe” ¢Q"V°H with 7 C v,
dom(v) = dom(7) U X (e), and X (e”) N X (¢) C X(e”). We write such a dCFA
move as peQ" a e’ Q""" or simply peQT r= pe’ oQ’ .

The dCFA approves a graph ¢ € Gy if there is a dCFA configuration C =
©eQ" such that ceQy r=*C.

Note that the final state of the dCFA plays no role in the proceedings so far.
This will continue to be so for the rest of this section, but change in the next.

Example 7.9 (Moves of the dCFA for the Tree-Generating Grammar).
Fig. 11 shows moves of the deterministic CFA in Fig. 10. They approve the
same graph as the moves (shown in Fig. 9) of the nondeterministic CFA of
Fig. 8. O
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To prove that the dCFA approves the same graphs as the nCFA, we need
the following lemma. It shows that constructing closure items is tightly related
to performing closure moves.

Lemma 7.10. (p,o) >* (g, T) implies ©o[p]"°7 e wolq|*°™ for all items (p, o)

and {q, ), every injective partial function p: X — X with dom(uoo) = dom(o),
and every graph ¢ € Gx, such that @o[p]*°? is a valid nCFA configuration.

ProoOF. Consider any items (p,o) and (g,7) such that (p,o) " (g, 7),
and p as well as ¢ as in the lemma. We prove dom(u o 7) = dom(r) and
wo[p]HeT " ©wo[g]*°™ by induction over n.

For n = 0, (p,o) = (¢, 7), and therefore, po[p]*°7 = wolg]"°™ as well as
dom(p o ) = dom(7), which proves the proposition.

For n > 0, we have (p,o) >""1 (p’,0') > (g,7), and by the induction
hypothesis, po[p]*°” k\cr”_l ©o[p']#°7" and dom(poc”) = dom(o”). Then p and g

are of the form p' = (A — a.Bf), ¢ = (C — .6), C™ = B, dom(r) C X(C).

We first show that dom(uo7) = dom (7). The inclusion dom(uot) C dom(r)
follows immediately from the definition of the composition of partial functions.
In order to show the opposite inclusion, consider any node x € dom(r) C X(C).
There must be a node y € X (B) such that 7(z) = o’(y) because C™ = B, and
therefore y € dom(o’) = dom(p o ¢’). In other words, 7(z) = o'(y) € dom(u),
i.e., z € dom(p o 7), which proves dom(7) C dom(p o 7).

As a consequence, the equalities C*°7 = (CT)* = (B"/)“ = B*°?" and
dom(pot) = dom(r) C X(C) hold. As @o[p']#°?" is a valid nCFA configuration,
and by Def. 6.4, @o[p/]°’ h wolq|HeT. O

Lemma 7.11 shows that each graph approved by the nCFA is also approved
by the dCFA, and Lemma 7.12 shows the opposite direction. But these lemmata
are even more specific: Each dCFA state is a set of items, i.e., nCFA states with
parameter mappings, and one can find an approving sequence of nCFA states
“within” the corresponding approving sequence of nCFA states. In other words,
the relation between the two automata is similar to that between an ordinary
nondeterministic finite automaton and its powerset automaton.

Lemma 7.11. For each sequence
£0[qo0])" " po[q]®

of nCFA moves, there is a dCFA state Q and an injective partial function
7: X = X such that {q,0) € Q" and

c4Qn =" o7
PrOOF. We prove the proposition by induction over the number n of moves

in £6[go]* " wo[q]?. For n = 0, the proposition follows immediately from the
definition of initial nCFA configurations and Q.
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For n > 0 and the last move being a closure move, the considered sequence
of moves is of the form

£0[qo]* """t po[A — a. BB~ b wo[C — .0]°

with B = C? and dom(9) € X(C). By the induction hypothesis, there
is a dCFA state @@ and an injective partial function 7: X — X such that
Qb r=" 0eQ™ and (A — a.Bf,k) € Q7. Therefore, there is an injective
n: X = X with k = 70onand (A - a.Bf,n) € Q. Since each dCFA state
is closed under closure (line 2 and 13), we also have (C' — .4,§) € Q with
B" = C¢ and dom(¢) € X(C). Therefore, C? = B* = (B")” = (C¢)". And
because of injectivity, o = 7 o £, and therefore (C' — .4, 0) € Q7.

For n > 0 and the last move being a goto move, the considered sequence of
moves is of the form

olgol’ """ 9ol A — a. £ g 9 F20[A = af . A)¢
with
5 C o, dom(g) = dom(s) UX(f), and X(£2) N X(¢) C X(F%).  (21)

By the induction hypothesis, there is a dCFA state S and an injective x: X — X
such that ceQf r=* 0#SX and (A — a.fB,k) € SX. Therefore, there is an
injective 0: X — X with Kk = xoo0, (A — «a.fB,0) € S, and f7 € leave(S5).
(Note that the identifiers used here match those in Alg. 1.) Alg. 1, therefore,
obtained a literal e from f¢ by replacing each occurrence of ‘~’ by a new node
not used anywhere else (line 11). It also obtained an injective partial function
v with

oCv, f¥=e, and dom(v) = dom(o) U X(f). (22)

And Alg. 1 has added a transition S Lew), Q to € (line 15 or 18) by constructing
a set I’ of items such that (A — af.5,v) € I’ (line 12 and 13) and Q* = I'. By

the construction of e, by (21) as well as (22), and because p is injective, there
is an injective £: X — X such that xy C £ and o = £ o v, and therefore (A —

af.B,0) € I'S = Q%°r. Since f¢ = ef, we can conclude POSX Ra p FOeQEH,
Thus, the lemma holds with 7 =& o . 0

Lemma 7.12. For each sequence
Q) R=" peQ”
and each item (q,9) € Q7, there exists a sequence
£0[go]* " polg]’

of nCFA mowes.
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PROOF. Let c4Qf R=" peQ" be any sequence of dCFA moves and (g,) any
item with (g,9) € Q7. We prove £6[qo]* ~—* p0[q]” by induction over n.

For n = 0, the proposition follows from @ = Qq, ¢ = €, 7 = ¢, and therefore
Q" = {{q0,1)}, i.e., g =qo and ¥ = v.

For n > 0, there is a sequence of moves

QL RA" T paSX s et Q5

with 7 = Eopu, x C &, dom(§) = dom(x) U X(e) and the last move using

transition S ﬂ Q. Alg. 1 added this transition to € after computing a set
Q*. (Note that the identifiers used here match those in Alg. 1.) As (g, 9) € Q%°*,
there is a w with ¥ = £ o and (g, 7) € Q* = I'. Since I’ was computed as the
closure of I (line 13), and by Fact 7.3, there is a item (A — af.S3,v) € I that
was added to [ in line 12, and

(A= af.p,v) " (¢,7). (23)

In fact, (A — af .5, v) was added to I after selecting a item (A — «. fB,0) €
S, which was been turned into (A — af .3, v). Literal e was obtained from f¢
by replacing each occurrence of ‘" by a new node not used anywhere else, and the
injective partial function v: X — X was chosen such that o C v, f¥ = e, and
dom(v) = dom(o) U X(f). By the induction hypothesis, £¢[qo]* ~—* po[q]* for
each item (g, k) € SX, and in particular for (A — a. 3, k) € SX with k = xoo0.
Let us define ¢ = € o v, and therefore (A — af.B,0) € I¢ C I' = Q%+
and f¢ = e°. By this construction, k = o, dom(p) = dom(x) U X(f), and
X(f9)NX(p) C X(f"), and therefore

PolA = a fB]" s o fP0[A — af . ] = weSo[A = af .5,

By the construction of £ and v, we have dom(§ o v) = dom(v). And, by (23)
and Lemma 7.10,

pe oA = af . B* " petolq)* T = petolq]”.

which completes the proof of the lemma. O
An immediate consequence of these lemmata is the following:

Theorem 7.13. A graph is approved by the dCFA if and only if it is approved
by the nCFA if and only if it is a viable prefix.

