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Introduction

In the end of the fifties as N. CHOMSKY has introduced the well-known classes of reg-
ular, context-free and context-sensitive languages the aim was to model the syntax of
natural languages. Based on the BACKUS-NAUR form for the description of the syntax
of programming languages, in the beginning of the sixties S. GINSBURG and H.G. RICE
noticed that the grammars introduced by CHOMSKY can be used for programming lan-
guages, too. Since that time until at least the middle of the seventies most investigations
to formal languages followed this approach. The central feature of such grammars is a
sequential process of rewriting of subwords.

On the other hand one has to mention that already since the fifties there exist some
devices nearly related to formal languages which were motivated and/or applied to biolog-
ical phenomena. The well-known Kleene Theorem on the description of regular languages
by means of algebraic operations was discovered by S.C. KLEENE as he represented the
events in nerve nets. Furthermore, it was known that cellular automata are able to a
self-replicating behaviour known from biological organisms or colonies of organisms. But
in both cases, in order to model the biological processes finite automata or collections of
finite automata have been used.

Since the seventies the situation changed completely. Motivated by biological processes
new types of grammars have been introduced and their investigation dominated in a
certain sense the development of the theory of formal languages.

In 1968 the first approach was initiated by A. LINDENMAYER (see [16]. Cell divisions,
changes of states of the cells, death of cells etc. were modelled by production as one uses
in Chomsky grammars. However, the rewriting process by application of rules is a parallel
one because cell divisions, changes of cell states etc. proceed in parallel. The large interest
in these Lindenmayer systems originated from the biological motivation as well as by the
interest in a comparison between sequential and parallel processes in computer science.
The monograph [13] presents a summary of the state of the theory of developmental sys-
tems and languages in 1975 and considers intensively motivation from and application to
bilogy, whereas the monograph [27] emphasizes the mathematical theory of such systems.
Further summaries and material can be found in [26], [17], [28], [29], [15]. In [25] the
authors use Lindenmayer systems to generate graphical representations of plants.

Although DNA sequences are twisted strands (in a 3-dimensional space) it is very nat-
ural to model them by (linear) strings/words. Mutations of DNA sequences, genes, chro-
mosomes etc. caused by deletions, insertions, splicings, inversions etc. can be described
by operations on words. Iterated applications of these operations model the evolution
of molecules. Thus we have sequential process, again, however, the basic step is not a
rewriting. After the first investigations in this direction by T. HEAD (see [11]) in the last



decade a lot of papers appeared studying the behaviour of formal languages under these
operations. Moreover, one has to mention that these considerations are nearly related to
some aspects of molecular computing (see [1], [18]). The book [23] is the first monograph
on this topic, summaries are contained in [2], [12], [24], [7].

An approach — called membrane systems — to describe the behaviour of a single cell was
startet by GH. PAUN in the paper [21]. A cell is considered as an object with membranes
which define substructures of the cell, e.g. the kernel of the cell. Changes of the objects
in the different regions of the cell are described by rules associated with the regions.
However, the rules are not applied to words as in the two types of grammars mentioned
above, the rules are applied to multisets since the objects in a region form a multiset.
The books [22] and [2] summarize parts of the theory developed for these grammatical
systems.

We mention that these three new types of grammars/languages are natural by their
motivation from biology as well as by the fact that they allow nice characterizations of
well-known classes of formal languages.

In this lecture we shall emphasize Lindenmayer systems, languages and systems using
operations as splicing and membrane systems. We shall omit grammars with valuations
(see [5]), eco-grammar systems (see [4]) and other language generating devices modelling
aspects of biology.

Throughout this lecture we assume that the students/reader is familiar with the ba-
sic concepts of the theory of formal languages as usually presented in basic courses on
Theoretical Computer Science and with some facts of mathematics (especially linear al-
gebra, theory of difference equations, combinatorial formulae, etc). The notation, some
definitions and results are summarized in the first chapter.

Jiirgen Dassow April - July 2008
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Chapter 1

Basics of Mathematics and Formal
Languages

In this chapter we recall some basic knowledge of mathematics and the theory of formal
languages which will be used in the following chapters. We emphasize those concepts
and facts which we refer to, however, we add some definitions etc. which are useful to
understand the following chapters.

1.1 Sets, Words, Multisets

If a set A is contained in a set B, then we write A C B. If the inclusion is proper, we
write A C B.

By N we denote the set of all positive integers, i.e., N = {1,2,...}. Ny denotes the
set of all non-negative integers, i.e., No = N U {0} = {0,1,2,...}.

A permutation p of the set M = {1,2,...n} is a one-to-one mapping of M onto itself.
Obviously, p can be given as (p(1),p(2),...,p(n)). Two elements p(i) and p(j) of p form
an inversion if p(i) > p(j) and i < j. By I(p) we denote the number of inversions of p.

An alphabet is a non-empty finite set. Its elements are called letters. A word (over
an alphabet V') is a sequence of letters (of V). By A we denote the empty word which
contains no letter. By V* (and V', respectively) we designate the set of all (non-empty)
words over V. The product (concatenation) of words is defined as the juxtaposition of the
words. We say that v is a subword of w iff w = xivxy for some x1, x5 € V*. The word v
is called a prefiz of w iff w = vz for some x € V*, and v is called a suffiz of w iff w = xv
for some z € V*.

By #.(w) we denote the number of occurrences of a letter a in a word w. The length
|w| of a word w over V is defined as |w| = > ey #a(w).

Let V = {ay,aq,...,a,} where aj,as,...a, is a fixed order of the elements of V. Then

Uy (w) = (#ar (W), #ar (W), -, Fa, (W)

is the Parikh vector of the word w € V*.
A language over V is a subset of V*.

Convention: Two languages L; and Ly are called equal (written as Ly = L) if and
only if Ly and Lo differ at most in the empty word, i.e., Ly \ {A\} = Ly \ {A\}.
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For two languages L and K we define their concatenation as
L-K={wv|welL, ve K}.
and the Kleene closure L* (of L) by

L’ = {)‘}7
L't = L' L for i>0,
L = (JL'.

i>0
A homomorphism h : X* — Y™* is a mapping where
h(wv) = h(w)h(v) for any two words w,v € X™*. (1.1)

Obviously, a homomorphism can be given by the images h(a) of the letters a € X;
an extension to words follow from the homomorphism property (1.1). We extend the
homomorphism to languages by

h(L) = {h(w) | we L}.

