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Abstract. We introduce a generalization of tree-based generators
called delegation networks. These make it possible to generate ob-
jects such as strings, trees, graphs, and pictures in a modular way
by combining tree-based generators of several types. Our main result
states that, if all underlying tree generators generate regular tree lan-
guages (or finite tree languages), then the tree-generating power of
delegation networks is the same as that of context-free tree grammars
working in IO mode.
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1 Introduction

The generation of objects such as strings, trees, graphs, and pictures is an
important concept in computer science that has many facets. A huge variety
of generating mechanisms have been developed in different areas, for different
purposes, and with different characteristics. An important class are rule-based
devices, and in particular various sorts of grammars. Several well-known types
of such grammars can be formulated as tree-based generators [Dre06], where the
syntactic aspects of the generation process are taken care of by a tree generator,
i.e., some kind of device generating trees. At the semantic level, the generated
trees are viewed as expressions and evaluated by interpreting every symbol as
an operation on the domain of interest. The operations that can be used are
taken from a (possibly infinite) set of predefined operations. The properties of
a class of tree-based devices are thus determined by the sort of tree generator
used and the class of predefined operations available.

In this paper, we propose delegation networks as a means to combine several
generating devices. A delegation network N is a finite set of so-called delegating
generators. A delegating generator is basically a tree-based generator, but it
may delegate the generation of certain parts of the object to another generator
in . This extends tree-basedness in several ways:

1. Delegation provides a means to modularize the generation of complex
objects in a meaningful way.



2. The individual devices that a delegating generator consists of can make
use of different classes of tree generators.

3. Similarly, the individual devices may be based on different sets of prede-
fined operations and work on different domains.

4. Finally, part of the generation task can make use of devices that are not
tree based at all, by viewing them as predefined operations.

Although picture generation is not the main focus of this paper, it should
be pointed out that the main motivation for studying delegation networks is
provided by applications in this field. While various interesting rule-based gen-
eration mechanisms for pictures have been proposed and studied in theoretical
computer science (among them the tree-based ones), their usefulness for prac-
tical purposes has been rather limited until now. An important reason for this
seems to be the lack of modularity and the fact that it is unclear how different
types of picture generators can be combined. In fact, even if we only want to
generate a picture of, say, a single plant, the problems become apparent. The
branching structure of the plant is rather different in nature from the form of
its leaves and blossoms. In addition, the leaves may have a texture which we
may wish to generate as well. Another texture may be required for the bark.
Thus, while modularity is one aspect, the more important one seems to be that
entirely different generation mechanisms appear to be needed. For example, the
branching structure of the plant may conveniently be described by the turtle
mechanism (see [PLI0, Dre06]), whereas collage grammars or iterated function
systems could be used to generate blossoms, and yet another mechanism could
be employed for the generation of the required textures. However, it is clearly
inappropriate to let these components work as stand-alone devices as their re-
sults would finally have to be assembled in an ad hoc way to create the desired
structure. In fact, since a plant may have many leaves and blossoms, we need a
potentially infinite number of instances of the corresponding device. Moreover,
the creation of these instances should be triggered by the one that generates
the branching structure. At the same time, the latter should determine the
placement of the generated leaves and blossoms.

The way in which delegation networks make such a combination of devices
possible is conceptually easy. As its major component, a delegating generator
internally contains a tree generator each of whose symbols is either a so-called
primitive or refers to another delegating generator of the network. For this pur-
pose, the symbols are taken from a many-sorted signature. Thus, every symbol
F has a so-called profile A X - - - X A, — A determining the domains of its argu-
ments and of the return value. A delegating generator or predefined operation
associated with F' takes arguments from Ai,..., A, the domains correspond-
ing to the formal sorts Aq,...,Ag, and returns results belonging to A. Usually,
this is done in a nondeterministic manner, which means that different possible
results may be given for one and the same argument tuple. In particular, the
special case k = 0 results in a language, i.e., a subset of the domain A. As
primitives can be interpreted arbitrarily, this is where generating mechanisms
that are not tree based can enter the picture.

The purpose of this paper is to introduce the notion of delegation networks



in a formally sound manner, and to study a few of their basic properties. The
semantics of every delegating generator G belonging to a network N is obtained
recursively and depends on the interpretation 7 of the primitives used. From
an operational point of view, G roughly works as follows. First, its internal tree
generator is used to generate a tree. This tree is evaluated by interpreting every
primitive according to m, and, recursively, every symbol referring to another
delegating generator G’ according to the semantics of G’.

A delegating generator G € N can also be used to generate a tree language
Tr(G). We show that the semantics of G can alternatively be obtained by
interpreting the trees in Th(G) according to m. In other words, a Mezei-and-
Wright-like result [MW67] is obtained, which makes it particularly interesting
to study the tree-generating power of delegation networks. As our main result,
we show that

DEL(REG) =Y (REG) = DEL(FIN).

Here, the following notation is used. For a class C of tree languages, DEL(C') de-
notes the class of all tree languages generated by delegation networks whose in-
ternal tree generators generate tree languages in C. The two classes used in the
equation above are REG and FIN, the regular and finite tree languages, respec-
tively. Finally, Y denotes the so-called YIELD mapping. The class Y(REG) is
well-known to coincide with the IO-context-free tree languages, i.e., the tree lan-
guages generated by context-free tree grammars in IO derivation mode [ES77,
Corollary 4.12].

The structure of the paper is as follows. In the next section, we recall some
basic notions and establish the notation used. In Section 3, we formalize the no-
tion of delegation networks, thereafter discussing a small example in Section 4.
Section 5 studies some of the basic properties of delegation networks. The main
result of this paper is proved in Section 6. Section 7 concludes the paper.

2 Preliminaries

In this section, some notions that are needed to formalize the concept of dele-
gating generators are compiled.

2.1 Basic notation

We denote the set of natural numbers (including zero) by N. For n € N,
the set {1,...,n} is denoted by [n]. The powerset of a set A is denoted by
p(A). For a function f: A — B and ay,...,ax € A, we abbreviate the tuple

-

(flar), ..., flak)) by fla1,. .., ak).
The composition of functions f: A — B and g: B — C is denoted by go f, i.e.,

(go f)a) = g(f(a)) for all @ € A. In fact, we shall also use the composition
go (fi,..., fr) of functions f;: A — B; (i € [k]) with g: By x --- x By, — C,
where h = go (f1,..., fx) is the function h: A — C given by

h(a) = g(fl(a)v s 7fk(a))

for all a € A.