Thm. 7.13 implies that the nondeterministic parser can reach the accepting
configuration with some rest graph if and only if the dCFA approves its current
stack.

Before we describe assisted shift-reduce parsers using deterministic CFA
(Sect. 8), let us observe that Alg. 1 does not terminate for all HR grammars. A
HR grammar for the visual language of structured flowcharts is used to demon-
strate this.
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Figure 12: A structured flowchart. Figure 13: Graph representation of
the structured flowchart in Fig. 12.

Example 7.14 (Structured Flowcharts). Structured flowcharts consist of
rectangles containing actions, diamonds that indicate conditions, and ovals indi-
cating begin and end of the program. Arrows indicate control flow; see Fig. 12
for an example. They can be represented by graphs using terminal symbols
begin, end, act, and pred where binary act edges represent actions (rectangles)
and ternary pred edges conditions (diamonds). Nodes correspond to arrows
where edges are attached to the same node if the corresponding components
(rectangle, diamond, or oval) are connected by an arrow. The example flowchart
in Fig. 12 can be represented by the graph shown in Fig. 13 and by the (ordered)
graph

begin(a) act(a,b) pred(b, ¢, d) pred(c, e, f)act(e,b) act(f,b) end(d) .

For instance, literal act(a,b) represents the rectangle “read n”, act(f,b) the
rectangle “n < 3n 4+ 17, and pred(c, e, f) the diamond “n even?”. An HR
grammar for the graph representation of structured flowcharts has nonterminal
symbols Z, Seq (for “sequence”), as well as Stmt (for “statement”) and the
following rules:

Z() — begin(z) Seq(x,y) end(y)
Seq(x,y) — Stmt(z,y) (end of sequence)
Seq(z,y) — Stmt(z, z) Seq(z,y) (sequence)
Stmt(x,y) — act(z,y) (single action)
Stmt(x,y) — pred(z, z,y) Seq(z, x) (while loop)
Stmt(x,y) — pred(z,u,v) Seq(u,y) Seq(v,y) (selection)

The dCFA of this grammar is infinite, i.e., Alg. 1 does not terminate. To
see this, consider the excerpt of the dCFA in Fig. 14. In order to save space, we
use a compact notation. If a dCFA state contains items (g, 01),..., (g, o) that
share the nCFA state ¢, we write ¢{o1,...,0,} where the parameter mappings
01,...,0, are denoted as introduced earlier. And, if a dCFA state contains
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Start() { }

o Z() — +begin(z) Seq(x,y) end W{l}

O begin(ag) | [ao/ao]

Z() — begin(zx). Seq(x,y) end(y)
gqux,y; — .gtmtgx,y; Sealion)
eq(x,y) = - Stmi(x, z) Seq(z,y
Stmt(x,y) — «act(z,y) x{lw/aol}
Stmt(z,y) — «pred(z, z,y) Seq(z, x)
Stmit(x,y) — .« pred(x,u,v) Seq(u,y) Seq(v,y)

Qo pred(ag, a1, by) | [ao/ag,a1/ar,by/bi]

Stmt(z,y) — pred(z,z,y). Seq(z,2) {[z/ao,y/b1,z/a1]}
Stmi(x,y) — pred(x,u,v) . Seq(u,y) Seq(v,y) { u/al,v/bl,x/ao]}
Seq(x,y) — « Stmit(z,y)
Seq(z,y) — « Stmt(z, z) Seq(z,y) l2/ai]
Stmt(z,y) — «act(z,y) X{[x/al ’ /a }}
Stmt(x,y) — «pred(z, z,y) Seq(z, ) LY/ %o
Stmi(x,y) — «pred(z,u,v) Seq(u,y) Seq(v,y)

Qs pred(ay,az,ba) | [ag/ao, ai/a1,az/az, ba/bs]

4

Stmit(x,y) — pred(x, z,y) . Seq(z, x) {[w/al,y/bg, z/ag]}
[u/ag,v/by, x/a1],
Stmt(x,y) — pred(z,u,v). Seq(u,y) Seq(v,y) (u/as. v /by, 2/a1,y/ac]

Seq(x,y) — + Stmi(z,y)
Seq(xz,y) — « Stmt(z, z) Seq(z,y) [/as],
Stmt(z,y) — «act(z,y) x 9 [z/az,y/ao],
Stmt(x,y) — «pred(x, z,y) Seq(z, ) [x/az,y/a1]
Stmt(x,y) — «pred(x,u,v) Seq(u,y) Seq(v,y)

Q. pred(az, as, bs) | [ao/ao, a1/a1,as2/as, as/as, bs/bs]

Stmt(z,y) — pred(z, z,y). Seq(z,z) {[z/az,y/bs,z/as]}
[u/a33 ’U/b3a (E/ag]
Stmit(x,y) — pred(x,u,v).Seq(u,y) Seq(v,y) u/az, v/bs, x/as,y/ag],

u/az,v/bz,v/az,y/ai]

[

[
Seq(z,y) — « Stmt(z,y) [ /as],
Seq(x,y) — + Stmit(x, z) Seq(z,y) (v/as, y/ao),
Stmt(z,y) — «act(z,y) X (v/as.y/a1),
Stmt(x,y) — «pred(z, z,y) Seq(z, ) [x/a; Y

Stmt(z,y) — « pred(z,u, v) Seg(u, y) Seq(v, y)

pred(as, aa, ba) l lao/ag,a1/a1,az/a2,a3/a3, as/as, ba/ba)

Figure 14: Excerpt of the infinite dCFA of the flowchart grammar.
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the full Cartesian product of a set @@ of nCFA states and a set P of parameter
mappings, we write Q X P. This notation even allows to represent Q4 with its
24 items.

Fig. 14 shows the states Qo,...,Qs of the dCFA and only the transitions
between them. One can see that @2, @3, and @4 are identical when ignoring
the parameter mappings. Moreover, when renaming parameters, Qs is properly
contained in @3, which in turn is properly contained in Q4. These three states
are the first states of an infinite sequence Q2, @3, Qy4, . . ., which makes the entire
dCFA infinite.

As a consequence, Alg. 1 cannot be applied to all HR grammars and their
nCFAs. However, a modified algorithm not described here can recognize and
handle this situation. For this, it represents the infinite dCFA in a finite way
by equipping states with variables that may contain sets of arbitrarily many
parameters and using these variables in transitions. This algorithm has been
implemented in the Grappa tool. In this paper, we have described the simpler
algorithm in Alg. 1 instead of the more general one, because the latter is rather
technical. In fact, the HR grammar for structured flowcharts is the only HR
grammar with an infinite dCFA known to the authors—and it is not even PSR
parsable because the finitely represented infinite dCFA has shift-reduce conflicts
(see Table 1). We describe the concept of conflicts in Sect. 9.

8. CFA-Assisted Shift-Reduce Parsing

Let us now discuss how the naive shift-reduce parser discussed in Sect. 4 can
read off all permissible moves from the current dCFA state in order to reach the
accepting configuration with some rest graph. Recall that the naive parser just
maintains a stack of literals. The extended parser, instead, maintains a stack
as an alternating sequence of states and literals and makes sure that its stack
(when ignoring the states on the stack) is always approved by the dCFA. The
top stack element is always the current state, which is the uniquely determined
dCFA state reached when approving the stack—when ignoring the states on the
stack. The stack prior to a move is called current stack, and the next one is the
successor stack, thus defining a successor state. The successor stack together
with the successor state will then be the current stack and the current state,
respectively, at the next move.

When performing a shift move, the parser selects a literal from the remaining
input that matches the label of a transition leaving the current state (on top
of the stack). This literal is then pushed onto the stack, together with the
successor state reachable by this transition. The successor stack thus consist of
the current stack, followed by the shifted literal and the successor state.