If h is a homomorphism, then the inverse homomorphism h~! applied to a language
K C Y™ is defined by

h'(K)={w]|we X*, h(w) € K}.

For a word w = ajay...a, with n > 0 and a; € V for 1 < i < n, we set wf =
Unp_1-..a1. It is obvious that A = X and (wywy)? = whw! for any two words w;
and w,. For a language L, we set LT = {w® | w € L}.

A multiset M over V' is a mapping of V* into the set N of non-negative integers. M (x)
is called the multiplicity of x. The cardinality and the length of a multiset M are defined
as

#(M)= > M(z)and (M)= > M(z)|z|.
zeV* eV
A multiset M is called finite iff there is a finite subset U of V* such that M (z) = 0 for
x ¢ U. Then its cardinality is the sum of the multiplicities of the elements of U. A finite
multiset M can be represented as a “set” where M contains M (x) occurrences of x. Thus

a finite multiset M in this representation consists of # (M) elements. For example, the
multiset M over V = {a,b} with M(a) = M(b) = M(aba) = 1, M(ab) = M(ba) = 2

and M(x) = 0 in all other cases can be represented as M = [a,b, ab, ab, ba, ba, aba]*.
Obviously, as for sets, the order of the elements in the multiset M is not fixed and can
be changed without changing the multiset. For a multiset M = [wy, ws, ..., w,| (in such

a representation) we have [(M) = |wjws ... w,|. Moreover, for a multiset M over V' and
a €V, weset #,(M) =#(wws...w,).

1We use the brackets [ and | instead of { and } in order to distinguish multisets from sets.
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1.2 Linear Algebra

A (m,n)-matriz is a scheme of m - n (real) numbers a; j, 1 <i <mand 1 < j <n. The

scheme consists of m rows where the i-th row consists of the elements a;1,a;9,...,a;n.,
1 <4 < m. Equivalently, it is given by n columns where the j-th column is built by the
numbers aj j, a2, ..., amj, 1 < j < n. Thus we get
a1 Q12 a3 ... QAinp
M= Q21 OG22 dA23 ... d2n
m1 Gm2 Am3 ... Oamnp

We write M = (a;j)m,n and omit the index m,n if the size of the matrix is known from
the context.

Obviously, row vectors are (1,n)-matrices and column vectors are (m, 1)-matrices. A
matrix is called a square matrix, if it is an (n,n)-matrix for some n. Let E,, be the
square (n,n)-matrix with a;; = 1 for 1 <1i < n and a;; = 0 for j # k (again, we omit
the index if the size is understood by the context); E, , is called the unity matriz. By O
we denote the zero matriz where all entries are the real number 0.

Let My = (@ j)mn and My = (by,;),s be two matrices, and let d be a (real) number.
Then the product d - My is defined by

d - M1 = (d : ai,j)m,n .
The sum My + My is defined iff m = r and n = s by setting
M1 + M2 = (CL,‘J + bi,j)m,n .

The product My - M, is defined iff n = r by setting
My - My = (Z @i,jbjt)m,s -
j=1

The transposed matriz (M;)" is formed by interchanging the rows and columns, i.e.,
(My)" = (@ji)nm -
The determinant of an (n,n)-matrix M is defined by

det(M) = Z (—1)I(p)a1,il A2y - - - An iy,

p=(%1,12,-..,in)

where the sum is taken over all permutations of 1,2,...,n. By definition, det maps
matrices to reals.
The characteristic polynomial x 4(x) of a (square) (n,n)-matrix A is defined as

xa(z) = det(A — 2F) = apa" + ap 12"+ ap_ox™ 2 ...+ agz® + arx +ag.

We note that a,, = (—1)" and ay = det(A).



A complex number p is called an eigenvalue of the square matrix A iff det(A—pFE) = 0,
i.e., iff y is a root of y4. 2

The following theorem is named after the English mathematicians CAYLEY and HAMIL-
TON.

Theorem 1.1 For any square matriz A, xa(A) = O. O

If we give a complete writing of the characteristic polynomial x 4(A), then this means
XA(A) = ap A"+ ap 1 A" Fan oAV A+ ai A+ agE = 0.

Theorem 1.2 Let ap,x™ + Gp12" 1 + apox™ 2+ ...+ a02?® + a1x + ag be a polynomial of

degree n with the roots «; of multiplicity t;, 1 <1 <'s, and }_;_,t; = n. Then the linear
difference equation

anfm—+n)+ a1 fim+n—1)4+...+af(m+2)+a f(m+ 1)z +ayf(m)=0

for m >0 has the solution

s

fm) = (Bio + Biam + Biam? + ... Bipam®~H)a

=1

with certain constants 3;;, 1 <1<s,0<7<t —1. O

1.3 Formal Languages

A phrase structure grammar (or short grammar) is a quadruple G = (N, T, P, S), where
— N is an alphabet,
— T is an alphabet,
~Ve=NUT,NNT =0,
— P is a finite subset of (V5 \ T%) x V),
— S is an element of N.
The elements of N and T are called nonterminals and terminals, respectively. The ele-
ments of P are called rules and written as & — (3 instead of (a, 3). S is called the axiom
or start word.

A direct derivation v =>¢ y is defined by the following conditions:
— X =110, Y = 2102,
-a— feP.
By = we denote the reflexive and transitive closure of =>¢. The language L(G)
generated by G is defined by

LG)={z|z€T"and S =, z}.

A grammar G is called monotone if and only if every rule of P has the form a — 3
with o] < |0

2Here we have to consider complex numbers since the roots of polynomials are complex numbers in
general.



A grammar G is called context-sensitive if and only if every rule of P has the form
uAv — vwv with Ae N,we VT, u,veV*

A grammar G is called context-free if and only if every rule of P has the form A — w
with A € N and w € V*,

A grammar G is called regular if and only if every rule of P has the form A — wB or
A — wwith A,B€ N and w € T*,

By REG, CF, C'S, MON and RE we denote the families of regular, context-free,
context-sensitive, monotone and arbitrary (phrase structure) grammars.

A language L is called a regular, context-free, context-sensitive and monotone language
if and only if L = L(G) for some regular, context-free, context-sensitive and monotone
grammar G, respectively. A language L is recursively enumerable iff L = L(G) for some
(phrase structure) grammar G. *

For a family X of grammars, by £(X) we denote the family of languages generated
by grammars of X. L(FIN) designates the family of finite languages.

