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Context-Free Tree Grammars are as Powerful as
Context-Free Jungle Grammars

Frank Drewes* and Joost Engelfriet!

Dedicated to the memory of Ferenc Gécseg

Abstract

Jungles generalize trees by sharing subtrees and allowing garbage. It is
shown that IO context-free tree grammars generate the same jungle languages
as context-free jungle grammars. Also, they define the same subsets of any
algebra.
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1 Introduction

One of the main motivations for studying tree language theory is that a tree over
a ranked alphabet is a term, which can be interpreted as an element of any al-
gebra, see, e.g., Sections 1.2, 1.3, II.1 and II.2 of the influential book of Gécseg
and Steinby [13]. Thus, the interpretation of a tree language, i.e., a set of trees,
becomes a subset of the algebra. Regular tree grammars [13, Section II.3] and
context-free tree grammars [14, Section 15] generate tree languages. However, as
shown by Mezei and Wright in [17], a regular tree grammar can also naturally be
viewed as a system of equations (or, more informally, as a recursive program) that
has a least fixed point semantics in any algebra, and thus defines a subset of the
algebra. The main result of [17] is that, for any algebra, the semantics of a regular
tree grammar G equals the interpretation of the tree language L(G) generated by
G. Thus, the semantics of the program G is determined by the set of syntactic
objects it generates. This program-schematic result was generalized to context-free
tree grammars in [11], both for call by value semantics vs. inside-out (IO) gener-
ation, and for call by name semantics vs. outside-in (OI) generation. However, in
the call by value case it holds for deterministic algebras, but not for nondetermin-
istic algebras. In a usual, deterministic algebra, each operator symbol of rank k
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is interpreted as a k-ary operation on the domain of the algebra, whereas in a
nondeterministic algebra, it is interpreted as a (k + 1)-ary relation (see, e.g., [13,
Section I1.2]). Thus, in a nondeterministic algebra, a tree is interpreted as a subset
of the algebra; as in the deterministic case, a tree language is also interpreted as
a subset of the algebra, viz. the union of the interpretations of its elements. Since
grammars are essentially nondeterministic programs, it is natural to interpret them
in nondeterministic algebras.

It was shown in [5] that the call by value case for nondeterministic algebras can
be handled by considering jungles (or DOAGs, directed ordered acyclic graphs)
instead of trees. A jungle is a representation of a tree, in which equal subtrees can
be shared, and in which “garbage” can occur that is not used in the tree, see, e.g.,
[1, 15, 16, 18].} Jungles can be interpreted in any nondeterministic algebra, in a
natural way. The sharing of subtrees allows to fix a nondeterministic choice for
later multiple use, whereas the garbage allows to force the evaluation of trees that
are later disregarded. As shown in [5], a context-free tree grammar G can be turned
into a graph grammar that generates jungles, in a straightforward way, such that
the call by value semantics of G equals the interpretation of the “jungle language”
L;(G) generated by G, for any nondeterministic algebra.

On the basis of the above “Mezei-and-Wright-like” result for L;(G), one may
ask whether context-free tree grammars have the same jungle generating power as
context-free jungle grammars, which are context-free graph grammars in which all
right-hand sides of rules are jungles (see [5, Definition 7.6]). In this paper, we answer
this question affirmatively. Moreover, we define the least fixed point semantics of a
context-free jungle grammar in any nondeterministic algebra, viewing the grammar
as a system of equations, and we prove that context-free jungle grammars define
the same subsets of the algebra as IO context-free tree grammars. As a corollary we
obtain that the above Mezei-and-Wright-like result also holds for context-free jungle
grammars G. Finally, a context-free jungle grammar generates the tree language
obtained by unfolding the generated jungles, and we show that context-free jungle
grammars generate the same tree languages as 10 context-free tree grammars.

Thus we conclude that, in all respects, IO context-free tree grammars have the
same power as context-free jungle grammars.

In Section 2 we define basic concepts, such as trees and IO context-free tree
grammars. Jungles are defined in Section 3, and we define the substitution of one
jungle for a node of another jungle. It is shown that this substitution is conflu-
ent and associative (in the sense of [3]), a folklore result. In Section 4 we define
context-free jungle grammars (CFJGs), in such a way that context-free tree gram-
mars (CFTGs) are a special case. The derivations of a CFJG use the jungle sub-
stitution defined in the previous section. We show the simple fact that the rules
of a CFJG can be substituted into one another (generalizing the corresponding
property of context-free string grammars), and we prove our main result: for every
CFJG G there is a CFTG H that generates the same jungle language. As a corol-
lary we obtain that CFJGs generate the same tree languages as I0 CFTGs. In

I'When trees are called terms, jungles are called term graphs.
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Section 5 we turn to semantics. We recall (nondeterministic) algebras and define
the interpretation of jungles in such an algebra. Then we introduce the notion of
a jungle delegation network, which is a CFJG G together with an algebra A. It
generalizes the (finitary, tree) delegation network of [4, 5], which is an I0 CFTG
with an algebra. Finally, we define the least fixed point semantics of a jungle del-
egation network (G, A), and prove that it defines the same subset of A as the tree
delegation network (H, A), where H is as above. As a corollary we obtain that that
subset is equal to the interpretation in A of the jungle language Lj(G) generated
by G: our Mezei-and-Wright-like result for context-free jungle grammars.
The results of this paper were already suggested in the Conclusion of [5].

2 Basic Terminology

The set of all natural numbers (including zero) is denoted N. For n € N, we let
[n] ={1,...,n}. The set of all finite strings (or sequences) over a set A is denoted
by A*, and A denotes the empty string. The length of a string u is denoted by |u.

We assume functions to be total, i.e., if f: A — B is a function, then f(a)
is defined for every a € A. Functions from A to B are a special case of binary
relations r C A x B. As usual, we let r(A’) = {b € B | Ja € A’: (a,b) € r} for
A" C A, and r(a) = r({a}) for a € A. Note that, in this way, 7 can be viewed as a
“nondeterministic function” r: A — P(B) where P(B) is the powerset of B.

A signature (or ranked alphabet) is a pair (X, rk), where ¥ is a finite set of
symbols, and 7k assigns to every £ € ¥ a rank rk(f) € N. We will denote (X, rk)
simply by X. If necessary, the rank k of a symbol £ is indicated by writing £ as £(*).

The set of all trees over ¥ is denoted by Tyx. It is the smallest set of strings
such that for all k € N, £*) in ¥, and ¢,,...,t; € Ty, the string £(¢1,...,t) is in
T (where the parentheses and the comma are assumed to be special symbols not
in ¥). A tree of the form £( ), where £ has rank 0, is identified with the string £ of
length 1. A subset of Ty is a tree language.