A reduce move removes the right-hand side (under an appropriate mapping)
of a rule from the stack, together with the corresponding states, yielding some
intermediate stacks with a state on top. The parser then selects a transition
leaving this state and with a label matching the reduced nonterminal literal,
which is the left-hand side of the rule, under the same mapping as above. Next,
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the reduced literal is pushed onto the stack, together with the successor state
reachable by this transition. The successor stack thus consist of the intermediate
stack, followed by the reduced literal and the successor state.

The parser accepts the input graph processed so far when the state on top of
the stack is the final state Qa of the dCFA. Note that the entire input graph is
accepted that way if there are no unprocessed input literals left when reaching
this state.

Let us now define the extension of the naive shift-reduce parser more pre-
cisely. We call this parser dCFA-assisted shift-reduce parser or simply assisted
shift-reduce parser, abbreviated as ASR parser.

Definition 8.1 (ASR Parser). An (ASR parser) configuration S.g consists
of a parse stack S C Q- (Lity - Qm)* and a graph g € Gy. Thus, top(S) is
always a concrete state.” The graph obtained by removing all concrete states
from & is denoted by graph(S). A configuration S.g is accepting if top(S) is
the final state Qa of the dCFA.

An ASR move turns S.g into §’.¢" and is either an ASR shift move or an
ASR reduce move, defined as follows.

Let Q7 = top(S) for a state @ € Q and an input node mapping 7.

e Suppose that there is a literal e € Lit; and a concrete state T € Qy
such that graph(S)eQ7™ R graph(S)eeT and X (e)NX(g) C X (graph(S)).

Then there is an ASR shift move S.g lt: SeT. ge.

e Suppose that @ contains an item it = (A — p.,0) and one can re-
move 2 - |g| elements from the top of S to obtain a parse stack S”
with R = top(S”) such that there exists a concrete state T € Qy with
graph(S")eR k= graph(S”) A7 ¢T. Then there is an ASR reduce move
S.g 'f S"ATT . g.

We may write S.g ES’.¢' if S.g = S’ .¢ for a transition tr or S.g }:t S'.g
T K2
for an item it.

A configuration S.g is reachable if Q4. E* S.g. An ASR parser accepts a
graph g € G if there is a reachable accepting configuration S.g.

Note that shift and reduce moves of the ASR parser always push (concrete)
states onto the stack that are reachable from their immediate predecessor states
on the stack. This is expressed in the following fact:

Fact 8.2. Qf.c E* S.g implies c4Q4 r=* graph(S’)etop(S’) for every ASR
parser configuration S.g and every parse stack S’ being a prefix of S.

5Recall from Section 2 that top(S) denotes the top of the stack, i.e., its rightmost element.
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stack . consumed input match

Qo « €
= Qoroot*Qt . root?
= Qoroot*QIT* Q3 . root? y/1
3
= Qoroot*QITrQie?Q1? . rootte'?
E Qoroot' QIT*QLe? Q32T Q42 . root'e!? y/2
3
= Qoroot*QITrQLe'?Q12T2Q12e* Q3% . root'el?e®t x/2,y/4
E  Qoroot' Q1T Qi QT2 Q2e*' Q3' T Q7" . root'e'?e®* y/4
3
= Qoroot*QIT*Q3e2Q3?T?Q12 . roottel?e x/2,y/4
2
E Qoroot'QIT* Q% . root!e!2e?? z/1,y/2
2
= Qoroot*QiTrQLe2Q33 . rootlel?e?el?
= Qoroot' QIT Qe QY3 T3QL2 . rootle!?e?eld y/3
3
= Qoroot*QIT* Q3 . roottet2e?te!s z/1,y/3
S root Wil o
)? Qo Start Qa . rootte'?e?te!?

Figure 15: Moves of the ASR parser recognizing the tree in Example 4.2. Places on the stack
where reductions occur are underlined. Rules used in reduce moves are indicated as subscripts
in the leftmost column, and their corresponding matches appear in the rightmost column.

Example 8.3 (An ASR Parse of a Tree). Fig. 15 shows the moves of the
ASR parser when recognizing the tree in Example 4.2.5

Moves no. 1 to 6 in Fig. 15 correspond to the moves of the dCFA shown in
Fig. 11 of Example 7.9 in the way stated in Fact 8.2:

035 e The initial configuration of the ASR, parser agrees with the initial state of
the dCFA.

e The symbol and state pushed in move ¢ agrees with the symbol approved,
and the state reached, by move i of the dCFA. In three steps, terminal
symbols are pushed by a shift move; the other moves push the nonterminal

040 T in the course of reducing rule 2, which has no literals on its right-hand
side so that nothing has to be popped off the stack.

o After move i, the symbols on the stack of the parser (ignoring the states)
agree with the viable prefix approved in move ¢ of the dCFA. O

Note also that a reduce move of the naive shift-reduce parser must check a
us rather complex condition in order to select a reduce move (Def. 4.4); it must

61n this example and in Fig. 15, we use following abbreviated notation: literals £(x1,. .., zx)

are denoted as £*1--k  and states of the dCFA that were written as ngl/yl ek Uk] iy Fig. 11
are abbreviated as Q¥!""¥k.
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examine whether the stack contains the right hand side of the rule (under an
appropriate match), and it must additionally check condition X () N X (o*) C
X (A*) of Def. 4.4 to make sure that the corresponding derivation step is valid.
The ASR parser, instead, just inspects the top state on the stack and checks
whether this state contains an item with the dot at the end of the rule; it can
thus read off from the dCFA whether it can select a reduce move. The following
lemma states this formally. It will be used for proving the correctness of the
ASR parser later.

Lemma 8.4. For every rule A — p with A # Start and every sequence
Qb R=" 0eQ7, Q contains an item (A — o.,0) if and only if there is a
graph o € Gy, such that p = ap™°?, aA™°7 is also approved by the dCFA, and
X(a) N X(47°7) C X(A™°).

ProoF. For the only-if direction, consider a sequence c#Qy =" peQ" and an

item (A — 0.,0) € Q. We have (A — p.,u) € Q" with u = 700, and by
Lemma 7.12, there is a sequence

€0[qo)* P—" po[A — 0. M. (24)

The dot in A — p. must have been moved there by goto moves, starting at
A — .p, a state that was reached by a closure move. Therefore, (24) has the
form

e0lgo]" " ao[B — v.C¢]” e aolA — . g]“/ Ifgg* ag®o[A = o

with ¢ = agt = ap™?, C¥ = A* | i/ C u, X(A) C X(p) = dom(u). Thus
A* is a literal, and there is an injective v': X — X with v C v/, dom(v') =
dom(v) U X (C), and C” = A". As a consequence, there is also a sequence

£olgo]" " @0[B = 7. Cd]” iy a A*6[B — 7 C 6]

showing that a A* is approved by the nCFA and consequently, using Lemma 7.11,
by the dCFA. Moreover, X (o) N X(o*) C X(0*) = X(A*) C X(AH) using
Lemma 6.8.

For the if direction, let A — o be a rule with A # Start, and consider a se-
quence c#QY R=* ao”#Q7 with an injective g: X — X, and Q4 ~=* a A* Q¢
for some dCFA state @ and injective £: X — X. By Lemma 7.12, there is a
sequence

£0[qo]* ~" ao[B — v.C]" e aAto[B = ~C. oY

with A* = C”, v/ C v, and dom(v) = dom(v') U X (C). Therefore, there is also
a sequence

eo[qo]* " ao[B — '7.6’5]”/ e aolA — . Q]“/ kgg* aoo[A = o

with C*" = A*" and, by Lemma 7.11, a sequence ceQ k=" ag“QQ/T/ with
a dCFA state @', injective 7/: X — X, and (A — p.,u) € Q"7 . In fact,
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Q = Q' and 7 = 7’ since the dCFA is deterministic. Hence, () contains an item
(A= o.,0) with p=Too0. O

We are now ready to prove that the ASR parser is in fact an improved version
of the naive shift-reduce parser (Def. 4.4) that always makes sure that its stack
is a viable prefix:

Lemma 8.5. For every ASR parser configuration S.g with graph(S) # Start
and everyn € N, Q4.e E™ S.g if and only if ceQ{r=* 0eR and cue—"p.g
where R = top(S) and ¢ = graph(S).