Theorem 1.3 L(FIN) C L(REG) C L(CF) C L(CS)=L(MON) C L(RE) O

We say that a family £ of languages is closed under the n-ary operation 7 if, for any
languages Ly, Lo, ..., L, of L, 7(Ly, Lo, ... L,) € L.

The following theorem presents the closure properties of the families of the Chomsky
hierarchy with respect to some important operations.

Theorem 1.4 The table of Figure 1.1 holds. A + or - at the intersection of the row with
operation T and the column with X means that L(X) is closed or not closed under T,
respectively.

L(FIN) L(REG) L(CF) L(CS) L(RE)

+

union
intersection
concatenation
Kleene-closure
homomorphisms
inverse homomorphisms -
intersect with reg. sets

+ 4+ 4+
++ 4+ +

n
e e
ot
+ o+

e e

Figure 1.1: Closure properties of the families of the Chomsky hierarchy
We give some theorems which give characterizations of recursively enumerable lan-

guages.

Theorem 1.5 For any recursively enumerable language L, there is a phrase structure
grammar G = (N, T, P,S) with L = L(G) and all rules of P have one of the following
four forms

A—BorA—aorA— Xor AB— CD with A,B,C,D € N anda €T .

3The notion ”recursively enumerable” comes from the theory of computation and the theory of recur-
sive function where the same set of languages occur.

9



For a proof we refer to [6].

Lemma 1.6 For any recursively enumerable language L, there are context-free languages
Ly and Ly such that L = {u | uwv € Ly for some v € Ly}.

For a proof we refer to [23], Theorem 3.13.

Lemma 1.7 For any recursively enumarable language L C V*, there is a context-sensitive
language L' and letters ¢y and co not contained in 'V such that L' C L{c;}{ce}* and, for
any w € L, there is a number 1 > 1 such that wclcé el

Proof. Let L be a recursively enumerable language, and let G = (N, T, P, S) be a phrase
structure grammar generating L. We construct the monotone grammar

G/ = (N @) {C, S,}, TU {Cl, CQ}, P,, S/)
where P’ consists of all rules of the following forms:

° S/ — S C1
(this rule introduces the start symbol of G and the additional symbol ¢;),

e o — (§ where  — € P and |o| < |,
a — [BCP where « — € P and |a| — |f] =p >0
(these monotone rules simulate the rules of P),

e Ca—aCforae NUT U{c}
(by these rules, C' can be shifted to the right),

o (' — ¢y
(terminating rules for C').

By the explanations added to the rules it is obvious that v € L(G’) if and only if v =
crwicPws . .. cyfwgcy where r; > 0 for 1 < i <k, s > 0 and wiwsy ... w, = wc; for some
w € L. Since L(G) € L(CS) (by Theorem 1.3) and £(CS) is closed under intersections
(with regular sets), L' = L(G') N T*{c1}{c2}* is a context-sensitive language, too. It is
easy to see that L’ has the properties required in the statement. O

For the definition of an (accepting) Turing machine and a proof of the following the-
orem we refer to [6].

Theorem 1.8 A language L is recursively enumerable if and only if L = T (M) for some
(deterministic) Turing machine.

Let G = (N, T, P,S) be a phrase structure grammar. For a derivation
D:S—uw —=w—...—=w =w
of w € T* in G, we define the workspace of w by D by
Wsa(w,d) = max{|w;| | 1 <i<r}
and the workspace of w by

Wsa(w) = min{Wsg(w, D) | D is a derivation of w in G} .

10



Theorem 1.9 If G = (N,T,P,S) is a phrase structure grammar and k is a positive
integer such that Wsg(w) < klw| holds for any w € L(G), then L(G) is a context-
sensitive language. O

For a proof we refer to [31].

We now present some properties of regular and context-free languages. For proofs we
refer to [6].

Theorem 1.10 For any regular language L there is a reqular grammar G = (N, T, P, S)
where all rules of P have the form A — aB or A — a with A,B € N and a € T such
that L = L(G).

Theorem 1.11 For any context-free language L there is a context-free grammar G =
(N, T, P,S) where all rules of P have the form A — BC or A — a with A, B,C € N and
a €T such that L = L(G).

Theorem 1.12 Let L be a reqular language. Then there is a constant k (which depends
on L) such that, for any word w with |w| > k, there is a decomposition w = xyz such that
-zl <k,

- |yl >0,

—xy'z € L for any integer v > 0.

Theorem 1.13 Let L be a context-free language. Then there is a constant k (which
depends on L) such that, for any word w with |w| > k, there is a decomposition w = vwzyz
such that

- |way| <k,

- Jwy| >0,

—vw'zy'z € L for any integer i > 0.

A finite nondeterministic automaton A is specified as a quintuple A = (X, Z, zo, F, J)
where
— X is a finite non-empty set (the set of input symbols),
— Z is a finite non-empty set (the set of states),
~zp€Zand ) C FCZ,
— ¢ is a mapping from Z x X into 27.
We extend ¢ to a mapping from Z x X* into 2Z by the following settings:
62 = {2,
- 0(z,wa) = Uzeé(z,w) d(2, a).
The language T'(A) of words over X accepted by A is defined by

T(A) = {w | 8(z0,w) N F # 0}

A finite deterministic automaton is a finite nondeterministic automaton where any set
d(z,a), z € Z, a € X, contains at most one state.

Theorem 1.14 The following statements are equivalent:
— L 1s generated by a reqular grammar.

— L 1s accepted by a finite nondeterministic automaton.
— L 1s accepted by a finite deterministic automaton.

For a proof we refer to [6].

11
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Chapter 2

Lindenmayer Systems

2.1 The Basic Model — OL Systems

2.1.1 Two Biological Examples

We start with two biological examples describing the development of an alga and a moss.

In Figure 2.1 the first 10 stages of the development of a red alga is shown.

Any small part represents a cell; thus stage a) is formed by one cell; stage b) consists
of two cells and stage c) of four cells. Starting with stage d) we see a branching structure
of the alga. Thus the first problem consists in the description of the branching structure.
We choose a word over the alphabet consisting of the letters ¢, ( and ). ¢ represents a cell
and ( and ) are used to describe the branching. If we have a word ¢"(c¢®)c!, then the central
part of the alga is given by ¢! and the subword ¢* describes a branch. By this method
we do not distinguish between branches to the left or to the right etc. Furthermore, we
can iterate the process, i.e., if we have a word ¢"(c¢"(c*)c')e™, then ¢"¢! is a branch of ¢"¢™
and ¢® is a branch of the branch ¢"c'.