As usual, a tree t € Ty will be identified with a graph whose nodes are labelled
with symbols in ¥. A node is a string in (N'\ {0})* which, intuitively, represents
the Dewey path from the root to the node. Thus, X is the root of ¢t and vi is the
i-th child of node v. Formally, we define the set V(t) of nodes of t, the subtree t/v
at a node v, and the label £;(v) of node v inductively, as follows. If t = £(¢1,...,tx),
then V(t) = {A\} U {iv | i € [k],v € V(t;)}; furthermore, t/A = t, £:(\) = £, and,
for all 4 € [k] and v € V(t;), t/iv = t;/v and £¢(iv) = £, (v). A node v of ¢ is said
to be an occurrence of the symbol £;(v).

As usual, to define the substitution of a tree s for a node v of a tree ¢, we use the
set of variables X = {x1,x9,23,...}. For k € N, X}, = {z1,..., 2} is a signature
such that x; has rank 0 for every i € [k]. We assume X to be disjoint with all the
usual signatures. For such a signature X, the set Txyux, is denoted by Tx(X}); it
is the set of trees with k variables.

For t € Ty, v € V(t) and s € Tg(Xy), where k = rk(¢;(v)), the substitution
of s for v in ¢, denoted t[v < s], is defined as follows:
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o t[)\ < s] is the result of substituting ¢/i for each occurrence of x; in s;
o if t = f(ty,...,tm), then t[iv < 8] = £(t1,...,ti—1,t;[v < 8], tix1, .oy tm).

This notion of substitution leads to the definition of context-free tree grammars
(see, e.g., [14, Section 15]).

Definition 1. A context-free tree grammar (abbreviated CFTG) is a four-tuple
G = (5,%, R, gin) such that

e = and X are disjoint signatures of nonterminals and terminals, respectively,

e R is a finite set of rules of the form g(x1,...,x1) — s, where k € N, gk) € 2
and s € Tgys(Xg), and

e gy, € = is the initial nonterminal, of rank 0.

For trees t,t' € Tgyuy, there is an IO derivation step t =g 10 t' if there are a
node v € V(t) and a rule g(x1,...,x5) — s in R such that {(v) = g, t/vi € Ty
for every i € [k], and t' = t[v + s|. The tree language 10-generated by G is
Lio(G) ={t € Ts | gin =& 10 t}-

Example 1. We consider a very simple example of a CFTG G1 = (£, %, R, gin)-
It has signatures ¥ = {£(, d® a©® ¢} and = = {g?,g¥, &l P}, and R
consists of the rules

gn — g2(f(a,g1(a; 0))),
gi(wy,w2) — f(x1,21),
g2(z1) — gs(z1,d(z1)), and
gg,(l‘hxg) — I7.

This grammar has exactly one derivation, viz., gi, =¢, 10 g2(£(a, g1(a,¢))) =¢,.10
g2 (f(a7 f(a7 a))) =G1,10 83 (f(a7 f(a7 a))» d(f(av f(a7 a)))) = G110 f(a, f(a» a))7 and
SO LIO(GI) = {f(avf(a7 a))} O

3 Jungles and their Substitution

In this section, we recall some notions regarding jungles [1, 15, 16, 18], and present
some elementary properties of jungles.

Jungles can either be defined as node-labeled graphs (see, e.g., [1, 2]) or, equiv-
alently, as edge-labeled hypergraphs (see, e.g., [5, 15, 18]). Here we choose to
define them as node-labeled graphs, which are technically more convenient for our
purposes (and which are closer to trees).
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3.1 Jungles

Intuitively, a jungle is a directed ordered acyclic graph representing a tree. In such
a jungle, subtrees can be shared and unreachable subtrees, so-called garbage, may
occur.

Let ¥ be a signature. A directed ordered graph (abbreviated DOG) over X is
a triple G = (V, lab, arg) consisting of a finite set V of nodes, a labelling func-
tion lab: V — X, and an argument function arg: V. — V* such that |arg(v)| =
rk(lab(v)) for every v € V.

We define the rank of a node v as the rank of its label, i.e., rk(v) = rk(lab(v)).
The elements of the sequence arg(v) are called the arguments of v. In particular,
the i-th element of the sequence will be denoted arg(v,i), and is called the i-th
argument of v. The DOG G can be visualized as an ordinary directed graph (V, E)
with labelled nodes and edges, where the set of edges is E = {(v, arg(v,i)) | v €
V,i € [rk(v)]} and the label of the edge (v, arg(v,i)) is the natural number i.
Accordingly, for nodes v and w of G, a (directed) path from v to w is a sequence
vy ---v, € V¥ such that n > 1, v = vy, w = v, and v;4; is an argument of v; for
every j € [n — 1]. The DOG G is acyclic (in short, a DOAG) if, for every v € V,
the only path from v to v is v. A topological order of a DOG G is a linear order
< on its set V' of nodes such that arg(v,7) < v for every v € V and i € [rk(v)].
It is well known (and easy to see) that a DOG is a DOAG if and only if it has a
topological order.

A jungle over ¥ is a DOAG with a designated node, i.e., it is a four-tuple
J = (V. res, lab, arg) where (V,lab, arg) is a DOAG over X, and res € V is the
result node of J. The set of jungles over ¥ is denoted Jy. A subset of Jy is a
jungle language. For k € N, we denote Jyyx, by Ju(Xk); it is the set of jungles
with k variables. Note that Jx(Xo) = Jx. If necessary, the components of a jungle
J will be denoted by Vj, resy, laby, arg;, respectively, and similarly for derived
notions such as Ej, rky, etc. Two jungles J and K are disjoint if V; N Vi = 0.
As usual, we do not distinguish between isomorphic jungles, i.e., jungles that are
identical up to a bijective renaming of their nodes.

Figure 1 shows three example jungles: K, K" € Jy and K’ € Jx(X;) where
Y} is the signature {f(2),h(1),d(1)7 a®, C(O)}. All edges are assumed to be directed
downwards. Outgoing edges of the same node are assumed to be ordered from left
to right. Result nodes are indicated by dashed circles. Thus, K" = (V, res, lab, arg)
with, e.g., V.= {d, f1, a1, f2,a2,c} and res = f1, lab(d) = 4, lab(f1) = lab(f2) = £,
lab(ay) = lab(az) = a, lab(c) = ¢, arg(d) = f1, arg(f1) = a1 f2, arg(f2) = asasq, and
arg(c) = A. A topological order of K" is ¢ < az < fa < a1 < f1 < d.

Since trees over ¥ are identified with graphs in the usual way, we will view Ty
as a subset of Jy. To be precise, every tree t € Ty will be identified with the jungle
(V, res, lab, arg) where V =V (t), res = A, and for every v € V, lab(v) = ¢;(v) and
arg(v,i) = vi for ¢ € [rk(£:(v))]. In this way, Ty C Jy and Tx (X)) C Ju(Xy) for
every k € N.