Proor. We prove the proposition by induction on n. For n = 0, it immediately
follows from the fact that S = top(S) = Qf and graph(S) =g =e¢.

For the inductive step, let n > 0. We have to show that the proposition
holds for n 4+ 1 under the assumption that it holds for all shorter configuration
sequences of length up to n. We show the only-if and the if direction separately.

(1) To show the only-if direction, we assume any sequence
Qh.ceE"S ¢ ES.g.

Let R = top(S’) and ¢ = graph(S’). The last move is either a shift move
or a reduce move.
(1a) If it is a shift move, there exist a literal e € Lit+ and a concrete state

T € Oy with
e R = pedT (25)
X(e)NX(g) € X(y) (26)
S=S8"el (27)
g=4g'e. (28)

Now, ceQf r=* pe R = pesT follows from (25) and the induction hy-
pothesis, and e.e—"p.g’ o ve-g from the induction hypothesis,

(26), (28), and Def. 4.4. This proves the proposition because top(S') =
T and graph(S') = pe.

(Ib) If the last move is a reduce move, there is a rule A — p, and one
can obtain a parse stack §” by removing 2 - || elements from the end
of §'. Let ¢ = graph(S”) and Q = top(S”). By Def. 8.1, there is a
dCFA state Q; € Q such that Q; contains a p-item (A — p.,0) and
a concrete state T € Qy with

VOQ R P AT ¢ T (29)
S=8"A"T (30)
g=4" (31)
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Moreover, by Lemma 8.4, there is a graph « € Gy, and a concrete state
T' € Qu such that

SD — aQTOU (32)
coQh =" AT T’ (33)
X(a)NX(e™7) C X(A™). (34)

Now, o = 1) follows from the construction of §” and
50@6 M* O[ATOGOT/ — QZ}ATOU‘T
from (29), (33), and the fact that the dCFA is deterministic. Finally,

TOO

6-6'*”@-9,:1?@ .gmwAToo'.g
=0

using the induction hypothesis, (31), (32), (34) and Def. 4.4. This
proves the proposition because top(S) =T and graph(S) = A™°°.

(2) To show the if direction, we now assume any sequence

ee—"¢ g —p.g. (35)

of moves and

coQf =" e R (36)

for some concrete state R € Qp. The last move in (35) is either a shift
move or a reduce move.

(2a)

If it is a shift move, there exists a literal e € Lity such that

p=y¢'e (37)
g=4ge (38)
X(e)NX(g') € X(¢') (39)

Because of (37), we can write (36) as
c0Qy =" PeQ = esR (40)

for some concrete state Q € Qyr. Therefore, the induction hypothesis
applies and yields Qf.c E™ 8’ .¢' with top(S’) = Q and graph(S’) =
¢’. Finally, because of (38), (39) and (40), there is a shift move

S§'.¢d ESeR.ge=8.g

with § = §’eR and, therefore, top(S) = R and graph(S) = ¢'e = ¢
because of (37), which proves the proposition.

If the last move is a reduce move, there is a rule A — p, a match
w: X — X, and a graph a € Gy, such that

¢ = apt (41)
» = aA" (42)
g=4 (43)
X(a) N X (") € X(4%) (14)
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and (36) can be written as
ceQf =" a A" eR. (45)

The graph ¢ = aA* is a viable prefix because of (36), Thm. 6.12,
and Thm. 7.13. Therefore, ¢’ = apH is also a viable prefix because of
o =aAl = ag" = ¢'. Since the grammar is reduced, there must be

concrete states @, Q" € Qu such that
coQh =" Q' R=" gt eQ = ¢ Q. (46)

Because of (35), there is also a sequence ¢.c+—* a.g” for some prefix
g" of g = ¢’ and k < n. Therefore, the induction hypothesis applies,
and we can conclude

Q(L) € |:k S// .g//
for a parse stack §” with top(S”) = Q" and graph(S”) = «. Using the
same argument, we can also conclude

Qe E"S'.g

for a parse stack S’ with top(S’) = Q and graph(S’) = ap* = ¢'.

Let us assume that S” is not a prefix of §’. There must be a parse
stack &, literal I and concrete states P’, P € Qu, P’ # P, such that
SIP' is a prefix of &’ and SIP" a prefix of 8. Let ¢ = graph(SIP') =
graph(SIP"). We can conclude c4Q4 r=*1eP’ and c4Qf k=" 1he P”
using Fact 8.2, and P’ = P” using the fact that the dCFA is deter-
ministic, contradicting our assumption. S§” is thus a prefix of &', and
S” can be obtained from &’ by removing 2 - |g| elements from its end.
Because of (44), (45), (46), and Lemma 8.4, there is a state Q; € Q,
a node mapping 7: params(Q;) — X and an item (A — p.,0) € @Q;
such that

Q=07 (47)
w=rToo. (48)
Moreover, we know that
oeQ' rr A" R

by (45) and (46), using the fact that the dCFA is deterministic. There-
fore, using Def. 8.1,

Qy.ce E"S .¢d ES"A"R.¢ .

This proves the proposition because of (43) and (48), choosing & =
S//ATOO'R. D

We are now ready to prove the correctness of the ASR parser.
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Theorem 8.6. Let g € Gr. The ASR parser accepts g if and only if Z —>" g.

Moreover, for every reachable configuration S.g, there is a graph ¢’ € G and
an accepting configuration 8" .gg’ such that S.g E* S .g¢’.

PRrROOF. Consider any graph g € Gr.
For the first part of the theorem, by Thm. 4.9 it holds that Z —* g¢

if and only if e.et+—*Z.g. By Lemma 8.5, the latter is the case if an only
if Q4. E* Q4ZQn.g, because the dCFA approves the viable prefix Z via
c0Qo R=" ZeQa.

To prove the second part of the theorem, consider any configuration S.g
with Qf.e F* S.g. By Lemma 8.5, Thm. 6.12, and Thm. 7.13, graph(S) is a
viable prefix. Moreover, €.e+—* graph(S).g. By Lemma 5.5, there is a graph
g € Gy such that graph(S).g+—* Z.gg'. Thus, the same argument as above
yields S.g E* Q4ZQa .99, i.e., the ASR parser accepts gg'. O

It is worthwhile pointing out that the ASR parser is still nondeterministic,
despite the fact that it is “assisted” by a dCFA. In fact, there are two sources
of nondeterminism. First, the state on top of the stack may contain several
items that fulfill the conditions of shift or reduce moves and thus enable several
possible moves. There may be items leading to shifts of different literals, items
that result in reductions according to different rules, and items of which one
triggers a shift move whereas the other triggers a reduce move. For example,
in state Q1 of the dCFA in Fig. 14, the parser may choose among three shift
moves.

The second source of nondeterminism lies in the choice of the edge to be
consumed by a shift move, as there may be several literals e in the input graph
that fulfill the conditions.

Naturally, the “right” choice must be made in order to ensure that the
parser accepts a given input graph. Note that this does not contradict Thm. 8.6
which states that, regardless of the choice made, there exists a possible rest
graph with which the parser can reach an accepting configuration. Clearly, that
rest graph can differ from the actual rest graph in the input. Looking at the
ASR parser, this observation should not come as a surprise, because the parser
does not inspect the rest graph in any way (except for selecting a literal to
be shifted whenever a shift move is made). The extension of the ASR parser
by an appropriate inspection of the rest graph to predict the necessary move
will be discussed next. It leads to the main notion proposed in this paper, the
predictive shift-reduce parser.