Then we can describe the stages given in Figure 2.1 as follows:

a) ¢

b) cc

c) cece

d) ce(c)ecee
e) cc(cc)ee(c)ceee

f) cc(ece)ec(ce)ee(c)ecee

g) cc(ceec)ee(cee)ee(ec)ce(e)cece

h) cc(eccee)ee(ecee)ce(ece)ec(ce)ee(c)ecee

) cc(ceceee)ece(cceee)ec(ccee)ee(ceee)ec(cc)ee(c)ecee

j) cc(eceecee)cee(ccceee)ee(cecee)ee(ce(c)ceee)ee(ceee)ee(ce)ec(c)ecee

The development from stage a) to stage b) can be considered as a division of the cell
c resulting in cc. If we apply this division to both cells of stage b), again, then we get the
four cells of stage c¢). But now we cannot continue in this way by two reasons: Stage d)
does not consist of eight cells (which would be obtained from the division of four cells) and
we cannot model the branching which occurs in stage d). In order to solve this problem
one can introduce more rules for the cell or one makes a further differentiation of the cell

13
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Figure 2.1: First stages of the development of a red alga
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by introducing some states of the cell and different rules for different states.
We use the second approach and distinguish 10 states of cell ¢ which we denote by the
digits
0,1, 2,3, 4,5 6,7,8 9
of the decimal system. Moreover, we consider the rules

0—10 1—-32 2—34) 3—3 4—56
5—37 6—58 7—309) 8—50 9—39

for the states where the left hand side gives the state a of the cell and the right hand
side gives the part which is obtained from a in one step of the development. The rules
for 0 and 1 can be interpreted as divisions of one cell into two cells; the rules for 2 and 7
can be considered as the starting of a branch. The rule 3 — 3 can be omitted because it
says that ¢ in state 3 is not changed in the sequel. However, if we want to describe the
development, then we have to tell what happens with each cell at every moment. Thus
we add 3 — 3 in order to know what happens to cells in state 3.

Then we obtain the following description of the first stages of the development of the
red alga and one sees that this corresponds to the stages given in Figure 2.1:

a)4

b) 5

) 3758

) 33(9)3750

) 33(39)33(9)3710
)

)

)

C

d

€

f) 33(339)33(39)33(9)3210

g) 33(3339)33(339)33(39)33(4)3210

h) 33(33339)33(3339)33(339)33(56)33(4)3210

i) 33(333339)33(33339)33(3339)33(3758)33(56)33(4)3210

i) 33(
i) 33(3333339)33(333339)33(33339)33(33(9)3750)33(3758)33(56)33(4)3210

We now consider the moss Phascum cuspidatum. A typical leaf of Phascum cuspida-
tum is shown in Figure 2.2. It consists of three types of cells: cells of type I are at the
top of the leaf, cells of type II are along the margin of the leaf, and cells of type III form
the inner part of the leaf.

The development of Phascum cuspidatum was already considered in 1845 by the Swiss
biologist CARL WILHELM VON NAGELI (1817-1891). He noticed that essentially we have
the developmental rules

I —TI+1I II - II+1II and Il — II+11]

and the rule I1] — III which says that cells of type III are not changed in the devel-
opmental process. However, as in the first example, in order to be precise one has to
distinguish different states of the cells, because e.g.
— cells of type II do not changed according to one of the rules above in every step,
— cells of type I are changed in every step, however, they produce the cells of type II
alternately to the right and to the left.

We describe a leaf as a square where the upper left corner corresponds to the top of
the leaf. We use cells of type I; and II] where the lower index 7 is a number and reflects

15



Figure 2.2: Leaf of the moss Phascum cuspidatum

the "age” of the cell and the upper index r € {o0,1} gives the margin where the cell is (I
stands for the left margin and o for the upper margin).

IO
| — o | — | 1|1 11 | — | III
1l
I3
e | — | I g | — g | — | 1re|1re
11
| — | I I, | — | 1| 11T
11l
i, | — | 11 | —
Il

)

Figure 2.3: Rules for the development of the moss Phascum cuspidatum

Figure 2.3 gives the more detailed rules and in Figure 2.4 the first stages of the
development according to these rules starting with a single cell of type I are shown. It is
easy to see that the last stage corresponds to the leaf given in Figure 2.2.

2.1.2 Definitions and Examples

Looking on the examples presented in the preceding subsection we see that a formalization
of them has to take into consideration the following aspects:

e in one step all cells or at least some of them are changed according to the rules
in parallel, i.e., the rewriting is not a sequential process as in the case of phrase

16



. I . Il I
Il
I Ir
[O
I° I I 11 I |\II9|I1¢
I
118
T = 1} Ir | =\ II 1T | II1
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I
= Ir 117 117 = 117 I
I
11 11} II1
II7 II7
11} 11 I

Figure 2.4: First stages of the development of the moss Phascum cuspidatum

structure grammars,

e in order to describe an organism we have to take into consideration all cells, in-
dependent of the fact whether there exist rules for the cells or the cells do not
change in the further development, i.e., we do not distinguish between terminals
and nonterminals as in phrase structure grammars.

We now introduce Lindenmayer systems as a new type of rewriting systems. We restrict
to the case of words for simplicity. For approaches to multidimensional systems we refer
to Section VL5 of [27], [3] and parallel graph grammars (e.g., [14]). Moreover, we mention
that by the method used in the description of the development of some red alga we are
able to cover some multidimensional cases as branching structures by means of (linear)
words.

Definition 2.1 A Lindenmayer system without interaction (0L system, for short) is a
triple G = (V, P,w) where

e V is an alphabet,
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e P is a finite complete set of productions over V., i.e., P is a finite subset of V' x V*
and, for any a € V, there is a word w, such that (a,w,) € P,

e wevVr,

The elements of the alphabet represent the cells.