2.2 Nondeterministic functions

A nondeterministic function from A x --- x A, to A is a function of the form
w: (A1) X - x p(Ag) — p(A) such that, for all Ay C Ay,..., A C Ay and all
i € [k],

(A1, Ag) = U (A1, ... Aisr {a}, Ay, Ag).
a€A;
We write ¢: Ay X --- x Ay — A in order to indicate that ¢ is a function of this
kind, and call Ay x --- x A — A its profile. If kK =0, then f is identified with
the set f() C A, and we write f: A instead of f: —» A, saying that A is its
profile.

A nondeterministic function ¢: A; X --- X A — A can be identified with the
function ¢': Ay X -+ x A, — p(A) given by ¢'(a1,...,ax) = ¢({a1},...,{ar})
for all a1 € Aq,...,a € Ak, because the two determine each other uniquely. In
the following, we will therefore write p(aq,...,ax) instead of p({a1},...,{ar}).
In fact, viewing ¢ as a function that maps A; x -+ x Ay into p(A) explains
why it is called nondeterministic: ¢(aq,...,ax) should be interpreted as the
set of all results one may nondeterministically get by applying ¢ to the given
arguments.

Another observation is that a partial function ¢: Ay X --- x Ay — A can be
regarded as the special case where |¢(ai,...,ar)| < 1 for all (aj,...,axr) €
Ay x -+ x Ag. The completely undefined partial function @: Ay X -+ - X Ap — A
is denoted by L, i.e., L(a,...,a) =0 for all a1 € Aq,...,a; € Ag.

If ® is a set of functions of profile A; x --- x Ay — A, then [ J® denotes the
function ¢: Ay X -+ x A — A such that p(aq,...,a;) = Ugoe‘b '(ar,. .., ax).
The following fact, which is used later on, states that union distributes over
composition.

Fact 2.1 If ¢ is a function of the form ¢ = (J® o (JPy,...,|JPx), where
O, Dy, ..., P, are sets of nondeterministic functions (of appropriate profiles),
then

o= J{po(er,....on) | p €@ and g; € P; for i € [k]}.

2.3 Signatures and trees

Let S be a set of sorts. A set is S-sorted if each element of this set has
an associated profile Ay X -+ X A, — A, where Aq,..., A, A € S. Note that
these profiles differ from the ones introduced above in that they consist of
abstract sorts rather than concrete domains. Despite this fact, we will use
similar notational conventions. In particular, we denote the fact that an object
G has a certain profile ¢ by writing G: 1. An S-sorted signature (or simply
signature) is an S-sorted set of function symbols. A function symbol of profile
A (where A € S) is a constant symbol.

For an S-sorted signature ¥ and A € S, the set T4 of all trees over I of sort A is
defined by simultaneous induction, as usual: if f: A; X --- X Ay —» A is a symbol
in ¥ and tq,...,t, are trees in T;l,...,T;k, resp., then flt1,...,t] € Th. We
identify f[] (where k = 0) with f. In this sense, every f: A in ¥ is in Th.
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The set Tx, of all trees over ¥ is given by Tx = [Uycg T4. A tree generator is
any sort of formal device « that specifies a tree language L(vy) C Ty, for some
signature 3.

In the following, we want to represent complex operations by trees. For this
purpose, we need a way to distinguish symbols which represent the parameters
of such an operation. Let Aq,...,A; € S be sorts, for some k € N. An (S-sorted)
parameter signature of type Ay X - - x Ay is a pair (X, pos), where X is an S-sorted
signature containing only constant symbols, and pos is a mapping pos: X — [k],
such that every symbol x € X has the profile A,,,(;). Later on, such a symbol
will correspond to the pos(x)-th parameter of a generated operation. Note
that pos is not required to be injective, i.e., several x € X may correspond to
the same parameter position. Unless there is reason to suspect confusion, we
will denote a parameter signature by X, without explicitly mentioning pos. In
all situations in which the union of a parameter signature and an “ordinary”
signature plays a role, the two are assumed to be disjoint. This fact will not be
mentioned explicitly.

2.4 Evaluation

Let ¥ be an S-sorted signature. A X-interpretation o associates with every
sort A € § a domain A, and with every function symbol f: A; X --- X Ay —»
A in ¥ a function o(f): A1, X -+ X Ag, — A,. In the literature, the pair
((Ag)aes, (0(f)) fex) is also called a (nondeterministic) ¥-algebra. If o is clear
from the context, we denote the domain A, that it assigns to a given sort A
by A. Given another S-sorted signature Y’ D Y, a Y-interpretation ¢’ is a
Y/ -extension of o if o is the restriction of ¢’ to X, i.e., A,» = A, for all A € S,
and o'(f) = o(f) for all f € X.

Given a Y-interpretation ¢ and a parameter signature X of type A; X --- X Ag,
we can evaluate the trees in Tyx. The value of t € T%U y (with respect to o)
is denoted by walZX (t). It is the function p: Aj x - -- x Ay, — A given as follows:

o Ift € X, then (,D(Al, L Ag) = Apos(t) for all Ay CAq,..., A CA,.
e Otherwise, if t = f[t1,...,t,], then ¢ = o(f) o valf(tl, o)t
Given a set T C T4y, we let valy (T) = U,ep valy ().

Thus, valf is the unique X-homomorphism from Ty x, the free term algebra
over X generated by X, to the Y-algebra given by o. In the literature, val,(t) is
sometimes called a derived operation. During the remainder of this paper, we
shall generally drop the superscript X in the notation valf , thus writing val,(t)
and val,(T). This slight ambiguity should not cause any problems because the
parameter signature in question will always be clear from the context.

3 Delegation networks

Let us now define the main notion of this paper, the delegation network. Such a
delegation network is a finite S-sorted set of devices called delegating generators.
In other words, each delegating generator has a certain profile. Semantically,

'Recall that val (t1,...,t) abbreviates (val (t1), ..., valX (tn)).



the idea is that a delegating generator of profile A; X --- x A, —» A generates
a set of trees whose evaluation yields a function of profile Ay x -+ x Ap — A.
The generator consists of two components, namely a parameter signature X
and a tree generator < that generates trees of sort A. Each symbol in a tree
generated by <y is either a parameter symbol, another delegating generator from
the network or a so-called primitive.