9. Predictive Shift-Reduce Parsing

Intuitively, an appropriate move of the parser is a move that keeps it on its
way towards accepting the input graph g, provided that g is valid. (Naturally, if
g is not valid, every possible move is appropriate as g will eventually be rejected
anyway.) To identify such a move, the parser needs criteria that it can check
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by inspecting the rest graph. These criteria should preferably only require a
fixed number of patterns to be checked, in order to ensure that an appropriate
move can be selected in constant or nearly constant time. While the desired
patterns will obviously have to depend on I', they should be computable as
static information by the parser generator. Similarly to the string case, this is
only possible if T" is conflict-free in a sense to be made precise in this section.
Thus, in contrast to the pure ASR parser, which works for every HR grammar,
the resulting predictive shift-reduce parser exists only for a subset of all HR
grammars, i.e., the parser generator may fail to construct a parser, reporting
the existence of a conflict instead.

For the following considerations, suppose that the ASR parser is in the
process of parsing a valid input graph g and has reached a configuration S.g¢’,
but has not yet processed the rest graph r of g where g > ¢'r.” The top of S is
top(S) = Q7 with a CFA state Q € Q and a node mapping 7.

The parser must now choose between shift and reduce moves until the input
graph has been accepted or no further move is possible. Shift moves are caused
by transitions leaving @, and reduce moves by items within @ with a dot at
the end of their right-hand side. Let us call such an item a reduce item. Each
transition and each reduce item is called a trigger that causes the corresponding
move. Note that acceptance is also caused by a reduce item, which is the only
item in the accepting state Qa.

We now describe an effective decision procedure, which inspects the rest
graph r to select the trigger that causes the “right” move, i.e., a move which
turns the parser into a new configuration from which it can still reach an accept-
ing configuration by consuming the remaining rest graph. Let us call a sequence
of moves that ends in an accepting configuration a successful sequence, even if
it does not process the entire rest graph. Thm. 8.6 states that such a sequence
always exists when the parser has reached S.g’. The decision procedure must
thus select a trigger that causes a successful sequence (by causing the first move
of this sequence) that processes the entire rest graph.

The idea for selecting the right trigger is as follows:

Suppose that the rest graph r is not yet empty. The procedure now checks
for each trigger whether r contains any literal that will be processed next by any
successful sequence caused by this trigger. There must be a trigger with this
property because g is valid. If this trigger is the only possible one, this trigger
must be the one causing the right move; the parser thus selects this trigger. If,
however, two or more triggers have this property, our procedure fails; it cannot
predict the right move.

Let us consider more closely when a literal is processed next by a successful
sequence caused by a trigger. If the trigger is a transition, this literal is just the
one that is processed by the corresponding shift move. If the trigger, however, is
a reduce item, it must be the one processed by the first shift move in the move

"Note that we can represent the rest graph by any permutation of r because none of its
literals have been processed by the parser yet.
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sequence following the reduce move. This shift move may of course not be the
first move of the sequence, as it can be preceded by further reduce moves.

Suppose now that the parser has processed the input graph entirely, i.e. the
rest graph 7 is empty. The procedure then checks for each reduce item whether
there is a successful sequence that consists of reduce moves only. The parser
then selects any reduce item that causes such a successful sequence.

We will now discuss the decision procedure more precisely. To this end, we
consider all successful sequences caused by a trigger. Recall that we suppose
that the parser has reached configuration S.¢" with top(S) = Q7.

Suppose the trigger is a transition tr = (Q M) Q') of the dCFA. Def. 8.1
implies that the shift move induced by tr is S.g’ = SfQ".g f for an appro-

priate literal f € Lit7 and concrete state Q" € Qy. And by Thm. 8.6, there
is a graph v € G such that SfQ".¢'f | Sa.¢ fv with top(Sa) = Qa. This
means that the parser accepts ¢’ fv or, in other words, fuv is the graph processed
by this successful sequence. Let us denote the set of all graphs processed by any
successful sequence caused by tr as Success(Q7, ¢, tr).

Suppose now that the trigger is a reduce item it = (A — p.,0) € Q. Def. 8.1
implies that the reduced move induced by it is S.g’ .f S'A™°7Q.¢ with an

appropriate parse stack S’ and concrete state Q' € Q. And by Thm. 8.6, there
is a graph ¢” € G7 such that S’A™7Q".¢' E Sa.g'g” with top(Sa) = Qa.
This means that ¢” is the graph processed by this successful sequence. Let us
denote the set of all graphs processed by any successful sequence caused by it
as Success(Q7, ¢, it).

Before utilizing the sets Success(Q7,g’,t) for a trigger ¢, let us introduce
some terminology first. For a graph h = e;---e, with n > 0 literals, let
First(h) = e be the first literal of h. In the special case n = 0, we let First(e) =
$ where the special symbol $ indicates that there are no literals at all. For a set
S C Gy of graphs, let First(S) = {First(h) | h € S}.

For a trigger ¢, now consider the set

First(Success(Q7, g’ ,t)).

This set contains all literals that can be processed next by any successful se-
quence caused by ¢, and it contains $ if there is a successful sequence caused
by t without any shift move. The decision procedure, whose idea has been out-
lined above, thus has to select the trigger ¢ such that First(Success(Q7,g’,t))
contains any literal of the rest graph, or $ if r = . However, this does not
make a practical decision procedure because these sets are in general infinite.
We turn these sets into finite sets by mapping their members to pseudo-literals
as described next.

Note first that every node visited by any literal in any of these sets falls into
one of three categories: It is either (1) a node assigned by 7 to a parameter
of @, (2) a node not occurring in X(g'), or (3) any node in X(g’) not assigned
to a parameter by 7. We now define the following function that maps nodes of
category (1) to their corresponding parameter, nodes of category (2) to ‘~’, and
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all others to ‘e’.

y if there exists y € params(Q) such that 7(y) = =

o0 (@) =9 - ifz¢ X(g)
e otherwise

We extend function f&’g, to literals and sets of literals in the obvious way.
Literals are thus turned into pseudo-literals, which are similar to literals, but
may be attached to ‘—’ and ‘e’ instead of nodes.®

Function fé’gl applied to First(Success(QT,g’,t)) turns this set into a finite
set. This is so because the number of terminal labels and the number of pa-
rameters in () are finite. But one cannot compute this set statically because it
depends on ¢’. Recall that the node mapping 7 is uniquely determined by g’ be-
cause the dCFA approves ¢’ by ceQf =" ¢'¢Q™ and the dCFA is deterministic.
To simplify things, let us define the finite set

Follow(Q,t) := U fé’g/(Fz'rst(Success(QT,g’,t))) (49)
g'€Gx

by building the union over all terminal graphs ¢’. Clearly, only the graphs ¢’
approved by the dCFA as mentioned above contribute to this set. This set just
depends on the state @@ and one of its triggers ¢, and is thus static information
independent of the input graph. While Follow(Q,t) cannot directly be computed
using (49), one can compute it by analyzing the dCFA in a very similar way as
one can compute the follower symbols for string grammars (Sect. 3).

Example 9.1. Consider the dCFA for the tree-generating grammar shown
in Fig. 10 and in particular state @4, which has two triggers: Trigger t¢r is
the transition from Q4 to Qs, and trigger it is the reduce item (T(y) —
T(y)e(y,z)T(2)s,[y/x,z/a]). Q4 has the parameters x and a. Function f(g’f/,
when applied to nodes, thus maps into the set {—, e, z,a}. In fact

Follow(Qy, tr) = {e(a,—)}
Follow(Qy, it) = {e(z,—),e(e,—), $}

It is clear that any successful sequence caused by transition ¢r must begin with
a shift move and that the consumed literal must match edge e(a,b), which is
ascribed to the transition. However, the “new” parameter b is mapped to —.