Jungles generalize trees by allowing nodes (and hence whole subtrees) to be
shared. A node w of a jungle J is shared if there are distinct pairs (v, j), (v, ")
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Figure 1: Jungles K, K’ and K”. Using jungle substitution as defined later,
K" = K[v < K'], where v is the node of K with label h.

such that arg;(v,j) = w = arg;(v', j"). Moreover, jungles contain garbage nodes,
i.e., nodes w for which there is no path in J from res; to w. When jungles are
interpreted in a nondeterministic algebra (as we will do in Section 5), a node may
have no value, one value, or several possible values. Then shared nodes and garbage
nodes force a call by value semantics: a node must be evaluated, even if it will not
be used (i.e., is garbage); and when it is used several times (i.e., is shared), the
same value must be taken each time. In Figure 1, the node with label a of K is
shared (and so is the node as of K''), and the nodes with label c and d are garbage.

3.2 Jungle Substitution

We first show how to contract certain edges of jungles. Let id be a symbol of
rank 1 that does not occur in ¥; intuitively, it stands for the identity function. For
a jungle J € Jyygiap(Xn), » € N, and a set W of nodes of J with label id we
define ctrw (J) € Jnuqiay(Xn) to be the result of contracting all edges (v, arg(v, 1))
of J with v € W; the node that results from the identification of v and arg(v,1)
receives the label of arg(v,1). Formally, for J = (V,res, lab, arg) and W C {v €
V| lab(v) = id}, we define the function v : V. — V' \ W such that vy(v) = v if
ve VAW, and v(v) = v(v') if v € W and v’ is the (unique) argument of v; note
that 7 is well defined because J is acyclic. Then ctry (J) = (V \ W, res’, lab’, arg’)
where res’ = 7(res), lab’ is the restriction of lab to V \ W, and for v € V \ W, if
arg(v) = vy -+ - v with v; € V then arg’(v) = v(v1) - - - y(vk). Note that ctry (J) is
indeed acyclic: the restriction of a topological order of J to V '\ W is a topological
order of ctry (J). In particular, we define the contraction ctr(J) € Ju(X,,) of J by
ctr(J) = ctrw(J) where W = {v € V' | lab(v) = id}. Thus, V(s consists of all
nodes of J that do not have label id; the above function v: V; — Vi) is called
the track function of J.

For a jungle J and a node v of rank k, we now show how to substitute a jungle
K with k variables for that node v in J. Intuitively, the node v is replaced by the



The Jungle Generating Power of Context-Free Tree Grammars 379

result node of K, and every node of K with label z; is replaced by the i-th argument
of v. Note that in the special case where the result node of K has label x;, the
node v is replaced by its i-th argument.

Formally, let J € Jx(X,,), v € V; with rk;(v) = k, and K € Jx(Xg). We
assume that J and K are disjoint, otherwise we consider a disjoint isomorphic copy
of K. We first define the jungle J(v <= K) € Jsyfiay(Xyn) to be the union of J
and K, with result node res;, and with the following changes: lab(v) is changed
into id and arg(v) into resg, and for every w € Vi and i € [k], if lab(w) = =z,
then lab(w) is changed into id and arg(w) into arg(v,4).? It should be clear that
U = J(v + K) is acyclic: if <; and <y are topological orders for J and K,
respectively, then a topological order for U is obtained by inserting < just before
v in <j, ie., <y is the union of <;, <k, {(v',w) | v € V;, v/ < v, w € Vk} and
{(w,v") |w e Vg, v € Vj, v <o}

Finally, we define J[v < K] € Ju(X,) to be the jungle cir(J{v < K)). It
is called the substitution of K for v in J. Note that Vg is the union of
Vi\{v} and Vk \ {w € Vi | labk(w) € X}. Note also that the track function -y of
J(v + K) is the identity on Vi, k); moreover, y(v) = resy if labg (resg) ¢ X,
~v(v) = arg;(v,1) if labg (resk) = x;, and y(w) = arg;(v,4) for every w € Vi with
labg (w) = ;. A very simple example of substitution is shown in Figure 1.

In the next section we will need the fact that jungle substitution is confluent
and associative, as defined in [3]. These are natural properties that are satisfied
by many notions of substitution that are used in context-free grammars for several
types of structures, as shown in [3].3> We start with a simple lemma.

Lemma 1. For a jungle J € Jsyqiay(Xn), a node v € Vy of rank k with lab ;(v) #
id, and a jungle K € Jsyqiay(Xp),

ctr(J)[v < ctr(K)] = ctr(J{(v + K)).

Proof. The straightforward proofs of the following two equalities are left to the
reader. Let W, W7y, W5 be sets of nodes with label id, such that W, W; C V; and
Wy C Vk.

(i) ctr(ctrw (J)) = ctr(J)
(ii) ctrw, (J){v + ctrw,(K)) = ctrw,ow, (J (v + K))

By (ii), ctr(J)[v < ctr(K)] = ctr(ctrw,uw,(J(v < K))) where Wy = {w € Vj |
laby(w) = id} and Wa = {w € Vi | labg(w) = id}. This equals ctr(J{v < K))
by (i), applied to J{v + K). O

2To be completely formal, U = J(v + K) is defined as follows: Viy = V; U Vi, resy = res g,
e laby(u) = laby(u) and argy (u) = arg ;(u) if uw € V; and u # v,

laby (v) = id and argy (v) = resk,

laby (u) = labk (u) and argy (u) = argg (u) if u € Vi and labg (u) ¢ Xy, and

laby (u) = id and argy (u) = arg ;(v,1) if u € Vi and labk (u) = z;, for every i € [K].

3When jungles are defined as hypergraphs, jungle substitution is modeled by hyperedge re-
placement (see [5, Section 4]). It is well known that the corresponding notion of hypergraph
substitution is confluent and associative (see, e.g., [6, Section 2.2.2]).
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In the next two lemmas we show that jungle substitution is confluent and asso-
ciative, respectively.