The formal definition of delegation networks reads as follows.

Definition 3.1 (delegation network and delegating generator)

Let II be an S-sorted signature for some set S of sorts. A delegating network
with primitives in 11 is a finite set A/ of S-sorted delegating generators. Each
delegating generator of profile Ay X -+ X Ay — A in N is a pair G = (X,7),
where

e X is a finite parameter signature of type Ay X - -+ X A, and
e 7 is a tree generator that generates trees in T% VUX

Here, X = TU {Fg | G € N}, where Fg: 1 is a new symbol for every G: 9
in V.

In the following, the distinction between G € A and the corresponding symbol
Fg € Y is dropped. Thus, ¥y = ITUN, using every G € A in a double role
as a delegating generator and a symbol.

The semantics of A/ depends on the interpretation of primitives. Given a II-
interpretation m, the resulting semantics of A/ is a certain Xar-extension of m,
which we denote by mas. Intuitively, for a delegating generator G as in the
definition, we obtain ma(G) by evaluating the trees in L(y). To see what
this means, consider a tree t € L(y). According to Definition 3.1, every non-
parameter symbol F': 1 occurring in ¢ is either a primitive or a delegating
generator of profile ». Thus, both cases yield an appropriate interpretation
of F (using recursion if F' € N), which can be used to evaluate ¢ in the way
defined earlier.

However, unfortunately, the situation is not as simple as it intuitively might
seem, because delegation networks can be cyclic. This invalidates the simple
inductive definition the previous paragraph may have suggested. For this rea-
son, we generate the semantics of a delegation network in a stepwise manner.

Definition 3.2 (semantics of delegating generators) Let N be a delega-
tion network with primitives in II, and let @ be a Il-interpretation. For all
i € N, let mar; be the X a-extension of 7 such that, for every G = (X,7) € N,
e mx0(G) =1 and
o xi+1(G) = valgy ,(L(y)) for i € N.
Now, the semantics of N (with respect to 7) is the ¥ y-extension mar of m such
that o (G) = U,en mav,i(G) for every G € N. If G is of profile A for some sort
A, then mpn(G) C A is called the language generated by G.



4 An example

Let us now discuss an example that, although rather simple, can be used to
illustrate the possibilities provided by delegation networks. For examples such
as this one, and even more for future applications, it is appropriate to discard
the (theoretically convenient) distinction between primitives and their interpre-
tation. Throughout this section, we will therefore assume that the signature
II of primitives comes with a fixed interpretation w. As a consequence, we
may identify every symbol F' € II with 7(F'), thus simplifying our notation by
writing F'(---) instead of 7w(F)(---).

From an implementation point of view, one may think of delegating generators
as a nondeterministic device working as follows. Let G = (X, ) be a delegating
generator of profile Ay x --- x A;, — A that belongs to a delegation network N/,
and let a1 € Aq,...,a; € A, be arguments. We may then nondeterministically
“execute” G in order to produce an element of the set mpn/(G)(a1,...,ax). For
this purpose, we first run -y, which produces a tree t € T%, UX- This tree is
evaluated in a bottom-up manner by assigning a value to each of its subtrees.
To each occurrence of a variable x € X, the value a,,(,) is assigned. Now,

consider a subtree s = F([sq,...,s] with F € X, and suppose that we have
already assigned values by,...,b; to s1,...,s;, resp. There are two cases.
e If F' € II, we choose nondeterministically any element of F(by,...,b;) as

the value of s.
o If F € N, we execute (recursively) an instance of F with arguments
bi,...,b; and consider the result to be the value of s.

Note that the base case is the one where F' € 1I for all non-parameter symbols
F occurring in t. Of course, a naive implementation may lead to an infinitely
descending recursion because of the third case, if the delegation structure is
cyclic. Thus, some care must be taken in an implementation.

As a side remark, one may point out that delegation networks are well suited
for parallel and even for distributed implementations. This is because many
tree generators generate their output trees in some stepwise manner. If v is
of this kind, one may create an instance of F' each time an occurrence of F' €
N is generated. The execution of this instance may be started even if ~ is
still running, and it may run in parallel with all other instances of delegating
generators created in this way.

Our example makes use of two domains, namely the set P of two-dimensional

pictures (i.e., subsets of R?) and the set N of natural numbers. We denote the

corresponding sorts by P and N, resp. Besides the constant 0 and the successor

function s on N, two types of primitives are used, which are explained next.

Picture operations A picture operation in the sense of [Dre06, Chapter 4]
maps P* to P and is denoted by (f1--- fr,p), where fi,..., fx are affine
transformations, and p € P. It is defined by

(fre - frop) 1, p6) =pU | filpi)
i€[k]

for all p1,...,px € P.



Cellular automata The concept of cellular automata (CA) was developed
by von Neumann, with contributions by Ulam, Zuse, and others, in the
middle of the last century. A (two-dimensional) CA ca is a parallel device
that operates on an infinite two-dimensional array of cells Cj; (i,7 € Z).
Geometrically, we identify the cell C;; with the unit square whose lower
left corner has the coordinates (i,j). The cellular automaton consists of
two components. The first is a set @ = {0,...,k} of states, where k > 0.
At each moment in time, every cell contains one of these states. The
second component of ca is a transition function of the form A: Q3*3 — @,

where A(%ﬁ%) = 0. Initially, the so-called inactive state 0 is assigned to all

cells Cj; except Cpo, which is assigned the state 1. In each step, all cells
synchronously update their states according to A and the states of cells
in their neighbourhood. More precisely, each cell C;; changes its state
to A(N), where N is the 3 x 3 array of states of its neighbouring cells

(including Cj; itself), i.e., the states of the cells Cp, such that i —1 < p <

i+ 1and j —1<q < j+ 1. For example, after the first step, the state

of Cpo will be A(ggg), and the state of Cq1 will be A(ggg) since C11 has

Coo as its lower left neighbour. Note that the number of active cells will

always remain finite, because A(§§§) =0.