Reduce item it can cause a successful sequence without any shift move,
indicated by $. To see this, consider, e.g., a parse stack S with top(S) = Q}
and graph(S) = root(1) T(1) e(1,2) T(2). The reduce move will yield a stack
root(1) T'(1), which can be further reduced to Start().

Moreover, e(z,—) and e(e,—) indicate that the literal consumed next must be
an e-literal attached to node 7(z) or any node that has been processed already,
but that is not kept track of by a parameter in 4, indicated by e, and a node
that has not yet been processed, indicated by —. O

8Note that these pseudo-literals are a generalized version of those introduced in Sect. 6.
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Now let e be a literal of the rest graph r. The definition of Follow(Q,t)

implies that fé’g/(e) € Follow(Q,t) is a necessary (but not always sufficient)
and easily verifiable condition for e to be a literal that can be processed next
by a successful sequence caused by trigger ¢. Similarly, $ € Follow(Q,t) can be
used to check whether ¢ can cause a successful sequence without any shift move.
A naive procedure may thus try to identify the “right” trigger in the following
way: If r # €, it looks for any trigger ¢ of @) such that r contains a literal e with
fgg’gl(e) € Follow(Q,t). If it can identify a unique trigger with this property,
this trigger is selected. However, this procedure fails if it cannot determine a
unique trigger that way.

Let us now examine a way in which such a procedure can uniquely select the
trigger causing the right move, even if the naive procedure would identify two
or more candidates for the “right” trigger. For that, assume that there are two
different triggers t,t’ such that r contains literals e, e’ satisfying

fé’g/(e) € Follow(Q,t) (50)
159 (€') € Follow(Q,1). (51)

Recall that function fé’g, may map many literals to the same pseudo-literal.
Moreover, Follow(Q,t) contains the pseudo-literals of any literal that may be
consumed next in some successful sequence, not necessarily only those that
process the rest graph r entirely. As a consequence, (50) and (51) do in fact not
imply that e or €’ will be processed next when ¢ or ¢/, respectively, is selected.
However, if we notice somehow—and additionally to (50)—that e can never be
processed by any successful sequence caused by t', we can eliminate ¢’ from the
candidates for the right trigger, even if (51) is satisfied. This observation leads
the way to an effective procedure for selecting the right trigger.

Let us determine which literals can be processed by a successful sequence
caused by a trigger t. We are not only interested in the literals that are processed
first, but also in those literals that are processed eventually. Instead of a function
First, we will use a function Any which is defined as follows: For a graph
h =ej---e, with n > 0 literals, let Any(h) = {e1,...,e,} the set of all of its
literals. For the empty graph, let Any(e) = {$}. For a set S C Gx, of graphs,
let Any(S) = Upcg Any(h). We then define the finite set

Follow™(Q,t) := U fcg’g/(Any(Success(QT,g’,t))). (52)

9'€Gxs
Note the close resemblance to (49); the only difference is the use of Any instead

of First, i.e., Follow™(Q,t) contains the fg?’g -images of all literals that occur
eventually in some graph processed by a successful sequence caused by ¢, and
it contains $ if there is a successful sequence caused by t that does not contain
any shift move.

Again, this definition cannot be used for computing Follow™(Q,t) di-
rectly, but one can compute it by analyzing the dCFA in a similar way as
for Follow(Q,1).
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Example 9.2. We continue Example 9.1 and consider again the dCFA for the
tree-generating grammar shown in Fig. 10 and in particular state Q4 with its
two triggers tr and it. In addition to

Follow(Q4, tr) = {e(a, )}
Follow(Qy, it) = {e(z,—),e(e,—-), $}

we have

Follow™(Qq, tr) = {e(a,~), e(e,—), e(—-)}
Follow™(Qq, it) = {e(z,-), e(e, ), e(—,-),$}

We can see that any literal that matches the only pseudo-literal e(a,—) in
Follow(Qy, tr) can never be processed in any successful sequence caused by
it, even if the rest graph contains literals matching the pseudo-literals e(x,—) or
e(e,—), which are members of Follow(Qy,it). This can be concluded from the
fact that e(a,—) does not occur in Follow™(Q4, it). As a consequence, it cannot
be the right trigger if we find a literal that matches e(a,—).

However, we can see that a literal that matches e(e,—) € Follow(Qy, it) may
indeed be processed later when transition ¢r is chosen. The existence of a literal
matching any pseudo-literal in Follow(Q4, it) does thus not help to eliminate ¢r
from the candidates of right triggers.

As a consequence, a procedure can reliably predict the next move in state
Q4 by first checking whether there is a rest graph literal e with fé’f/ (e) =
e(a,—). If there is such a literal, ¢r is guaranteed to be the right trigger because
e(a,—) & Follow™(Q4, it). If such a literal, however, does not exist, one can check
whether the rest graph contains any literal e’ that matches a pseudo-literal of
Follow(Q4, it), i.e., with fgz’f/(e’) € Follow(Qy, it). If there is is such a literal,
one chooses the reduce move caused by it. If there is no such €', it is guaranteed
that there is no successful sequence caused by it that processes the rest graph
entirely, and the parser can terminate with a failure. 0

This example motivates that one must compare the Follow and Follow™ sets
of the different triggers and that one must determine which trigger should be
considered first when looking for rest graph literals that match any pseudo-
literals in the Follow set of this trigger:

Definition 9.3. A trigger ¢ precedes a trigger t', written ¢ < t/, if t and ¢’ are
triggers of the same state Q € Q, t # ¢/, and Follow™(Q,t) N Follow(Q,t') # &.

Note that < is not an ordering because it is in general not transitive. But
t < ¢ indicates that one must check ¢ prior to ¢. However, t < ¢’ does not
help to find an order if there is a <-chain ¢t < ¢’ < --- < t. This motivates the
definition of conflicting triggers. We will see in the following that an effective
decision procedure for identifying the right trigger requires conflict-freeness:

Definition 9.4. Let Q € Q be a state and Ty the set of its triggers. A subset
T C Tg is in conflict if there is a sequence t; < t3 < --- <t < t; with
T = {t1,ta,...,tx}. Q is conflict-free if no subset of its triggers is in conflict.
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If a state is conflict-free, one can sort the triggers such their order reflects <,
which will be necessary for the effective decision procedure:

Lemma 9.5. For every conflict-free state QQ € Q, there is an ordered sequence
t1,...,tn of its triggers such that Follow(Q,t;) N Follow™(Q,t;) = & for every
pair of indices i,j with i < j.

Proor. Let Ty be the set of triggers of Q). Ty can be considered as a directed
graph with triggers acting as nodes and having an edge from t to ¢’ iff t < t'. A
cycle in Tg would indicate a conflict of the members of the cycle. Therefore, one
can sort the transitions topologically into an ordered sequence tq,...,t; such
that T = {t1,...,tx} and t; < ¢; implies ¢ < j for every pair of indices 4, j.
As a consequence, j < i implies ¢; £ t;, which is equivalent to Follow(Q,t;) N
Follow™ (Q,t;) = @. O

Algorithm SelectTrigger shows the pseudo-code of the effective decision pro-
cedure that reliably identifies the unique right trigger when the ASR parser has
reached configuration S.¢’ with top(S) = Q7 for a state Q € Q, node mapping
7, and rest graph ¢”. SelectTrigger is called with the current state Q, its node
mapping 7, and the graphs ¢’ as well as g” as parameters. The procedure re-
turns ‘failure’ if it is guaranteed that there is no successful sequence processing
g entirely. Note that the procedure requires an ordered sequence of all trig-
gers as described in Lemma 9.5, i.e., it does not work if a state has conflicting
triggers.

The following lemma states that SelectTrigger can reliably identify the
unique right trigger:

Lemma 9.6. Let S.g¢' be any configuration reached by the ASR parser and
top(S) = Q7 where Q € Q is a state and T a node mapping.