Any production of P is a description of a developmental rule. As usual, instead of
(a,w) in P we write @ — w. Note that by the completeness condition we require that, for
any letter or any cell, there is a developmental rule. Thus we have taken the rules 3 — 3
and I1I — III to describe the development of the red alga and Phascum cuspidatum
in the preceding subsection which reflect that the cells are not changed in the further
development. However, the set of rules for the red alga is not complete since we have no
rules for the letters ( and ) which are used to model branches. In order to get a complete
set one has to add (— ( and ) —) which are clear from the biological motivation since
the places of branchings do not move during the development.

The word w represents the organism which we have in the first stage of the develop-
ment. We call it the start word of the system. Obviously, it is not necessary that we start
with a cell which requires that the start element has to be a (non-empty) word.

We now define the derivation process in a OL system.

Definition 2.2 Let G = (V, P,w) be a 0L system. For two words x € V' and y € V*,
we say that x directly derives y in G (written as v =>¢ y, or x =>y if G is clear from
the context) if and only if the following conditions are satisfied:

e L =x12y...2, where x; €V for1 <i<n,

® Y=Y1Y2.. -Yn,
o v, —y, €P forl<i<n.
Moreover, we sometimes use A =g .

By this definition, in every derivation step we replace any letter of x according to rules
of P. Thus we have a completely parallel derivation process.

The replacement of a letter x; of x does not depend on the neighbouring letters z;
and x;,1; we only have to use a rule of P. Thus there is no interaction between the letters
of the word during a derivation. Hence one can say that we have a parallel context-free
derivation process. The 0 (zero) in Definition 2.1 stands for no (or 0) interaction.

By =* we denotes the reflexive and transitive closure of =-. Then z =" y
holds if and only if z = y (reflexivity) or there are a natural number r > 1 and words
20, 21, 22, . . ., 2 such that

T=20=—=> R = R — ... 21 == Zr =1Y
(transitivity).

Definition 2.3 Let G = (V, P,w) be a 0L system. The language L(G) generated by G is
defined as
L(G)={z|w="z}.
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By this definition, the language generated by a 0L system consists of all words which
can be generated from the start element w.
We set

Ly(G) = {w},
L,(G) = {z]v= zforsomev € L, 1(G)} for n>1.

By induction (on n) it is easy to prove that L, (G) consists of all words y such that there
is a derivation
W=2)=——= R — R — ... 2p1—=>2n=21.

Thus we get
L(G) = U L.(G).

n>0

Before we give some examples we want to mention the differences between OL systems
and the phrase structure grammars.

e We have only one alphabet and no distinction between terminals and nonterminals.

e The language of a OL system consists of all words generated by the systems, whereas
the language generated by a phrase structure grammar only contains words over the
terminal alphabet, which is a (proper) subset of all words generated by the grammar.

e In a derivation step of a OL systems all letters of the current word are replaced,
whereas in a derivation step of a phrase structure grammar subwords of a bounded
length and in the case of a context-free grammar one letter is only replaced. This
means that OL systems are characterized by a purely parallel derivation process
whereas context-free grammars are characterized by a purely sequential process.

e The derivation in a OL system starts with a non-empty word over the underlying
alphabet. In phrase structure grammars the derivation starts with a distinguished
nonterminal.

Example 2.4 We consider the OL system

Gi = ({a}.{a —a’},a).

By induction, we prove that L, (G;) = {a®"} for n > 0. By definition, Lo(G;) = {a}
since a is the start word. Thus the basis of the induction is shown. Let L,(G1) = {a®"}.
Because Lyi1(G1) = {z | ¢ = 2} and 0" = (a®)¥" = """ is the only derivation
from a2, we get Ly41(Gy) = {a®""}. Therefore the induction step has been proved, too.

Hence we obtain
L(Gy) = U{a®"} ={a” | n>0}.

n>0

Example 2.5 Let
Go = ({a,b},{a — \,b — ab}, aab) .

Then we only have the derivation

aab = A\ab =ab=—= lab=ab = ab = ab—=— ...,
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which results in

L(Gy) = {aab, ab} .
Example 2.6 We consider the OL system
Gs = ({a},{a — a,a — a’},a).

We show that
L(Gs)={a" |n>1}.

This can be seen as follows. First, by induction, we prove a”" € L,_1(G3). By definition,

we have Ly(G) = {a}. Further, applying a — a to the first n — 1 occurrences of a in a™

and a — a® to the last letter of a”, we get a" = a" la = a" 'a® = a"*!. Therefore

a" € L,_1(G3) implies a"tl e L,(G3), and the induction step is performed. Thus we have

{a" |n>1} C U Lu(Gs) = L(Gs).

n>0

On the other hand, obviously from a word a"™ we can only generate non-empty words
over {a} by application of @ — a and a — a*. Hence

L(Gs) C{a" |n>1}.
Example 2.7 Let
Gy = ({a,b,c,d, e}, {a — a,b — ba,c — cbb,d — da,e — cbbd}, e) .

By definition, Lyo(G4) = {e}.
We now prove that, for n > 1,

L, (G4) = {cbb(ba)?(ba*)? ... (ba" )?da"'} .

Because there is only one production for e, we only have the derivation e = cbbd.
Therefore L(G4) = {cbbd} which proves the basis. Furthermore,

cbb(ba)?(ba*)? ... (ba")?da"t = cbbbaba(baa)*(baa®)?*. .. (baa™ ')*daa"*
= cbb(ba)*(ba®)? ... (ba™)*da"

is the only one step derivation with left hand side cbb(ba)?(ba?)? ... (ba" 1)?da™'. Thus
the induction step is shown, too.
Hence we get

L(G4) = {e} U {cbbbababa®ba® . . . ba"ba"da™ | n > 0} .
Example 2.8 We consider the 0L system
Gs = ({a,b,c},{a — a*,b — ab,c — bc,c — c},abc) .
We now prove that
L(Gs) = {a*'ba®" "'0a®*'b...a*" "tbbc | n >0y >ng > ..on. > 1,r > 0,n > 2}

U{a® "tba®" ha*? . a¥ e [n > g >ny > oon, > 1,0 > 0,n > 1}.
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Let

n__ ny_ ng _ Ny _
Wnonymgsone = ¥ 7ba®" a1 L a¥ T be, 1> 2,

/ _ o 2n—1p 2mi1p 9m2] 2nr 1
Wi opymgome = @ ba ba b...a bc, n > 1.