Now, to turn a cellular automaton ca as above into a primitive, we view

it as an operation ca: N x P¥ — P, where ca(n,pi,...,pg) is obtained

as follows. First, ca is executed n steps. Then, for every cell whose
current state is ¢ € [k], a copy of p; is horizontally and vertically scaled
and translated in such a way that the cell C;; becomes its bounding box

2. The resulting picture is the union of all these transformed copies of

P1,---DPk-

Note that one could alternatively view ca as a nondeterministic primi-

tive ca’: P¥ —» P, where ca/(py,...,px) = {ca(n,p1,...,px) | n € N}.

Obviously, this would not allow for as much control as the variant used

here.

In this example, we use only one nontrivial cellular automaton ca, where k = 3.
Rather than defining ca formally, let us use a delegation network consisting
of a single generator to show how ca behaves. The primitives are ca, 0, s,
and pictures p;, 1 < i < 3. The p; are hollow squares with different figures
placed inside: a square with indented edges, a triangle, and a hollow circle,
resp. The delegating generator is G = ((),y), where v is a tree generator (e.g.,
a regular tree grammar; see below) with L(y) = {ca[s"[0], p1,p2,p3] | n € N}.
The resulting pictures for 0 < n < 6 are shown in Figure 1.

Now, let us discuss a delegation network that makes use of ca in a more inter-
esting way. It consists of three delegating generators, G, CA, and IFS, where
G uses the other two via delegation. Moreover, IFS delegates to itself. All
tree generators employed are regular tree grammars. Readers who have never
encountered this type of tree generator before, may first wish to look up Defi-
nition 6.1.

2For the purpose of this example, we may disregard the degenerated cases where such a
scaling is impossible.
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Figure 2: Pictures generated by IFS, if applied to ¥ (up to scaling)

Let us first discuss IF'S, which is a delegating generator of profile P —» P that
implements an iterated function system. Its tree generator generates the finite
tree language {x, [FS[F[z,z,z]]}, using a single variable z of profile P. Here,
F is a picture operation of the form (fj fof3,p). The transformations f1, fo, f3
and the picture p are chosen in such a way that

FOYY =Y.

Because of the recursion (note that IFS delegates to itself), ma(IFS)(¥) yields
the set of pictures indicated in Figure 2.

Now, let us discuss CA. Its tree generator ¢4 is the regular tree grammar with
the nonterminals Cy and C, where C is the initial one, and the rules

Co — scale]0,C],
C - CCL[TL, C7 anyOL

C — can,x,y, 2.

Here, the parameter signature is of type Nx P, the corresponding variables being
n,xo, Yo, T, Yy, 2 (one for each parameter position). The cellular automaton ca
is as defined above, while scale is the trivial cellular automaton with states 0, 1
and no rules at all. Thus, the effect of scale(0,p) is to scale and translate p in
such a way that its bounding box becomes the unit square having its lower left
corner at the origin.

Clearly, voa generates all trees

t??lA = SC&Z@[O, CCZ[TL, CCZ[TL, s CCZ[TL, C(l[’I’L, z,Y, Z]v zo, yO] -5 20, y0]7 Zo, yOH7

m times

where m € N. Note that the recursion takes place in the argument correspond-
ing to state 1 of ca (i.e., the squarish one in Figure 1), and all instances of ca
perform the same number of steps, as determined by the parameter n.

Finally, the delegating generator G is of profile P. Its tree generator is the
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S — CA[A, IFS, frame[S], 0,

S — 0,
A — s[4],

A — 0.

In particular, one should note the different levels at which

the structures of the two rightmost pictures of Figure 1 appear in Figure 3:

Figure 3: A picture generated by the delegating generator G
CA[6, IFS, frame[CA[5, IFS, framel(], 0,

does not transform its argument at all, but adds a hollow unit square to it.
One of the pictures in the language generated by G is shown in Figure 3.
Abbreviating s"[0] by n, the tree in L(v¢) that gives rise to this picture is
using t§4 “inside” both occurrences of CA. Tt is instructive to compare Figure 3

regular tree grammar g with nonterminals S (initial) and A, and the rules
Here, ) and frame denote the empty picture and the picture operation that

with Figure 1.
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Figure 4: A closeup of one of the framed parts of Figure 3

the rightmost one (corresponding to a call ca(6,...)) appears at two levels of
recursion — although with different subpictures as parameters. Likewise, the one
to its left (corresponding to a call ca(5,...)) occurs at two levels of recursion
inside the framed subpictures (see the closeup in Figure 4).

5 Basic properties

In this section, we discuss the semantics of delegating generators from several
different perspectives. We start with the observation that Definition 3.1 pro-
vides a fixed-point construction. To make this precise, let us turn the set of
all functions of profile A; x --- x Ay — A into a complete lattice by defining
f <gifand only if f(a1,...,ax) C g(ai,...,a), for all a1 € Aq,... a € Ay.
This extends to interpretations of S-sorted signatures in the obvious way: if o
and ¢’ are two Y-interpretations such that A, = A, for all A € S, then o < ¢’
means that o(f) < o'(f) for all f € X.

Now, consider a delegation network N and a X a-extension o of w. By rephras-
ing the construction in Definition 3.1, we get an operator iterate, on Y-
interpretations, where iterate, (o) = o’ is given by

o (F) = {vazaww if F = (X,7) €N,

w(F) otherwise.

Using these definitions, the following theorem is obtained.

Theorem 5.1 For every delegation network N and every Il-interpretation T,
) is the least fixed point of iterate,. More precisely,

1. iterater(ma) = mar and
2. mn < o for all Xz-interpretations o for which iterate, (o) = o.

Proof  Straightforward, using standard arguments. =

Now, let us consider a delegation network AN with primitives in II. Clearly, N/
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can be used to generate (operations on) trees in Tr;. We just have to choose
a Il-interpretation 7 such that A, = Tl‘i[ for all A € S. In particular, we can
make a free construction by defining 7(F)(t1,...,tx) = Flt1,...,tx], for every
symbol F': Ay X --- X A, — A in II and all trees tq,...,f; of sorts Ay,...,Ag. In
the following, we shall continue to denote this specific [I-interpretation by 7.