For every graph ¢" € Gr such that S.¢' E* Sa+g'g" with top(Sa) = Qa,
SelectTrigger, when called with parameters (Q,7,9g',q"), returns a trigger t of
Q with the following properties:

Procedure SelectTrigger(Q,7,9’,9")

Input : State Q € Q, node mapping T,
processed graph ¢’, rest graph g”’
Output: a trigger ¢ of Q or ‘failure’
let t1,...,t, be a sequence of triggers of ) as in Lemma 9.5
for i < 1 ton do
if ¢’ # ¢ then
look for a literal e of ¢ such that fg?’g/ (e) € Follow(Q, t;)
if e exists then return ¢;

w N =

[S I

(o)}

else if $ € Follow(Q,t;) then return ¢;

return ‘failure’

~
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o Ift = (Start — Z.,.) is the reduce item causing acceptance, then S = Sa
and g" = €.

o Ift# (Start — Z.,.) is any other reduce item, there is a stack 8" with

S.q %S’.g’ E*Sa.g'g". (53)

e Ift is a transition, then g"” contains a literal €' such that there is a graph
h and a concrete state Q' € Qy with g <1 e’h and

S.¢ = SeQ'.g'e’ E* Sp.g'€'h. (54)

ProOOF. Let S.¢', Q, 7, and ¢” be as in the lemma. We distinguish three cases:

(1)

(2)

g’ =cand Q = Qa. Qa consists of just the reduce item it = (Start —
Z.,.)and $ € Follow(Q a4, it). Thus SelectTrigger returns it, and the parser
terminates by accepting ¢'.

g’ =¢e and Q # Qa. There must be a nonempty sequence of reduce moves
leading to Sa.¢’. Any reduce item it € @ with $ € Follow(Q,it) causes
such a successful sequence. The procedure, therefore, returns such an item
it. It cannot return a transition because no successful sequence caused by
a transition can process the empty graph.

g # e. There is a successful sequence since

S.g' E"Sa.d'g", (55)

which contains at least one shift move. Let f be the literal processed
by the first shift move in this particular sequence (55). Then fé’g/( f) €
Follow(Q,t;) where t; is the transition causing sequence (55). Therefore,
the procedure will return a trigger, although not necessarily ¢;. Let t; be
the first trigger in t1,...,t, such that there is a literal e in ¢” with

157 (e) € Follow(Q, ;). (56)

We can conclude that no trigger ¢; with j < ¢ can cause a successful sequence
that processes g” because its first shift move cannot process any literal of
g"". We can also conclude that

fé’g/ (e) ¢ Follow™(Q,t;) (57)

for every j > i by the construction of sequence ti,...,t,. Assume that t;
does not trigger the “right” move, but any trigger ¢; with j > 4. But (57)
yields that literal e cannot be processed by any successful sequence caused
by t;, contradicting (55). Hence, ¢; must cause a successful sequence s that
processes g” entirely. If ¢; is a reduce item, s has the form (53). Otherwise,
t; is a transition. (56) has shown that any literal e’ with fé’g/ (e/) = fcg’g/(e)
can be processed in a successful sequence caused by t;, and we know by (55)
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and by t; being the “right” choice, that s has the form (54) for at least one
of these literals e’.” O

SelectTrigger can now be used to predict the next move in every configuration
reachable by the ASR parser. This leads to the predictive shift-reduce (PSR)
parser, the main notion proposed in this paper, which is in fact the ASR parser
equipped with SelectTrigger for deterministically selecting the next move:

Definition 9.7 (PSR Parser). A (PSR parser) configuration S.g|r is an
ASR parser configuration S.g together with a rest graph r € Gr. S.g|r is
accepting if r = ¢ and S.g¢ is an accepting ASR parser configuration.

A PSR move turns S.g|r into &' .¢'|r', written S.glr E S'.¢|7, if
SelectTrigger(Q,T,g,7) returns trigger t, S.g 'T S’.g  is an ASR move,

and gr > g'r’.

A PSR parser configuration S.¢’|g” is reachable if Qf.c,9 E* S.¢'|g". A
PSR parser accepts a graph g € G if there is a reachable accepting configuration
S.gle.

Theorem 9.8. Let g € Gr. The PSR parser accepts g if and only if Z =" g.

Moreover, in every step the trigger used to select the next move of the PSR
parser is uniquely determined by the current configuration.

PROOF. The first part of the theorem is an immediate consequence of Thm. 8.6
and Lemma 9.6. SelectTrigger chooses the trigger that causes the next move
taken by the PSR parser in a deterministic way, yielding the second part of the
theorem. g

Note, however, that the parser is still nondeterministic, despite the fact
that it chooses the trigger causing the next parser move for every configuration
deterministically. The reason is that a transition, if it is chosen as a trigger,
does not uniquely determine the literal to be processed by the shift move to be
made. For instance, the ASR parser moves shown in Fig. 15, which are also
valid PSR parser moves, choose edge e'? in the third move, but could have
chosen e!'? instead, keeping e'? for later. There are thus two different sequences
of parser moves that both prove the validity of the given input graph, i.e., the
PSR parser is nondeterministic. However, this nondeterminism is harmless as
it does not make a difference when it comes to acceptance.

The Grappa tool implemented by the author Mark Minas generates PSR
parsers based on the construction of the dCFA and the analysis of the three cri-
teria outlined above. Table 1 summarizes test results for some HR grammars.
The columns under “Grammar” indicate the size of the grammar in terms of

9When we further assume that the grammar has the free edge choice property [12], s has
’ ’
the form (54) for every literal e’ with f57 (e') = f7 (e). A discussion of this property is
out of scope of the present paper, however.
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the maximal arity of nonterminals (A), number of nonterminals (N), number of
terminals (T) and number of rules (R). The columns under “dCFA” indicate
the size of the generated dCFA in terms of the number of states (S), the overall
number of items (P) and the number of transitions (T). The number of conflict-
ing sets in the dCFA is shown in the column “Conflicts”. Note that the PSR
parser can successfully be generated for the grammars without any conflicts.
For the others, the parser generator fails with a message pointing out that the
grammar is not conflict-free. We refer the reader to [24, Sect. 6] for runtime
measurements of PSR parsers that confirm that it runs in linear time, for all
practical purposes.

Table 1: Test results of some HR grammars.

Example Grammar dCFA Conflicts
ANTR| S P T

Persuade (Example 2.8) 4135 |9 36 20 -
Trees (Example 4.2) 1213|410 4 -
a™b ™ [12] 4335|1422 14 -
Nassi-Shneiderman

diagrams [30] 4 336 |12 78 59 -
Palindromes (Cor. 10.5) 2227 |12 32 19 -
Arithmetic expressions 2457 |12 34 22 -
Series-parallel graphs 2214 7 63 32 3
Flowcharts (Example 7.14) | 2 3 4 6 | 14 75 50 4

10. Comparison with String Parsing and Top-Down Graph Parsing

PSR parsing can be compared with SLR(1) string parsing if we represent
strings as graphs, and context-free string grammars as HR grammars.

The chain graph w® of a string w = ay - - - a,, € A* (of length n > 0) consists
of n edge literals a;(z;—1,x;) over n + 1 distinct nodes xq, ..., x,. (The empty
string ¢ is represented by an isolated node.)

The HR rule of a context-free rule A — « (where A € N and a € ¥*) is
A® — «a®. For the purpose of this section, we represent an e-rule A — ¢ by a
rule that maps both nodes of A® to the only node in £°®. Such rules are called
“merging” in [12].

For technical simplicity, our definition of hyperedge replacement does not
include merging rules. However, while context-free grammars and HR grammars
can be cleaned, i.e., transformed into equivalent grammars with neither e-rules
nor merging rules, this process may destroy their SLL(1) and PTD property,
respectively. Thus, for the sake of generality it is useful to deal with such
grammars as they are.