Lemma 2. For jungles J € Jx(X,,), K1 € Js(Xk,), Ko € Ju(Xy,) and distinct
nodes v1,vs € Vy of rank ki, ks, respectively,

J[Ul < Kl][’Ug — KQ] = J[Ug < KQH’Ul — Kl]

Proof. By Lemma 1, J[v1 < Ki|[va K] = ctr(J(v1 < Ki1){ve < Kj)). It is
obvious that J(vy < K1)(vs < K3) = J(ve < Ks)(v1 < K1). O

Lemma 3. For jungles J € Ju(X,), K1 € Ju(Xyk,), Ko € Ju(Xk,) and nodes
vy € Vy of rank k1 and ve € Vi, of rank ke with labk, (v2) ¢ Xk, ,

J[’Ul «— Kl][UQ < KQ] = J[Ul «— Kl[vg «— KQ]]
Proof. The proof is similar to the previous one. Lemma 1 implies that both
J[’Ul — Kl][’vg — KQ] = Ct?“(](i}l — K1><’U2 — K2>) and J[Ul — Kl[’vg — KQ]] =

ctr(J{vy + Ki{va + K3))). And it is obvious that J{v; + Ki)(vy + Kj) =
J<U1<—K1<U2(—K2>>. O

4 Context-free Jungle Grammars

Having defined jungles and their substitution, we now define the notion of a context-
free jungle grammar in an obvious way, see [5, Definition 7.6].

Definition 2. A context-free jungle grammar (abbreviated CFJG) is a four-tuple
G = (E,%, R, gin) such that

(1]

e = and X are disjoint signatures of nonterminals and terminals, respectively,

e R s a finite set of rules of the form g(z1,...,x) — K, wherek € N, g®) € =
and K € Jzun(Xk), and

® gi, € = is the initial nonterminal, of rank 0.

For jungles J,J' € J=us, there is a derivation step J =g J' if there are a node v €
Vy and a rule g(xy,...,x,) = K in R such that laby(v) = g and J' = Jjv < K].
The jungle language generated by G is Ly(G) = {J € Js | gin =& J}.4

Since every tree is a jungle, every context-free tree grammar G is also a context-
free jungle grammar, generating not only the tree language Lio(G) but also the
jungle language Lj(G).

4Note that gi, is a (one-node) jungle, because gi, has rank 0 and Te_x C Jzus.
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Example 2. We consider a very simple example of a CFJG G2 = (E,%, R, gin)-
It has the same terminal signature ¥ = {£(?) d™) a(® ¢} as the CFTG G of
Example 1. The nonterminal signature is = = {g(®),h()} with g, = g, and the
set R consists of the two rules g — K and h(z1) — K’, where K and K’ are given
in Figure 1. The unique derivation of this grammar is g =¢ K =¢ K[v + K'],
where v is the node of K with label h. Thus Lj(G2) = {K"}, where K" is given
in Figure 1.

As another simple example we consider the context-free jungle grammar G of
Example 1. A derivation of Gy is shown in Figure 2; it generates the jungle K”.
The other two derivations of G also generate the jungle K" (in accordance with
Lemma 2). Thus, Lyj(Gy) = L;(Gs) = {K"}.

An interpretation of grammars G2 and G will be given in Examples 5 and 6. [

&)
(gn) = (82) = g2 ) = d = d
o T T |
£ £ 1‘° (f)
/ \ / N\ / \ /\
a g1 a f a f a f
/\ () () ()
a C a C a C a C

Figure 2: A derivation of G;.

Our next aim is to show that rules of a CFJG can be substituted into each
other, without changing the generated jungle language. More precisely, consider
a rule g(z1,...,x5) — K and let v € Vi be a node of rank m with nonterminal
label h. Then this rule can be replaced by all rules

g(z1,..., o) = Klv + K']

where K’ is the right-hand side of a rule with left-hand side h(z1,..., 2, ). This
clearly holds for the CFJG G2 of Example 2: the resulting grammar has rules
g — K" and h(z1) — K’, and thus generates the same jungle language { K" }; note
that the second rule has become superfluous.

The above property is well known for context-free string grammars, and for
several types of context-free graph grammars. Its proof is based on the fact that
jungle substitution is confluent and associative, as shown in the previous section.

Lemma 4. Let G = (£,%,R,gin) be a CFJG. Let K € Jzys and let v € Vi be
such that laby (v) = h™ € Z. Then, for every J € Jx and n € N, K =2 J if and
only if there exists a rule h(zy,...,2m) = K" in R such that K[v « K'] :>7é_1 J.
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Proof. The if direction is obvious, because K =¢ K[v < K']. The only-if direction
is proved by induction on n. Let K =¢ K[w < L] :Vé_l J be the first step of

the derivation. If w = v then there is a rule h(z1,...,2,) — L in R, and we
are ready. Now assume that w # v. By the induction hypothesis, there is a
rule h(zy,...,2,) — K’ in R such that K[w + L][v + K'| =% % J. Hence

K[v+ K'|lw < L] =% 2 J by Lemma 2. This implies that
Kv+ K')=¢ Klv+ K'|lw+ L] =472 ],
and so K[v + K'| =47 J. 0

Theorem 1. Let G = (E,%, R, gin) be a CFJG. Let g(xq,...,25) — K be a rule
in R and let v € Vi be such that labg(v) = h™ € Z. Let G’ be the CFJG
(2,3, R, gin) where R is obtained from R by replacing the rule g(xy,...,x5) = K
by all rules g(x1,...,x) = K[v < K'] where h(z1,...,2,) = K’ is in R. Then
Ly(G) = Ly(G).

Proof. We prove by induction on the length of the derivations that for all I € Jzuy
and J € Jy, I = Jifand only if I =%, J.

For the only-if direction, we consider the first step of the derivation I =, J.
It clearly suffices to consider the case that the rule g(x1,...,2) — K is applied
in this step. Thus, let I =¢ I[w + K| = J, where lab;(w) = g. By Lemma 4
there is a rule h(z1,...,2,) — K’ in R such that I[w < K][v < K'] =, J, and
this derivation is shorter than the derivation I =7 J. Hence, by the induction
hypothesis, Ifw + K][v < K'] =%, J. Now, by Lemma 3, we have I[w + K][v +
K'l = Ilw <+ K[v < K']], and so I =¢' [[w < K[v < K']]| =¢, J, where the rule
g(x1,...,xr) = K[v < K'] of G’ is applied in the first step.

The if direction is similar, but slightly easier. For the first step of the derivation

I =%, J it suffices to consider a rule g(z1,...,25) = Kv+ K'|in R". If I =
Iw «+ K[v < K'|] =% J, then I[w + K][v < K'] =% J by Lemma 3 and the
induction hypothesis, and so I =¢ I[w + K| =¢ J by Lemma 4. O

Before proving our main result, we discuss an easy normal form of context-free
jungle grammars. A CFJG G = (E,%, R, gin) is in variable normal form if, for
every rule g(zy,...,2;) — K in R and every i € [k], exactly one node of K has
label x;. It is easy to see that for every CFJG G an equivalent CFJG G’ can be
constructed that is in variable normal form, as follows. If g(x1,...,2) — K is a
rule of G, then g(x1,...,z) — K’ is a rule of G', where K’ is obtained from K by
identifying all nodes with label x;, for each i € [k], and adding an isolated node with
label z; if K does not have such a node. To be precise, K’ = g(x1,...,2,) [\ + K],
i.e., the substitution of K for the node with label g in the jungle g(z1,...,z). It
follows from Lemma 3 (and is also easy to see) that J[v + K']| = J[v «+ K] for
every jungle J and every node v € V; with label g, and hence Lj(G') = L;(G).