Notation 5.2 (parameter substitution) Let X be a parameter signature of
type Ay X .-+ X Ak, and consider trees t € Tyux,t1 € T?ﬂuX,,...,tk € T?I"UX,,
where X’ is any parameter signature. Obviously, val,(t)(t1,...,t;) is the tree
obtained by substituting ¢,,,(,) for each occurrence of a parameter z € X in
t. This type of substitution is called parameter substitution; we abbreviate
valT(t)(tl, N ,tk) by t(tl, N ,tk). Similarly, for T - THUXy T(tl, e ,tk) de-
notes val-(T)(t1,...,tk)-

The following lemma, stating that evaluation distributes over parameter sub-
stitution, is well known. In fact, it is a consequence of the earlier mentioned
fact that val, is a homomorphism.

Lemma 5.3 Let X, X’ be parameter signatures, where X is of type Ay x- - - X Ay.
For all trees t € Trux,t1 € T%Ilux,,...,tk € Tﬁ’cux,,

valy (t(ty, ... tr)) = valy(t) o valy(t1, . .., ty).

By definition, 7ps associates a mapping 7o (G): TAH1 X oo X T%f —» T4 with
every G = (X,7) € N of profile Ay X -+ x Ay, — A. In fact, 7p/(G) = val(T)
for a suitable set T' C T)E( . We are now going to show how such a set T" can be
constructed by iteratively replacing symbols by trees. The kind of replacement
required for this is defined next.

Definition 5.4 (IO-replacement) Consider signatures X,%’ where ¥/ C 3,
and let X be a parameter signature. A X'-assignment is a mapping « that
assigns to each f: Ay X --- x A, — A € X' a tree language a(f) C T% y/, where
X' is any parameter signature of type Ay X --- X Ag.

For every tree t = f[t1,...,tx] € Txux, the IO-replacement of symbols in ¢
according to « yields

_ {s(t},....,t}) | s€ a(f) and t] € t;a for i € [k]} if f € X'
{flt1, ... t] | t; € tia for i € [K|} otherwise.

For T' C Txux, we let Ta = (e to.

Thus, [O-replacement yields all trees obtained by replacing each occurrence of
symbols f € 3 in t by a tree in «(f). Note that this replacement is done in
an inside-out fashion: if a tree in «(f) is nonlinear in the sense that there are
two distinct occurrences of parameter symbols z,y with pos(z) = pos(y), then
both copies of the corresponding parameter will be identical because they are
copied after the process has recursively been carried out on them.
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Notation 5.5 A Y'-assignment o may be denoted by a set-like expression of
the form [f < T | 9], where 1) is a condition specifying both ¥/ and T' = «(f)
for every f e X/

Similar to Lemma 5.3, we have the following result stating that evaluation
distributes over IO-replacement.

Lemma 5.6 Let X, Y be signatures with ¥ C X, let X be a parameter sig-
nature, and let o be a Y/-assignment. For every Y-interpretation o and every
tree t € Tyyux,

valy(ta) = valy (t),

where, for every symbol f € ¥,

o(f) otherwise.

Proof  We proceed by induction on the structure of ¢t. If ¢ € X, then the
statement is obviously true. Now, let t = f[t1,..., ], and assume that f € 3,
because the statement follows directly from the induction hypothesis if f ¢ 3.
Using the relevant definitions, Lemma 5.3, and Fact 2.1, we get

valy(ta) = valy({s(t],...,t) | s € a(f) and t] € t;a for i € [k]})
= U{vals(s(t],....t})) | s € a(f) and t] € t;a for i € [k]}
= U{wvaly(s) o valy (), ... 1) | s € aff) and ¢ € t;a for @ € [k]}
= U{walo(s) | s € a(f)} o U{wvaly(th, ..., t}) | £, € tia for i € [K]}
= wvaly ((f)) 0 valy: (t1, ..., t3)
= o/(f) o valy (t1,. .., tg)
= valy (t),

which completes the proof. m

Note that Lemma 5.6 remains correct if ¢ is replaced by a subset T' of Ty x, be-
cause valy (T'a) = vals(Ueq ta) = User valy(ta) and vale (T) = Uyep valy (t).
Intuitively, one may think of a delegating generator G as a device that produces
(functions on) objects belonging to some domain by generating trees that eval-
uate to these objects. Delegation means that the trees may contain occurrences
of other delegating generators F' € N that evaluate to functions on the type
of objects considered. If we disregard the evaluation step, we may say that F
generates a tree that resides “within” the corresponding node of the tree gener-
ated by G. This recursive structure of trees within trees can be flattened using
IO-replacement, thus resulting in a tree language Txr(G) generated by G. The
following definition makes this precise.

Definition 5.7 Let A be a delegation network. The family (T (G))gen con-
sists of the smallest tree languages Ts(G) such that, for all G = (X,v) € N,

Tn(G) = LO)F — Tn(F) | F € M.
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It should be clear that Definition 5.7 is sound. This is because Th/(G) can
be constructed by a process similar to the one in Definition 3.1. For this, let
Tno(G) = 0 and Ty i41(G) = L(y)[F <« Tni(F) | F € N]. Then one can
easily verify that T (G) = ey Tn,i(G). It should be noted that T can be
interpreted as an AN -assignment. To emphasize this view, this particular V-
assignment is denoted by ays, i.e., an(G) = Tyr(G) for all G € N. Thus, the
equality defining Thr(G) can be rewritten as Ty (G) = L(y)ap.

The construction of T(G) makes proofs by induction on i possible. To make
this more convenient, we formulate an induction principle which avoids the
necessity to deal with ¢ explicitly. For this, we say that a property ® of tree
languages is positively continuous if the following holds: For all sequences of
tree languages Ty € 71 C ---, if each T; (i € N) has property ®, then (J,.y T
has property ® as well.

Lemma 5.8 (induction principle for delegation networks) Let A be a
delegation network. For every G € N, let ®¢ be a positively continuous prop-
erty of tree languages. Then T)/(G) has property ®¢ for all G € N, provided
that the following hold:

1. For every G € N, the empty tree language has property ®¢.

2. Let a be any N-assignment such that each of the tree languages a(G),
G € N, has property ®g. Then L(y)a has also property ®¢, for every
G=(X,v) eN.