Definition 10.1 (Chain Graph Grammar). The chain graph grammar of a
context-free grammar G with a finite set P of rules and a start symbol Z is the
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HR grammar G* = (X,7,P*,Z’) with the rules P* = {Z'() — Z*)} U{A® —
a® | (A — «) € P}, where Z' € N does not occur in P.

It is easy to see that the HR language of G* is L(G*) = {w* | w € L(G)}.
For the discussion of generative power, let SLR*(1) denote the chain graph
grammars of SLR(1) string grammars, and PSR® the class of PSR chain graph
grammars. The following can easily be shown by inspection of the automata of
string and HR grammars.

Proposition 10.2. For every SLR(1) grammar G without e-rules, G* € PSR*.

In recent work [12], the authors have lifted simple deterministic top-down
string parsing using one symbol of lookahead, known as SLL(1) parsing, to
predictive top-down parsing (PTD) for HR grammars. Let SLL®*(1) denote the
chain graph HR grammars of SLL(1)-parsable string grammars, and PTD® the
class of PTD chain graph grammars. The following relation has been established
in that paper:

Theorem 10.3 ([12, Thm. 2]). SLL*(1) C PTD®.

A recent result of [23] concerning SLL(1) and SLR(1) string grammars allows
to establish a relation between SLL®(1) and SLR®(1) chain graph grammars.

Theorem 10.4. The cleaned version of a grammar in SLL®*(1) is in PSR®.

PROOF. By [23, Thm. 7] the cleaned version G of a grammar G € SLL(1) is in
SLR(1). It is easy to check that the cleaned version of G* coincides with G*.
Since G is SLR(1), Prop. 10.2 establishes that G* € PSR®. O

The grammar classes PTD® and PSR® are strictly more powerful than
SLR*(1).

Corollary 10.5. There are chain graph languages that cannot be generated by
any SLR*(1) grammar, but have grammars in both PTD® and PSR®.

ProoOF. The language of palindromes over V = {a, b}, i.e., all strings reading
the same backward as forward, can be generated by the unambiguous grammar
G with rules Z — P and P — a | aa | aPa | b | bb | bPb. Since the language
cannot be recognized by a deterministic stack automaton [33, Prop. 5.10], this
language neither has an LL(k) parser, nor an LR(k) parser. However, G € PTD®
by [12, Theorem 2| and G € PSR®, see Table 1. O

Fig. 16 summarizes the relations between HR chain graph grammars. We con-
jecture that Thm. 10.4 can be lifted to the general case, along the lines of the
proof of [23, Thm. 7], but this will be rather tedious, as it involves many details
of the construction of PTD and PSR parsers. The “proof” of this result given
in [14], where it was formulated as Theorem 1, is wrong.
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PTD --------=---=--- ~ PSR
PTD® PSR*
Thm. 10.3 I Cor. 10.5 Cor. 10.5 I Prop. 10.2
SLL*(1) —— SLR*(1)

Figure 16: Relation of HR chain graph grammars (solid arrows indicate proper inclusions)

11. Conclusions

We have devised a predictive shift-reduce (PSR) parsing algorithm for HR
grammars, along the lines of SLR(1) string parsing, thus continuing the work
begun in [14] by formalizing the construction of PSR parsers and proving its
correctness. For chain graphs, PSR has greater generative power than SLR(1)
and predictive top-down (PTD) parsing [12]. Checking PSR-parsability is com-
plicated enough, but easier than for PTD, as we do not need to consider HR
rules that merge nodes of their left-hand sides. PSR parsers also work more
efficiently than PTD parsers: while PTD parsers require quadratic time in the
worst case, PSR parsers run in linear time for all practical purposes. The reader
is encouraged to download the Grappa generator of PTD and PSR parsers and
to conduct own experiments.’

Related Work

Much related work on graph parsing has been done for graph grammars
based on context-free node replacement [16]. In these grammars, a node v is
replaced by a graph R, where embedding instructions specify what happens to
the edges incident in v; in general, such an edge can just be deleted, or turned
around, or replicated and directed towards different nodes of R. Node replace-
ment has greater generative power, but is difficult to handle for general embed-
ding instructions. So papers on parsing for node replacement graph grammars
restrict these instructions. The earliest ones (to our knowledge), by T. Pavlides,
T.W. Pratt, and P. Della Vigna and C. Ghezzi, [31, 32, 7], appeared well before
visual user interfaces supported input and processing of diagrams by comput-
ers. R. Franck [20] has extended precedence string parsing to graphs, in order
to implement a “two-dimensional programming language” based on Algol-68.
W. Kaul corrected and extended this idea of parsing [25]. This parser is linear,
and can cope with ambiguous grammars, but fails to parse some languages that
are both PSR-~ and PTD-parsable languages, like the trees of Example 4.2.

9The Grappa tool is available at www.unibw.de/inf2/grappa; the examples mentioned in
Table 1 can be found there as well.
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A parsing algorithm following the idea of the well-known Cocke-Younger-
Kasami algorithm was proposed and investigated by C. Lautemann [27] who
gave a sufficient condition under which this algorithm is polynomial. However,
even if the condition is met, the degree of the polynomial depends on the gram-
mar. The algorithm was recently refined by D. Chiang et al. [4], making it
more practical but without changing its general characteristics. An alternative
algorithm developed by W. Vogler in [34] and generalized by F. Drewes in [9]
guarantees a cubic running time at the expense of employing a very strong con-
nectedness requirement. Due to this requirement it seems fair to say that this al-
gorithm is mainly of theoretical interest. A promising approach for certain types
of applications, especially for graph languages appearing in computational lin-
guistics, has recently been proposed by S. Gilroy, A. Lopez, and S. Maneth [21].
This parsing algorithm applies to Courcelle’s “regular” graph grammars [6] and
runs in linear time.

Over the years, M. Flasinski and his group have developed top-down and
bottom-up parsing techniques for pattern recognition [17, 18, 19]. The graph
classes they consider are very restricted: rooted directed acyclic graphs with
ordered nodes. Their parsers are also linear, but this is achieved by forbidding
all concepts that make graph parsing essentially different from string parsing.
According to our knowledge, another early attempt at LR-like graph parsers by
H.J. Ludwigs [29] has never been completed.

G. Costagliola’s positional grammars [5] are used to specify visual languages,
but they can also describe certain HR languages. Although they are parsed in
an LR-like fashion, many decisions are deferred until the parser is actually exe-
cuted, in order to avoid complex analyzes of the grammar when the parsers are
generated. In contrast, the PSR parser generator implemented in the Grappa
tool performs an elaborate static analysis of the grammar. It includes the de-
tection of conflicts that prevent the parser from running into situations where,
despite the use of a dCFA, a nondeterministic choice must be made (i.e., back-
tracking must be employed). It also checks and makes use of other properties,
such as the so-called free-edge-choice property, and the existence of uniquely
determined start nodes. As mentioned before, the precise formalization and
discussion of these analysis techniques will be presented in a follow-up paper.

The CYK-style parsers for unrestricted HR grammars (plus edge-embedding
rules) implemented in DiaGen [30] work for practical input with hundreds of
nodes and edges, although their worst-case complexity is exponential. A closer
comparison to PTD and PSR parsers shows its limits with larger input [24,
Sect. 6].

Future Work

Like PTD parsing, PSR parsing can be lifted to contextual HR grammars [10,
11], a class of graph grammars that is more relevant for the practical definition
of graph languages. This is another part of future work.

A still open challenge is to find a HR (or contextual HR) language that
has a PSR parser, but no PTD parser. The corresponding example for LL(k)
and LR(k) string languages exploits that strings are always parsed from left to
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right—the palindrome example shows that this is not the case for PTD and
PSR parsers. Another challenge concerning generative power has already been
mentioned in Sect. 10: we are working on a theorem relating the generative
power of PTD-parsable and PSR-parsable HR grammars, as it is indicated by
the dashed arrow in Fig. 16 above.
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