The equivalence of G’ and G can also be proved by Theorem 1, as follows. Let
G1 be the CFJG obtained from G by replacing every rule g(x1,...,2x) — K by
the rules g(z1,...,2x) — go(x1,...,2%) and go(zy,...,z) — K, where go is a
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new nonterminal. Obviously, Lj(G1) = L;(G). Application of Theorem 1 to each
rule g(z1,...,2k) — go(z1,...,2k), changes G; into the equivalent grammar G
in which that rule is changed into all rules g(x1,...,2,) — K’. Since the rules
go(z1,...,2) = K have become useless in G, we obtain that L;(G}) = Li(G’)
and hence Lj(G) = L;(G").

We now show the main result of this paper: context-free tree grammars have
the same jungle generating power as context-free jungle grammars.

Theorem 2. For every context-free jungle grammar G there is a context-free tree
grammar H such that Ly(H) = Li(G).

Proof. Let G = (2,3, R, gin) be a CFJG in variable normal form, which can be
assumed by the discussion above. Consider a rule g(z1,...,2x) — K in R. We
will construct an equivalent CFJG G’ in which this rule is replaced by a finite set
of CFTG rules. By repeating this construction we obtain the required CFTG H.
In the CFJG G’ = (2/,%, R/, gin), the rule will be simulated by a sequence of rules
that build the jungle K node by node, in a bottom-up fashion. This is similar to,
but slightly more complicated than, the construction of Chomsky normal form for
context-free string grammars.

Let v1 < -+ < < Vpy1 < -+ < vVgye, £ >0, be a topological order of K such

that vy,...,v; are the (unique) nodes of K with labels z1,...,xy, respectively.
Obviously such a topological order exists, because the nodes vy, ...,v; have no
arguments. We define &' = = U {go, g1,...,8¢} where g; is a new nonterminal of

rank k + 4, for 0 < ¢ < £. Moreover, we define R’ to be the set of rules obtained
from R by replacing the rule g(x1,...,2x) — K by the CFTG rules

o g(xy,...,x5) = golx1,...,2k),
° gi,1($17 . axk+i71) — gi(ifl, ey Tdi—1, fi(lev - ,{Ejp)) fori e [6],
where pr) = labg (vr4) and arg g (vigs,q) = vj, for every ¢ € [p], and

o go(T1,...,Zkte) = x5, where resg = v;.

For i € [¢ + 1], let ¢; be the right-hand side of the rule with left-hand side
gi—1(%1,...,%k1i—1). Note that in the second item j, € [k + ¢ — 1], because <
is a topological order. Thus, ¢; € Teys(Xkti—1) as required.

To prove the correctness of this construction, we take new nodes rg,..., 7y,
we assume that the nodes in the right-hand side go(z1,...,z) of the first rule
are ro,vy, ...,V with respective labels gg,z1,..., 2, and we assume for i € [{],
that the nodes in ¢; with labels g; and f; are r; and vy, respectively. For 0 <
i < ¢, we define the jungle K; = (V,res,lab, arg) € Jzusn (X)) as follows: V =
{ri,v1,..., Vkyi}, res = 1y, lab(r;) = g, arg(r;) = vy -+ V44, and for j € [k + 4],
lab(vj) = labk (v;) and arg(v;) = argg(v;). Moreover, we define K,y1 = K.

It can easily be checked that Ko = go(x1,...,2%) and K; = K;_1[ri—1 < t;]
for every i € [¢ + 1]. Thus, by iterated application of Theorem 1 (i.e., formally
by induction on i), the grammar G’ is equivalent to the grammar G that is ob-
tained from G’ by changing the rule g(z1,...,2x) — go(z1,...,zx) into the rule
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g(x1,...,2,) — K;. Hence, since Ky = K, the grammar G, has all rules of G
plus all rules g;(x1,...,254;) — ti41 for 0 < i < £. However, since gy does not
appear in any right-hand side of a rule of G2+17 the rules g;(z1,...,Tk4+i) = tit1
have become useless in G, |, and hence G, is equivalent to G.

This shows that Ly(G') = Ly(G). O

Example 3. We illustrate the construction in the proof of Theorem 2 with the
CFJG G2 of Example 2. It has initial nonterminal g and it has the two rules
g — K and h(z1) — K’, where K and K’ are given in Figure 1. The resulting
CFTG H has the same initial nonterminal g. Its rules are constructed based on the
following topological orders of K and K’ (where we indicate nodes by their labels):
a<c<f<hfor K,and z; < a < f <d for K'. This gives the following rules:

g — 8o
go — gi(a)
(Zl) — (iBl, )
g2($1, ) —  g3(w1,wo, f(21,71))
g3(ry, w2, 23) — g4(x17332,w3, h(z3))
ga(r1,22,23,04) — 24
h(z1) — ho(z1)
ho(z1) — hi(z1,2)
hl(xl, 2) — (1‘173;‘2, (,Tg,l'l))
ho(xy,22,23) — ha(r1,22,23,d(23))
h3($1,$2,$3,3}4) — I3

Of course, this is not the simplest CF'TG that generates the same jungle language
as G2. A simpler one is the grammar GG; of Example 1, as we saw in Example 2. O

Thus, context-free tree grammars have the same jungle generating power as
context-free jungle grammars. Vice versa, every jungle represents a tree (by un-
folding) and we will show that context-free jungle grammars have the same tree
generating power as context-free tree grammars.

Every jungle J € Jx, represents a unique tree tree(J) € Ty, namely tree(J) =
tree(J, resy), where tree(J,v) is defined as follows, for all v € Vj: if lab;(v) =
£) and arg,;(v) = vy ---vg, then tree(J,v) = f(tree(J,v1),...,tree(J,v;)). For
example, tree(K") = f(a, f(a, a)) where K" is given in Figure 1.

For a context-free jungle grammar G we define the tree language generated by G
as Lt(G) = {tree(J) | J € Lj(G)}.

Theorem 3. A tree language can be generated by a context-free jungle grammar if
and only if it can be 10-generated by a context-free tree grammar.