Proof  Obvious from the preceding discussion. =

To finish this section, we show that the semantics of a delegating generator
G € N (with respect to any interpretation of primitives) can be obtained by
a strategy which may be called lazy evaluation: rather than evaluating every
tree as soon as it is produced by a generator to which G has delegated part of
its job, we work with trees all the way, thus generating T(G), and evaluate
the trees afterwards. In other words, we have obtained a result in the style of
Mezei and Wright [MWG67].

Theorem 5.9 Let N be a delegation network with primitives in II, and let
G = (X,v) € N. For every Il-interpretation 7, it holds that

N (G) = val (T (Q)).

Proof  Clearly, evaluation of sets of trees distributes over infinite unions. As
a consequence, valy (T (G)) = U,en valz(Thi(G)), where Ty ;(G) is defined as
in the paragraph following Definition 5.7. Hence, the proof is finished if we can
show (by induction on i € N) that

NLi(G) = val: (T ,i(GQ)).

For ¢ = 0, both sides of the equation are equal to L. Now, assume that the
assertion holds for some ¢ € N, i.e., for all F' € X,

v i(F) = val(Tyi(F)) it FeN
M - m(F) otherwise.
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Using this, as well as Lemma 5.6 and the relevant definitions, we get

7T/\/',i+1(G) = UGZWN,i(L(’V))
valr (L(Y[F — Ty i(F) | F € NT)
= val (T i(G)),

as claimed. m

6 The tree-generating power of delegating generators

Theorem 5.9 shows that the generating power of any class DEL of delegation
networks is closely related to its tree-generating power, i.e., to the question
which tree languages are of the form Th(G) for some N € DEL and G € N.
Therefore, it is of particular interest to investigate the tree-generating power
of delegation networks. In this section, we study one of the most basic cases,
namely delegation networks over regular tree grammars. Here, for a class I' of
tree generators, a delegation network over T is a delegation network consisting
of delegating generators (X,v) such that v € T. If C = {L(y) | v € T} is
the class of tree languages generated by tree generators in I', then we denote by
DEL(C) the set of all tree languages of the form Ty (G), where A is a delegation
network over I' and G € N. (Clearly, this definition is consistent as DEL(C')
depends only on C, rather than on the particular choice of T.)

For the results presented in this section, the many-sortedness of signatures
is irrelevant. Therefore, we can simplify the technicalities by restricting our
attention to unsorted signatures. Technically, let us fix an arbitrary sort U. An
unsorted signature is a {U }-sorted signature. In the unsorted case, the notation
f: U* — U is abbreviated as f*), and k is called the rank of f. As another
technical simplification, we consider only the (unsorted) parameter signatures
X, ={z; | i€ [k]} for k € N, where pos(z;) =i for all i € [k]. Using the fact
that the class of regular tree languages is closed under finite-state relabellings,
it is easy to see that the results of this section continue to be valid if arbitrary
unsorted parameter signatures are considered instead.

Let us now recall the definition of regular tree grammars.

Definition 6.1 (regular tree grammar) A regular tree grammar is a tuple
v = (8,5, R, &ni), where

= is a finite unsorted signature of constant symbols called nonterminals,
>’ is a finite unsorted signature of terminals which is disjoint with =,

R is a finite set of rules & — r, where £ € = and r € Tyy=, and

&ni € Z is the initial nonterminal.

A derivation step s —~ t (or simply s — t, if v is understood) consists of two
trees s,t € Tyyuz= such that ¢ is obtained from s by replacing a single occurrence
of a nonterminal £ with r, for some rule £ — r in R. The tree language generated
by 7, called a regular tree language, is

L(’V) = {t €Ty | gini —* t}v

where — 7T denotes the transitive closure of the relation —.
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The sets of all regular tree grammars and of all regular tree languages are
denoted by REG and REG, resp.

The main result of this section characterizes the generative power of delegation
networks over REG in terms of REG and the so-called YIELD mapping Y (to
be defined soon). In fact, we shall see that delegation networks over REG are
equivalent to delegation networks over the much more restricted class FIN. We
define FIN to be the class of all regular tree grammars having only one nonter-
minal (the initial one), and only rules with terminal right-hand sides. Hence,
FIN = {L(~) | v € FIN} is the class of all finite tree languages. Clearly, every
regular tree grammar v € FIN is uniquely determined by L().

YIELD mappings [Mai74] formalize the construction of trees using parameter
substitution. Given a finite signature > and some k € N such that [ < k for all
f ) € %, the corresponding YIELD mapping Y maps trees over the signature

Syi = {subst* YUV | fU e S U X}

to trees over X U Xj. In this context, the signature Xy ; is called a derived
signature. Thus, in a derived signature, each of the original symbols f®) in
¥ U X}, is turned into a symbol f; of rank 0. The only symbol of rank greater
than 0 (namely of rank k + 1) is subst.

Definition 6.2 (YIELD mapping) Let Yy be a derived signature. The
YIELD mapping on Tsy, 18 the mapping Y : Ty, — Trux, which is defined
recursively, as follows. For every tree t € Ty, ,

Y(t) = Y(to)(Y(t1),...,Y (ty)) if t = subst[to, t1,. .., t]
flry, ... 2) if t = f, with f € LU X.

Note that, in particular, Y (x;o) = z; for all i € [k]. It is easy to see that the
definition above is in all relevant aspects equivalent to any of the definitions of
Y found in the literature (see, e.g., [ES7T7, ES78, EV85, FV98]). Given a tree
language 7' C Ty, ,, we let Y(T') = {Y'(¢) | t € T'}. In the following, we shall
be interested in the class of all languages which can be obtained by applying the
YIELD mapping to regular tree languages. We denote this class by Y(REG),
ie, Y(REG)={Y(T) | T € REG}. More generally, Y(C) ={Y(T) | T € C}
for every class C of tree languages.

We can now prove one direction of the main result of this paper.

Lemma 6.3 Y (REG) C DEL(FIN).

Proof  Consider a tree language Y (L(v)), where v = (2, Xy 1, R, &ini) for a
finite unsorted signature ¥ and an appropriate k € N. Using a well-known
normal form of regular tree grammars, we can assume that every rule in R is

of the form & — f[&1,...,&], where fO) € ¥y, and &, &1,...,& € 2.