Applying ¢ — bc or ¢ — ¢, we only get the derivations

/ / /
Wy g ma,... e > Wn1,ng+1,n2+1,0n0+1 and Wy ng,... e - Wyi1m1+1,n0+1,... 0041 *

Since the start word is wj, we can only generate words of the form wy, n, ny  n, OF
w’:l,nj[,nQ,‘..,TLr'

It remains to prove that we can obtain all these words. We prove this by induction
on the sum s =n+ny +ns+...+n,. If s=1, then we have to generate the start word
w) = abc. We consider two cases:

Case 1: Wy ny,..nmy M > 2.

Then w;, 1, 11y-1...m—1 € L(Gs) by induction and wy, 1 1 1y 1. 001 == Wy g,
Therefore Wy, ny....n, € L(G5).

Case 2: Wy mg,.. e 1,1-

Then n,—1 > 2 and Wy—1n,—1ny—1,..n. -1 € L(G5) by induction. Because we have the
derivation Wp—1,m1—-1n0—1,...;n_1—1 - Wn ny,ng,...,np—1,15 WE get Wnony,ng,...,nr € L(GS)

Thus we can obtain all words of the form wy, 5, n,,...n, With 7 > 1. Analogously, we can

prove that all words of the forms wy, ,, . . with r > 1, w, and w;, can be generated.

Example 2.9 We consider the OL system
Ge¢ = ({a,b,c,de, f}, {a — dabc,a — f,a — e,b — bc,c — N\, d — e,e — e}, a).
It is easy to see that
L(G¢) = {a,e}u{e" 'da(bc)™ | n > 1}U{e™ (be)™ | n > 1}U{e™f*" (be)™ | n > 1,m > 0} .

Giving the above definitions we followed the method to define phrase structure gram-
mars and their languages. However, we can give a alternative definition of 0L systems
based on algebraic concepts.

A mapping o : V* — 2" is called a substitution if the following relations hold:

o(A) = {A},

o(zy) = o(x)o(y) for x,y € V*.

In order to define a substitution it is sufficient to give the sets o(a) for any letter a € V.
Then we can determine o(ajas...a,) for a word ajay. .. a, with a; € V for 1 <i <n by

o(aras...a,) =o(ay)o(az)...o(ay,)

which is a generalization of the second relation in the definition of a substitution. More-
over, for a language L, we set



Furthermore, we set

o’(x) = {a},

o"(z) = o(o...(o(x))...) forn>1.

n times

Let G = (V, P,w) be a OL system. Then we define the substitution og : V* — 2V by
ola)={w|a—we P}.

Then it follows that
r = y if and only if y € o¢(z)

because in both cases we replace all letters z; of = by an element of og(z;). Consequently
we get

Lo(G) = {w}=0gw),
Li(G) = o6(w) =og(w),
Ly(G) = 06(Li(G)) = 06(oc(w)) = 04(w)

and, by induction,

This implies

We now define some special cases.

Definition 2.10 i) A 0L system G = (V, P,w) is called propagating (POL system, for
short) if a — w € P implies w # \.

ii) A OL system G = (V, P,w) is called deterministic (DOL system, for short) if, for
anya €V,a— we€ P and a— v € P imply w = .

iii) A PDOL system is a 0L system which is propagating as well as deterministic.

In Figure 2.5 we summarize to which special cases the grammars of our examples
belong.

Let X € {OL, POL,DOL, PDOL}. If L is a language such that L = L(G) for some X
system G, then we say that L is an X language. Moreover, by £(X) we denote the family
of all languages generated by X systems. ' Thus we get the families L(PDOL), L(DOL),
L(POL) and L£(0L) of all PDOL, all DOL, all POL and all OL languages, respectively.

In order to be precise we consider a countable set U and require that the underlying alphabet V' of
G is a (finite) subset of U. Hence we have in a family £(X) only languages over finite subsets of U. If
we do not make such a restriction, it is not clear what are ”all” languages.
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grammar | PDOL DOL POL
G, + + +
Go - + -
Gs - - +
Gy + + +
Gs - - +
G - - -

Figure 2.5: A + (a —, respectively) in the intersection of the row associated with G and
the column associated with the case X if G is (not) a X system.

2.1.3 The Basic Hierarchy

We start with two lemmas which show that without loss of generality we can assume that
derivations of the empty word have a bounded length and that the length of intermediate
words in a derivation of  can be bounded linearly in the length of x.

Lemma 2.11 Let G = (V, P,w) be a OL system with n = #(V). Fora € V, let G, =
(V,P,a). If A € L(G,), then X\ € L,,(G,) for some m < n.

Proof. We define L, as the set of all letters a € V' such that A € L,,(G,) for some m < r.
Obviously, if a € L, then a € L,,4, too. Thus we have L, C L, for r > 1.
Let L, = L,y;. Further let a € L,,5. Then there is a derivation

0= W —= Wy —> ... —> W, = A

with s <r+2. lf s<r+2,thena € L,;. Let s=1r+2. Then b € L, for any letter b
which occurs in wy. By our assumption, b € L, for any b occurring in w;. Hence there is
a derivation

0= W] = Vg =—> U3 =—> ... = Up_] —> A.

This implies a € L. Therefore in both cases we have shown that a € L, ;. This gives
L,,o C L,,1 which proves L,,o = L.,1 = L,. By induction we can show that L,,, = L,
for all £ > 1.

Thus there is a number ¢ > 1 such that

L1CLQCLgC...CLt_1CLt:Lt+1:Lt+2:....

Because L; is a subset of V, t is smaller than the number of letters of V. Therefore ¢t < n.
Now assume that A € L(G,), then a € L; and thus A € L,,,(G,) for some m <t < n.
O

Lemma 2.12 Let G = (V, P,w) be a OL system. Then there exists a constant Cq such
that, for any word x € L(G), there is a derivation

W=Wy == W == Wy — ... — W, =T

with |w;| < Cq - (Jz| +1).
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Proof. Let

n o= #V),
k= max{|lw||a— w € P},
I = max{|z| | z € L,(G) for m <n},

Ce = max{k",[}.
Let x € L(G). Then z € L,.(G) for some r > 0. Let
W=Wy—> W) —> Wy —> ... —> W, = T.

Assume that there is some letter @ € V in the word w;, 1 < j < r, such that the
subderivation from a yields the empty word. Then we substitute this subderivation by a
derivation of A which has at most n steps. Such a derivation exists by Lemma 2.11. This
procedure is done as long the derivation contains subderivations of the empty word with
more than n steps. As a result we obtain a derivation

W=V ==V —> Uy —...—=> Vg =T

with s < r. We now prove that |v;| < Cg(|z| + 1).