Proof. (If) It is shown in [5, Corollary 6.5] that Lt(G) = Lio(G) for every context-
free tree grammar G.°

5As an example, L1io(G1) = {£(a,£(a,2))} for the context-free tree grammar G of Example 1,
and, by Example 2, Lj(G1) = {K"'} and so L1(G1) = {tree(K")} = {f(a,f(a,2))}.
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(Only if) For a context-free jungle grammar G, let H be a context-free tree
grammar such that Ly(H) = Ly(G), which exists by Theorem 2. By the previous
paragraph, Lio(H) = Lt(H) and so Lio(H) = {tree(J) | J € Ly(H)} = {tree(J) |
JELJ(G)}:LT(G) O

Related results are proved in [7, 9, 12, 10]. It is shown in [7] (see also [8])
that IO context-free tree grammars generate the same tree languages as attribute
grammars with one synthesized attribute. As shown in [9], arbitrary attribute
grammars generate the same tree languages as jungle generating context-free graph
grammars (which generalize context-free jungle grammars). In [12] it is proved that
total deterministic macro tree transducers compute the same tree translations as
top-down tree-to-jungle transducers. Finally, in [10] context-free tree grammars
are considered such that for every rule g(z1,...,zr) — s, each parameter x; occurs
exactly once in s; it should be clear that Lio(G) = Lj(G) = Lt(G) for such a
grammar G (cf. [5, Theorem 6.7]).

5 Jungle Delegation Networks

In this section we interpret context-free jungle grammars in algebras and call them
jungle delegation networks.

5.1 Interpretations and Algebras

We wish to interpret every symbol of a signature ¥ as an operation on the elements
of a set A, and to use this interpretation for evaluating jungles over ¥. Usually, the
interpretation of a symbol £(*) would be a k-ary function f: A¥ — A. However, we
wish to consider the more general case of nondeterministic operations (as in [13,
Section I1.2]; see also [5, 11]). For this purpose, symbols are interpreted as relations
f € A* x A rather than as functions. Of course, functions and partial functions
are special cases.

A X-interpretation into A is a function o that maps every symbol £(*) € ¥ to
a relation o(£f) C A* x A; in particular, if ¥ = 0 then o(£f) C A. The pair (A, o)
is called a (nondeterministic) X-algebra. If o(f) is a function for all £ € %, then
(A, 0) is a deterministic X-algebra.

Jungles with n variables can now be interpreted as derived operations of a given
Y-algebra (A, o), in an obvious way (see [5, Definition 5.2]).

Definition 3 (jungle evaluation). Consider a X-algebra (A, o) and a jungle J €
Ju(X,). Given ay,...,a, € A, let ASSj,(a1,...,an) be the set of all assignments
(i.e., functions) a: Vy — A such that every v € Vj:

o if laby(v) = x;, then a(v) = a;; and

o iflabj(v) = £ € ¥ and arg;(v) = vy --- vy, then a(v) € f(a(v1),...,a(vy))
where f = o(f).
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Now, o(J) C A™ x A is the relation given by
o(J)(a1,...,an) ={a(resy) | @ € ASSj5(a1,...,an)},
forallay ... a, € A. For a set of jungles J C J2(Xy), o(J) = U cr0(J]).

Since every tree is a jungle, this also defines o(t) for every tree t € Tx(X,).
It should be clear that o(t) is the usual evaluation of ¢ in a (nondeterministic)
Y-algebra, see, e.g., [5, Lemma 5.3]. For a set of trees T C Tx(X,,), o(T) is called
the derived relation of T over (A, o) in [11, Definition 5.8].

Example 4. We extend [5, Example 5.1]. Let ¥ = {f(®) d® a® ¢} be the sig-
nature of Examples 1 and 2, and consider the X-algebra (A, o) where A = {{, O},
o(f) is string concatenation, o(a) = {{,V}, o(c) = {{}, and o(d) is the partial
function d : A — A such that, for every string w € A, d(Qw) = w and d(Vw) and
d(X) are undefined (thus, d checks that the first symbol of a string is diamonds,
and deletes that symbol). Now consider the interpretation o(K") of the jungle K”
of Figure 1. If one constructs a € ASSk» » in a bottom-up fashion, then a(resx)
can have the values {0, GO0V, OO, and QOO (note that the last two symbols
are equal because of the shared node with label a). Thus, due to the presence of
the node with label d, we have o(K") = {OO0, OOV}, If we redefine o(c) = 0,
then o(K") = () because no value can be assigned to the node with label c.

The jungle K’ of Figure 1 is interpreted as the function o(K’') = k': A — A
such that &'(w) = Qw for every w € A. O

5.2 Delegation Networks

We are now ready to give the formal definition of delegation networks.

Definition 4. A jungle delegation network is a system N = (G,A, o), where
G = (5,%,R,gin) 1s a context-free jungle grammar and (A, o) is a X-algebra. If G
is a context-free tree grammar, then N is a tree delegation network.%

The signature = U Y is denoted by Ypr. For g®) € = we denote by rhsg(g) the
set of right-hand sides of rules in R with left-hand side g(x1,...,xk).

The semantics of A is obtained by defining a X a-interpretation o into A that
agrees with ¢ on X. Since the rules of G are recursive, it is natural to choose a
least fixed point semantics, using Kleene’s fixed point theorem which we state next
(see, e.g., [13, Theorem 1.4.8]).

Proposition 1. Let C be a complete lattice, and let p: C — C be an w-continuous
function. Then ¢ has a least fized point, and this least fixed point is equal to the
least upper bound of all " (0), m € N, where 0 is the zero element of C.

6 A tree delegation network N is called a finitary delegation network in [5]. In [11, Definition 5.1]
the syntactic part G of N is called a system of context-free X-equations.
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We recall that a complete lattice is a set C' with a partial order < such that
every subset of C' has a least upper bound. Moreover, w-continuity of ¢ means
that if ¢ < ¢ < cg < -+ (with ¢; € C) and ¢ € C is the least upper bound
of {¢; | i € N}, then ¢(c) is the least upper bound of {¢(c;) | i € N}. The zero
element 0 of C is its smallest element (i.e., the least upper bound of 0).

As is well known, the set of all relations  C A* x A is a complete lattice with
C as partial order. We extend this ordering to Y r-interpretations 7,7’ into A in
the usual way: 7 < 7’ if and only if 7(£) C 7/(f) for all £ € X. With the partial
order <, the set of all ¥-interpretations into A is a complete lattice, as is also
well known. If T is a set of such interpretations, with least upper bound v, then,
for every £ € 3ar, v(£) is the union of all 7(£), 7 € T. Note that the zero element 0
of the lattice is the X z-interpretation such that 0(f) = () for all £ € X .

The semantics of A is a subset of A. It will be called the language defined by N,
generalizing the notions of string language, tree language, graph language, picture
language, etc. The semantics of A/ is an obvious generalization of the one for tree
delegation networks (see [5, Definition 2.4]). Intuitively, G is viewed as a system
of equations (g = rhsg)ge=, where rhsg is viewed as the union of its elements, and
these equations are solved in the algebra (A, o).