The idea behind the following construction is to turn every nonterminal £ € =
into a delegating generator Gék) that generates all trees of the form Y'(¢) such
that t can be derived from the nonterminal &. In particular, this means that

T (Ge,,;) = Y (L(7)), which proves the lemma.
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Let N be the delegation network with primitives in ¥ given as follows. For
every nonterminal £ € 2, N contains the delegating generator Gék) = (Xk,7e)-
Here, L(y¢) € FIN contains one tree for every rule £ — r in R, namely

(a) flo1,..., o] if r = f; with f € ¥ U X}, and

(b) Gg, [G&, . ng] if r = subst[o, 1, - - -, &), where Gg = Gelz1,. .., 2 for
all &' € 2. (Note that Gera = a(Gyer) for every N-assignment o)

Choosing Go = Gg,,,, the proof is completed by showing that Txr(G¢) = T, for

all £ € E, where Te = {Y (t) |t € T, , and £ =7 t}.

‘C>  We proceed by induction, using Lemma 5.8. Thus, formally, ®¢, states

that the tree language in question is a subset of T¢. Clearly, ®¢, is positively

continuous and is satisfied by the empty tree language.

Now, consider some § € Z, and let a be some N-assignment such that a(Ger) C
Te for all & € E. We have to show that taw C Tg for all t € L(7e).

Case 1 t= flz1,...,x;] for some fO) € XU X}, i.e., the rule £ — f; is in R.

In this case, we obviously have
ta = {t} = {Y(f)} C Tt

Case 2t =G, [é&a e é&k] for nonterminals &y, &1, ...,& € E, i.e., the rule
f — subst[&),&, e ,gk] is in R.

Here, we get

to(ti, ... tk) | ti € a(Gg,) for 0 < i < k}

O(t t)|7f ETf f01“0<2<k‘}
Y (
Y (

N Iﬂ

s )( (s1),--, Y (sk)) | i € L) for 0 <é < k}
subst[so,sl, . .,sk]) | si € L(ve,) for 0 <i < k}

,—Aﬁ,—ﬁf—»-u—»-\

N
e

‘D’  This time, the proof is by induction on the length of derivations. We show
that £ —F t implies Y (t) € Th/(G¢) for all £ € Z and Ty, .

Derivations of length 1 in 7 are of the form & — f; =t for some f) € ¥ U X}.
This yields

Y(t) = flor,. .. @] € Tv(Ge)
by case (a) in the construction of ~e.

Derivations of length strictly greater than 1 are of the form

€ — subst[€o, &1, ..., & —T substlto, ty,... ] =t

for nonterminals £, &1, ...,k € =, and trees to,t1,...,tx € Txy . Thus, using
the induction hypothesis for to,t1,...,t;, we get3

Y(t) = Y(to)(Y(t1),---, Y(t))
< (Gﬁo[é&?”‘véﬁk]) a
C T (Ge),

which completes the proof. m

3Recall that ax denotes the N-assignment [Ge «— T (Ge) | € € Z].
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For the other direction, we show that Y(REG) contains all of DEL(REG).

Lemma 6.4 DEL(REG) C Y(REG).

Proof Let N be a delegation network over REG, with primitives in some
unsorted finite signature 3, and let k be the maximum rank of all G € N.
In fact, we may assume without loss of generality that all G € N are of rank
precisely k. Thus, every G € N is of the form G = (X, ~vg). We denote the
set of nonterminals, the set of rules, and the initial nonterminal of vg by Z¢,
Rg, and {gi, resp. The signature of terminals of each 4 is assumed to be
Y UXE =NUXU Xy, and the sets Z¢ are assumed to be pairwise disjoint.
Furthermore, we may again assume that R¢ is in normal form, i.e., all rules in

Rg are of the form € — f[&1,...,&], where fO) € Sy UX, and €,&1,...,& € Eq.

Now, consider some Gy € N. To show that T\ (Gy) € Y(REG), let v =
(B, 2y R, {GO), where E = | Jgcp Ea, and R is defined as follows.

ini

e For every rule £ — f[¢1,...,&] in Rg, where G € N and f € XU Xy, the

rule
f — subst[fl,fl,... ,fl,J_,...,_L

k—1
is in R. Here, L is an arbitrary symbol of rank 0 in ¥y ; (used only for
padding; note that Y (subst|[fi, t1,...,t;, L,..., L]) = f[Y(t1),..., Y (&)])-
e For every rule £ — G'[¢1,...,&] in Rg, where G’ € N, the rule
é. - SUbSt[gi%;7§17 v 7§k]
is in R.
To continue with the proof, let
T5 = {t S TEY,k ‘ f —>jy_ t} and TSG = {t S TENka ‘ f _>jY_G t}
for every G € N and ¢ € E¢. In particular, Tg.GO = L(v). To finish the proof,
let G € N. We show that T\(G) = Y (T¢o ). "

‘C’ Again, we proceed by induction, using Lemma 5.8. Thus, let o be an
N-assignment such that «(G") C Y (T,er) for all G" € N. We must show that

ta CY(Tic ) forallt € L(7g). In fact, we shall prove a more general statement:
For all { € 2 and t € Tg, ta C Y (T¢).

We proceed by induction on the length of derivations & —ﬁc t. Thus, let
& — Fl&,...,&] =T Flt1,...,t)] = t, and assume that the statement holds for
the subderivations & —7 t;. There are two cases.

Case 1 F e XUXj.

In this case,

tao = {F[t},...,t] | t; € tio for i € [I]}
CA{Ft,,....t) |t e Y(Ty,) for i € [I]}
=Y ({subst[Fy,t],....t/, L ..., L] | t! € Ty, for i € [I]})
C Y(Te),

since & — subst[F}, &1, ...,&, L, ..., ] is arule in R.
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Case 2 F € N (and, thus, | = k).
In this situation,
tao = {s(t},...,t;) | s € a(F) and t; € t;o for i € [k]}

C {s(t,....t) | s € Y(Tgfﬁ) and t; € Y (Tg,) for i € [k]}

=Y ({subst[s', t],...,t}] | s' € Ter and t! € Tg, for i € [k}

C Y(T),
where we, in the last line, use the fact that the rule & — subst[&fgi, &1y, &k is
in R.
‘D’ Again, we prove a statement slightly more general than the desired inclu-
sion Y(Tﬁﬁi) C Ty (G):

Forall { € Egand t € T¢, Y () € Tfa/\/.