If i < n, then v; € L;(G) and therefore |v;| <1 < Cqu < Cg(]z| + 1) which proves the
statement of the theorem.

If © > n, then we consider the word v;_,, = wjug ... u; whereu; € Vfor1 < j <t. Then
T = ujuy ... up where u; # A is obtained from w; or w} = A (if from u; a subderivation
starts which yields the empty word). Let h be the number of letters u; of v;_, such that
u; # A. Then h < |z[. Moreover, since the subderivations giving A are finished after
n derivation steps by our construction v; is build from the words u} which are obtained
after n steps from u;. By definition of k we have [u}| < k™ and hence

lv;| < hE" < Cq(lz]+1).

This proves the theorem. O

We now compare the families generated by Lindenmayer systems with each other and
with the families of the Chomsky hierarchy.

Theorem 2.13 The diagram of Figure 2.6 holds.

Proof. The part L(FIN) C L(REG) C L(CF) C L(CS) is well-known as a part of the
Chomsky hierarchy (see Theorem 1.3).

Since any PDOL system is a POL system, too, it follows that £L(PDOL) C L(POL).
Analogously we obtain the other inclusions between L£(PDOL), £L(POL), £L(DOL) and
L(OL).

In order to prove the strictness of the inclusions it is sufficient to prove the existence
of languages Ly and L, such that

Ly € L(POL), Ly ¢ £(DOL) and Ly € £L(DOL), Ly ¢ L(POL).
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(C5)

™

c
/
L(0L) L(CF)
L(POL) L(DOL) L(REG)

L(PDOL) L(FIN)

Figure 2.6: £y — L5 denotes a proper inclusion of £; in L. If two families are not
connected by arrows, then they are incomparable.

Then L; € L(POL) \ L(PDOL) and L; € £(0L) \ £(DOL) which proves the properness
of two inclusions. L, can be used to show the strictnesses of the other two inclusions.

We consider Ly = {a}". Because L; = L(G) for the POL system G5 from Example 2.6,
L, € L(POL) by definition. Let us assume that L; € £(D0L). Then there is a DOL system
G = ({a},{a — d"},a®) with L(G) = L;. Since

2 3 k
o =0ad"=0ad" =" = ... =" = ...

is the only derivation in G, we get L(G) = {a*" | n > 0}. Now it is easy to see that, for
r> 2,
a*™ € L and a*™ ¢ {a*" | n > 0}.

If r =1, then L(G) = {a®}. In both cases we have L; # L(G) in contrast to the choice
of G. Hence Ly ¢ L(DOL).

Let Ly = {aab,ab}. By Ly = L(G2) for the DOL system G5 of Example 2.5, we have
Ly € L(DOL). If Ly € L(POL), then L(G) = Ly for some POL system G’ = ({a, b}, P,w).
By the completeness we have rules a — w, and b — w;, in P. Then we obtain aab —
wewaewy, and wew,wy, € L(G') = Ly. Since G’ is propagating, w, and w, are non-empty
words which implies that the length of w,w,wy is at least 3. Therefore w, = a and w, = b.
Thus aab =>¢ aab and ab =>¢ ab are the only direct derivation steps. This implies
L(G") = {w}, i.e., L(G') consists of one word, which contradicts L(G') = Lo since Lo
contains two words. Hence Ly ¢ L(POL).

Let X € {DPOL,POL, DOL,0L} and Y € {FIN, REG,CF}. In order to prove that
L(X) and L(Y) are incomparable, it is sufficient to present languages

Ls € L(FIN), Ls ¢ L£(0L) and L, € £L(PDOL), Ly ¢ L(CF).

We choose L3 = {a? a*}. Obviously, Ly € L(FIN). If Ly € L£(0L), then there
is a OL system H = ({a}, P,w) with Ly = L(H). Let a — w, € P. Then we get
a* = (w,)* € Lz or (w,)* = X (because Ly = L(H) means that both languages can
differ in the empty word by our convention). In the former case, we have w, = a, and in
the latter case, we get w, = A\. Thus we have to consider the following three cases:

25



Case 1. P ={a — a}.
Then w = w holds which yields L(H) = {w} in contrast to the choice of H such that
L(H) = Ls.
Case 2. P ={a — A}
Then w == A holds which gives L(H) = {w, A} in contrast to the choice of H.
Case 8. P ={a — a,a — \}.
Then a* = aaaa = aaa) = a®. This implies a® € L(H) which contradicts L(H) = L.
Therefore Ly ¢ L(0L).
Let Ly = {a*" | n > 2}. By Example 2.4, L, = L(G,) for the PDOL system G; and
thus Ly € L(PDOL). On the other hand, it is well-known that Ly ¢ L(CF) (which can
easily be proved by the use of a pumping lemma, see Theorem 1.13).

Let G = (V, P,w) be a OL system. We construct a phrase structure grammar H =
(N,V, P, S) with L(H) = L(G) as follows. We set N ={A, B,C, D, E} and define P’ as
the set of all rules of the following types:

a) S — ADwB,

b) AD — AC, AD — AE,

¢) Ca— wC fora— wée P and CB — DB,

d) aD — Dafora €V,

e) AFa— aF and Ea — aF fora €V, AEB — \, EB — \.

Any derivation in H starts with S =y ADwB. Let us now assume that we have
generated a word ADaqas . ..a,B with a; € V for 1 <7 <n. Now we can only apply the
rules of type b) and we obtain ACayas...a,B or AEajas . ..a,B.

In the former case we have to continue with rules of type c¢) which gives

ACajasy...a,B =gy Aw,Cas...a,B —=pg ... =y Auvjw, ... w,CB
—y Aww,...w,DB

where a; — w; € P for 1 <i < n. By rules of type d) we shift the letter D to the left and

obtain ADw w, . ..w,B. That is, we have obtained a word of the form we start with and —

besides the nonterminals — we have simulated the derivation aias ... a, =g W1wWs . .. W,.
In the latter case, if n =0, we get AEB =y A, and if n > 1 we get the derivation

AFaqas...a, —= g a1Fay...a0,B—=py ... —pyaiay...a,EB —py aiasy...a, .