Definition 5. Let N' = (G, A,0) be a jungle delegation network such that G =
(5,2, R, gin). Let Cnr be the complete lattice of all ¥ pr-interpretations into A.

1. The function ppr: Cyr — Cyr is defined as follows for every T € Cys:
o on(T)(f) =0(f)  for every £ € 3, and
e on(T)(g) = 7(thsg(g))  for every g € =.

2. The least fized point of o is denoted by opr.”

3. The language defined by N is L(N) = on(gin)-

Note that the language defined by N is a subset of A, because the rank of g,
is 0. Note furthermore that, for £ € ¥, we have op(f) = o(f).

As already observed in [5], if N is a tree delegation network, then, for every
g € Z, the relation or(g) is what is called the call by value relation computed by G
over (A, o) in the discussion after Corollary 5.7 in [11].

Example 5. Consider the jungle delegation network N3 = (Ga, A, o) where G is
the CFJG of Example 2 and (A, o) is the string algebra defined in Example 4. Since
K' does not contain nonterminal symbols, we obtain that op, (h) = o(K"), which is
the function k' that puts ¢ in front of a string (as observed in the latter example).
This implies that o, (g) = o/ (K), where ¢’ extends o with ¢’(h) = k’. From this
it is easy to see that A3 defines the language L(N2) = opy,(g) = {000, OV}

"By Proposition 1, oas exists, as it is easy to verify that (pa is w-continuous. Note that by
Definition 3, if 7o < 71 < 79 < -+ (with 7y € Cpr), 7 € Cr is the least upper bound of {7; | i € N},
and J C Jx(Xy) is finite, then 7(7) is the union of all 7 (J), ¢ € N.
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We have seen in Example 2 that Ly(G2) = {K"}, where K" is given in Figure 1.
Combining this with the fact that o(K"”) = {OO0, OOV} (as seen in Example 4),
we find that L(N3) = o(Lj(G2)). In other words, L(N2) equals the interpretation
of the jungle language generated by its CFJG G5. We will prove in Theorem 6 that
this is a result that holds in general. O

To express the semantics of a substitution J[v < K] in terms of that of J and
K, we need some terminology. Let v have rank k, let @ be a new symbol of rank k,
and let J[v < @] be the jungle obtained from J by changing the label of v into @,
ie., Jv+ Q] = J[v < Q(z1,...,2;)]. The next lemma shows that the semantics
of J[v <— K] is equal to the semantics of J[v <— @], when @ is interpreted as the
semantics of K. For a Y-algebra (A,0) and a relation » C A* x A, we denote
by (@ := r) the (¥ U {@})-interpretation ¢’ into A such that ¢/(@) = r and
o'(f) = o(f) for every f € %.

Lemma 5. Let (A, 0) be a X-algebra. Let J € Jn(X,), v € Vy with rk;(v) =k and
laby(v) € ¥, and K € Jn(Xy). Then o(J[v < K|) = 0(Q := o(K))(J[v + Q)).

Proof. Without loss of generality we assume that id € ¥, that o(id) is the identity
on A, and that id does not occur in J and K. Obviously, o(I) = o(ctr(I)) for
every I € Jn(X,,). Hence o(J[v < K]) = o(J(v < K)).

If @ € ASSjwekyo(ar,...,a,), then the restriction ax of a to Vi is in
ASS Kk 5(b1,...,br) where b; = a(arg;(v,i)). Moreover, ax(resg) = a(v). This
shows that the restriction oy of o to Vy is in ASS jja), o(@=o(k)) (@1, .- an),
and so o(J[v + K]) Co(Q :=o(K))(J[v + Q]).

Ifay € ASS jjyea), o(@=o(k)) (@1, - - ., Gy ), then there exists an assignment ay €
ASSk (b1, ..,bg) such that b; = as(arg;(v,1)) and akx(resk) = ay(v). It is now
clear that oy Uag is in ASS j(y k) 5(a1,. .., an), from which we can conclude that
o{Q:=o(K))(J[v + Q]) C o(J[v + K]). O

The next theorem is similar to Theorem 1 in Section 4. It shows that rules of
the grammar of a jungle delegation network can be substituted into each other,
without changing the language defined by the network.

Theorem 4. Let N = (G, A, 0) and N' = (G', A, 0) be jungle delegation networks,
where G and G' are as in Theorem 1. Then L(N”) = L(N).

Proof. By assumption, G = (£,%, R, gi,) and G' = (£,%, R', gin) where R’ is ob-
tained from R by replacing the rule g(z1,...,2,) — K by all rules g(x1,...,25) —
K[v < K'] such that h(x1,...,z,) — K’ is in R; here v is a node of K such that
labg (v) =h™ € =,

We will prove that on = oav, where o is the least fixed point of g and
similarly for N (see Definition 5). For m € N, we will denote ¢}}(0) by oar,m, and
similarly for . Thus, by Proposition 1, o is the least upper bound of all o7 m,
m € N. Note that by Definition 5, opr m+1(k) = opn m(thsg(k)) for every m € N
and k € E; and, of course, oxr (k) = 0.

We first show that oa7 ., < on for all m € N, which implies that oar < opr. It
suffices to prove that oa (k) C opr(k) for all k € = and m € N. The proof is by
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induction on m. It is trivial for m = 0. For the induction step, consider onr7 m+1 (k).
Since this equals o/, (rhser (k)), it remains to prove that oar m(J) C opr(k) for
every J € rhsgr (k). We consider two cases.

Case 1: J € rhsg(k). By induction we have opvm(J) C on(J); because, in
general, if 7 < 75 then 71(J) C 72(J). Moreover oa(J) C opr(k), because oy is a
fixed point of pxr.

Case 2: k = g and J = K[v «+ K'|. By Lemma 5, on7m(K[v <+ K']) =
on m{Q = opnr m (K'))(K[v < @]). By induction, and since o, is a fixed point of
onr, we obtain that oar ,,(K') C opr(h). Thus, again by induction,

onrm(Kv = K') C© ox (@ := on () (Ko < @) = ox(K) C o (g)-

In the other direction, we prove by induction on m that op, < opv. As
above, it suffices to prove in the induction step that oarm(J) C onr (k) for every
J € rhsg(k). As above there are two cases. The first case, where J € rhsgr(k), is
handled as above. It remains to consider the second case, where k = g and J = K.
If m = 0 then on,(K) = 0 because a non-variable (namely h) occurs in K, and
we are ready. Now let m > 1. Then

onm (K) oNm(Q = ap m (b)) (K[v < Q])
oNm (@ = opr m—1(rhsg(h)))(K[v + Q)
Uk erhse () N m (@ i= onm—1(K")) (K[v < @])
Uk ernsem) oa (@ := on (K')) (K [v < @J)
UK’erhsG(h) O—N/(K[U — K/D
on(8)

NNl

where the last three steps are by induction, by Lemma 5, and by the fact that o
is a fixed point of @, respectively. O

We can now prove that tree delegation networks are as powerful as jungle dele-
gation networks.