Thus, in particular, Y(Tfﬁi) - Tg%'a/\/ =Tnv(G).
Similar to what was done above, we proceed by induction on the length of
derivations & —>ffr t, assuming that the statement holds for its subderivations.

Once more, we distinguish the two possible cases.
Case 1  The derivation has the form
€ — subst[F}, &1, ..., &, L, ..., L] =7 subst[Fj, t1,...,t;, L,..., 1] =t,
where F' € X U X..
In this case, R contains the rule { — F[q,. .., &], and the induction hypothesis
yields Y (¢;) € Tga/\/ for all i € [I]. Thus, we obtain
Y(t) = F[Y(t1),...,Y(t;)]

e {F[t},....t]) |t Tga/\/ for ¢ € [I]}

=A{F[t],....t]Jan | t] € Tg for i € [I]}

= {Ft],....t]] | t] € Tg for i € [l]}anr

- TgGozN.
Case 2 The derivation has the form

€ — subst[¢L. &1, ... &) =T substlto,tr,... ts] =t

for some F € N.

By construction, this implies that Rg contains the rule { — F[¢q,...,&]. Con-
sequently, we obtain
Y() = Y(to)(Y (t1),..., Y (1))

€ {s(th,....t) | s € Té%iog\/ and t; € Tgog\/ for i € [k]}

= {s(t},...,t)) | s€ Tn(F) and t; € Tga/\f for i € [k]}

= {F[t},.... lan | t] € TG}

= {Flty,.... (] | ] € TS Yan

- TgGozN.
This completes the proof. m
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Lemmas 6.3 and 6.3 immediately yield the main result of this paper.
Theorem 6.5 DEL(REG) =Y (REG) = DEL(FIN).

7 Conclusions

As mentioned in the introduction and proved in [ES77], Y(REG) is the set of
1O-context-free tree languages. Thus, by Theorem 6.5, the IO-context-free tree
languages coincide with DEL(REG) = DEL(FIN). Another well-known result
is that the regular tree languages are the unique solutions of finite systems of
tree language equations. Here, an equation has the form z = t; +--- + ¢,
with x € X and ¢1,...,t, € Txux, where X is a set of variables ranging over
tree languages, and + is interpreted as union of tree languages. Obviously,
this result is closely related to the equality DEL(REG) = DEL(FIN). Intu-
itively, a delegating generator G whose tree generator component is a regular
tree grammar -y can be seen as an infinite equation x = t; + to + - -+, where
{t1,t2,...} = L(7). By the mentioned result, this infinite equation can be re-
placed with a finite number of finite ones. This makes it possible to replace G
with a finite number of delegating generators which, together, fulfil the same
purpose as G.

Using Theorem 5.9, we obtain the following corollary as an immediate conse-
quence.

Corollary 7.1 For every function ¢: Ay x --- x A — A, the following state-
ments are equivalent:

1. There is a delegation network N over REG such that ¢ = mar(G) for some
GeN.

2. There is a delegation network N over FIN such that ¢ = mx(G) for some
GeN.

3. There is an IO0-context-free tree language L such that ¢ = val,(L).

It is a rather obvious question to ask what happens if DEL is iterated. More
precisely, for every class C' of tree languages, let DEL™(C') be defined in the
straightforward way, i.e., DEL°(C) = C and DEL""(C) = DEL(DEL"(C)).
Looking at Theorem 6.5, one may be tempted to conjecture that the result-
ing hierarchy (DEL"(REG))nen, which we may call the delegation hierarchy, is
the same as the so-called IO-hierarchy (Y"(REG))nen.? As shown by Damm
[Dam82], the latter is strict at each level. However, the mentioned conjecture
is wrong. In fact, DEL*(REG) is not even contained in MTT*(REG), where
MTT* denotes the composition closure of total deterministic macro tree trans-
ducers [EV85].

Theorem 7.2 DEL*(REG) Z MTT*(REG)

Proof  Recall that the yield of a tree t, denoted by yield(t), is the string
obtained by reading its leaves from left to right. Let Ty € REG be the set

“where, of course, Y*(REG) = REG and Y""(REG) = Y (Y™ (REG))
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of all trees t over {f®, a® b0 0 10 such that yield(t) = wbw' for some
w,w' € {a,0,1}*. Tt is an easy exercise to show that DEL?*(REG) contains the
tree language T consisting of all trees of the form s(t1,...,tsn) such that s is
a fully balanced binary tree of height n over {f*} U Xon, and t1,. .., ton € Tp.
However, by the results of [EMO02], T" is not an element of MTT*(REG). The
proof of this fact is similar to (the second half of) the proof of Theorem 25 of
[EMO02]. It reads as follows.

For a set A of symbols and a string language L, let ruby(L) denote the set
of all strings of the form wgajw; ---a,w, such that wy,...,w, € A* and
ai---a, € L. Intuitively, ruba inserts “rubbish”, arbitrary strings in A*,
between the symbols of strings in L. Clearly, yield(T) = rubo1,a)(Lan) =
rubgo1y (Tubgey(Lan)), where Lon = {b*" | n € N}. Therefore, by Theorem 18
of [EM02], yield(T) € yield(MTT*(REG)) would imply that rubgg)(Len) €
yield(dTD(REG)), where dTD denotes the set of all deterministic top-down
tree transformations. Now, by Theorem 3.2.14 of [ERS80], the latter would im-
ply that Lon € yield(TD¢.(REG)), denoting by T Dy, the set of all finite-copying
top-down tree transformations. However, by Corollary 3.2.7 of [ERS80], this
could only be the case if the Parikh image of Lon was semilinear, which it is
not. Hence, yield(T) ¢ yield( MTT*(REG)), and thus T ¢ MTT*(REG). =

Characterizing the delegation hierarchy could be an interesting subject for fu-
ture work.

Acknowledgment I thank M. Berglund for valuable discussions on the sub-

ject of this paper, and J. Engelfriet for refreshing my memories regarding
[EMO02].
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