Theorem 5. For every jungle delegation network N there is a tree delegation
network N over the same algebra such that LIN") = L(N).

Proof. Let N' = (G, A, ). Then we define N/ = (H, A, o) where H is the CFTG
constructed in the proof of Theorem 2. Since the proof of Lyj(H) = Lj(G) was
entirely based on Theorem 1, the proof of L(N”) = L(N) is exactly the same, now
based on Theorem 4. O

Note that the construction of N7 in the above proof does not depend on the
given algebra. Thus, Theorem 5 is a program-schematic result.

Finally, we prove a Mezei-Wright-like result for jungle delegation networks N =
(G, A, 0): the language defined by N is equal to the semantics of the jungle language
generated by G.
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Theorem 6. For every jungle delegation network N = (G, A, o),
LN) =0o(L;(Q)).
If, moreover, (A, o) is deterministic, then L(N) = o(L1(G)).

Proof. Let N = (H, A, o) be the tree delegation network constructed in the proofs
of Theorems 2 and 5. Then L(N) = L(N’) by Theorem 5, and Lj(G) = L;(H)
by Theorem 2. It is proved in [5, Theorem 5.6] for tree delegation networks that
LV') = o(Ly(H)).

In [5, Theorem 6.6] it is proved that if (A,o) is deterministic, then L(N') =
o(L1io(H)). In the proof of Theorem 3 we already saw that Lio(H) = Lt(G). O

Example 6. Let G; and G5 be the grammars of Examples 1 and 2. We have seen
in Example 2 that L;(G1) = Lj(G2). Hence, by Theorem 6, L(N7) = L(N) for
all delegation networks A = (G4, A, ) and N3 = (Ga, A, o) over the same algebra
(A, o). In other words, G; and G5 are equivalent program schemes. In particular,
by Example 5, we have that L(N7) = o(K") = {OO0, OVV} for the string algebra
(A, o) defined in Example 4.

Note that L(N7) is not equal to o(L1(G1)). In fact, LT(G1) = {f(a,f(a,a))}
(see the footnote in the proof of Theorem 3), and o(£f(a,f(a,a))) is the set of all
strings of length 3 in A = {{, O}*. As discussed in Example 4, this illustrates two
effects: in the IO-generated tree the second and third a are not shared, so that the
second and third symbol of the resulting strings may differ. Morover, the node with
label d above the root of K” (which is garbage) is not present, thus allowing the
first symbol of the string to differ from <>. In fact, the node with label c is garbage
as well and thus not present in the IO-generated tree. If we redefine o(c) = 0, see
Example 4, then L(N7) = L(N32) = 0 whereas o(L1(G1)) is the same as above. [

References

[1] Arbib, M. A. and Give’on, Y. Algebra automata I: Parallel programming as
a prolegomena to the categorical approach. Information and Control, 12:331—
345, 1968.

[2] Ariola, Z. M. and Klop, J. W. Equational term graph rewriting. Fundamenta
Informaticae, 26:207-240, 1996.

[3] Courcelle, B. An axiomatic definition of context—free rewriting and its appli-
cation to NLC graph grammars. Theoretical Computer Science, 55:141-181,
1987.



The Jungle Generating Power of Context-Free Tree Grammars 391

[4]

Drewes, F. From tree-based generation to delegation networks. In Bozapalidis,
S. and Rahonis, G., editors, Proc. 2nd International Conference on Algebraic
Informatics (CAI’07), volume 4728 of Lecture Notes in Computer Science,
pages 48—72. Springer, 2007.

Drewes, F. and Engelfriet, J. The generative power of delegation networks.
Report 12.15, Umea University, 2012. To appear in Information and Compu-
tation. Available online doi:10.1016/j.ic.2015.04.005

Drewes, F., Habel, A. and Kreowski, H.-J. Hyperedge replacement graph
grammars. In Rozenberg, G., editor, Handbook of Graph Grammars and Com-
puting by Graph Transformation. Vol. 1: Foundations, chapter 2, pages 95-162.
World Scientific, Singapore, 1997.

Duske, J., Parchmann, R., Sedello, M., and Specht, J. I0-macro languages
and attributed translations. Inmformation and Control, 35:87-105, 1977.

Engelfriet, J. and File, G. The formal power of one-visit attribute grammars.
Acta Informatica, 16:275-302, 1981.

Engelfriet, J. and Heyker, L. Context—free hypergraph grammars have the
same term-generating power as attribute grammars. Acta Informatica, 29:161—
210, 1992.

Engelfriet, J. and Maneth, S. Tree languages generated by context-free graph
grammars. In Ehrig, H., Engels, G., and Kreowski, H.-J., editors, Proc. Theory
and Application of Graph Transformations (TAGT’98), volume 1764 of Lecture
Notes in Computer Science, pages 15—29, 2000.

Engelfriet, J. and Schmidt, E. M. IO and OI. Journal of Computer and System
Sciences, 15:328-353, 1977, and 16:67-99, 1978.

Engelfriet, J. and Vogler, H. The translation power of top-down tree-to-graph
transducers. Journal of Computer and System Sciences, 49:258-305, 1994.

Gécseg, F. and Steinby, M. Tree Automata. Akadémiai Kiad6, Budapest, 1984.

Gécseg, F. and Steinby, M. Tree languages. In Rozenberg, G. and Salomaa,
A, editors, Handbook of Formal Languages. Vol. 3: Beyond Words, chapter 1,
pages 1-68. Springer, 1997.

Habel, A., Kreowski, H.-J., and Plump, D. Jungle evaluation. Fundamenta
Informaticae, 15:37-60, 1991.

Hoffmann, B. and Plump, D. Implementing term rewriting by jungle evalua-
tion. RAIRO Theoretical Informatics and Applications, 1991.

Mezei, J. and Wright, J. B. Algebraic automata and context-free sets. Infor-
mation and Control, 11:3-29, 1967.



392 Frank Drewes and Joost Engelfriet

[18] Plump, D. Term graph rewriting. In Ehrig, H., Engels, G., Kreowski, H.-J.,
and Rozenberg, G., editors, Handbook of Graph Grammars and Computing by
Graph Transformation. Vol. 2: Applications, Languages, and Tools, chapter 1,
pages 3—61. World Scientific, Singapore, 1999.

Received 29th April 2015