That is, we only delete the nonterminals. (Note that other derivations are not possible
since the application of Fa; — a1 F would not delete the letter A which remains such
that the derivation cannot terminate.)

Therefore, for any derivation

Ww=—gV —q V) —>g ... —>G Un
in G, there is a derivation
S =y ADwB =}, ADvyB =} ADv,B =%, ... =} ADv,B = AEv, B =} v,

and conversely. Thus L(G) = L(H).
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Let x be a non-empty word of L(G). By Lemma 2.12, there is a derivation of z
such that any intermediate word has a length bounded by Cq(|z| + 1). Therefore all the
intermediate words of the corresponding derivation of  in H have at most the length
Co(|z| + 1) + 3 < C|x| for an appropriate constant C. By the workspace theorem (see
Theorem 1.9), the language of all non-empty words of L(H) is context-sensitive. Taking
into consideration our convention concerning the equality of languages we have that the
OL language L(G) is context-sensitive. O

2.1.4 Adult languages

The language generated by a OL system consists of all words which can be derived from
the start word. Thus it takes into consideration all phases of the development, e.g. in case
of a flower the ”green” phase, which produces the handle or stem and the leaves, as well
as the "flowering” phase, where the blossom is build and the parts of the ”green” phase
are not changed. Especially, one is interested in the final stages or adult stages which are
not changed (at least for a long time).

Modelling this aspect within the framework of OL systems we are interested in those
strings w which belong to the language and only allow the derivation w = w. This leads
to the following definition.

Definition 2.14 The adult language La(G) of a OL system G is the set of all words
z € L(G) such that, for any v € V*, w = v implies w = v.

The adult alphabet V4(G) is set of all letters of V', which occur in words of L4(G).

Let X € {0L, POL, DOL, PDOL}. By L(AX) we denote the family of adult languages
generated by X systems.

Example 2.15 We consider the OL system Gg from Example 2.9 Since
L(Gg) = {a, e} U{e" 'da(bc)" | n > 1} U {e™(be)" | n > 1Y U {e"f*" (be)" | n > 1,m > 0}
we obtain the adult language

Ls(Gs) ={etUu{e"(bc)" | n>1}.

Note that the adult language of Gg is a context-free language whereas L(Gg) is not
context-free.

The aim of this section is to show that the fact seen in the example holds in general,
i.e., any adult language of a OL system is a context-free language, and conversely, any
context-free language is an adult language of some 0L system.

Theorem 2.16 For any context-free grammar G, there is a propagating 0L system G’
such that Lo(G") = L(G).
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Proof. Let G = (N, T, P,S) be a context-free grammar. First we construct a context-free
grammar G” = (N”, T, P",S") in Chomsky normal form such that L(G") = L(G) (see
Theorem ??7. Then we define the OL system G’ by

G'=(N"UT,P"U{a—a|ae N'UT},S").

Since G” is in Chomsky normal form, P” contains no rule of the form A — X. Thus G’ is
propagating.

Let x =>¢g» y. Then x = u; Aug and y = ujwuy for some rule A — w € P”. Then we
also have * = y by applying a — a to all letters of u; and uy and A — w € P’ to the
distinguished occurrence of A in .

Moreover, if x+ =>¢ y, then © = 2129 — x,, ¥y = Y1Y2...Y, and z; — y; € P’ for
1 <i<mn. Let M = {iy,is,...,i.} be the subset of {1,2,...,n} such that x; — y; # z;
for i € M and x; — y; = x; for j € {1,2,...,n} \ M. Then ¢ € M implies z; € N” and
we have in G” the derivation

i = ULT3; U2T5y « - - UpTj; Up41
=aqr U1Yi; UaTiy - . - UpLj; Up41

=g U1Yi Uiy U3Tiy - - - UpLy Up 41

=g UrYi Ualiy - - - Up—1Yi,  UpTj; Up41
==qr UYi, Ualiy - - - Ur—1Yi,_ UrpYi; Urs1

= )

This proves that L(G') is the set of all sentential forms of G”.

If © = uyAus is a sentential form of G” with A € N” then we apply to all letters of
uy and us rules of the form a — a and to A a rule A — w with w # A (such a rule exists
since G” is in Chomsky normal form) and obtain u;wus # x. Hence x is not in the adult
language of G’. On the other hand, if a sentential form 2z’ only contains terminals, then
we can only apply identity rules to the letters of ' which gives @’ € La(G").

Therefore L4(G") consists of all sentential forms which only contain terminals, i.e.,

La(G") = L(G") = L(G). 0

Lemma 2.17 Let G = (V, P,w) be a 0L system. Let m = #(Va(G)). For any letter
a € Va(Q), let G, = (V, P,a). Then, for any a € V4(G), X € Li(G,) for some t < m or
L.(G,) contains exactly one word z, and, for all words v € V*, z, => v implies v = z,.

Proof. Let a € V4(G). Then there is exactly one rule a — w, in P. Assume the contrary,
ie,a— w; € Pand a — wy € P with w; # ws. For a word © € L4(G) where a occurs
in z, i.e., x = x1ay,, we then have two derivation riay; = xow1ys and xiay, = T2wsys
with xowiys # Taways in contrast to the property of the words of L(G).

Since © = xiay; = Tawuys = = € La(G), all letters of w, belong to the adult
alphabet V4(G). Thus there is a unique derivation in G,. Therefore, for any ¢ > 0, L;(G)
contains at most one word.
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If w, contains two occurrences of a, then we have a derivation

/ / /
Wy = UIQUAUZ ==> U WaUsWaUs
/ / !/ ! / o / !N
I / /i /! /i
= UlUlU1GUQCLU3UQU1GUQGU3UQU2,U1U16LU26LU3U2U1CLUQGU3U3U3

and therefore from w, we can generate a word with an arbitrarily large number of oc-
currences of a. Therefore, from = we can also generate a word with an arbitrarily large
number of occurrences of a. Again, we have a contradiction to the property defining the
words of L4(G).

Now assume that w, contains exactly one occurrence of a. Let w, = p1aq;. Then we
have the derivation

T = T1aY) == T2P10q1Y2 == T3P2P10q1G92Y3 == ... == TymPm—1Pm—2 - - - P1441G2 - - - §m—1Ym -

Obviously, if p; # X or ¢; # A for i > 1, then we can generate arbitrarily long words from
x in contrast to © € L,(G). If X can be generated from p; and ¢; then by Lemma 2.11
we have derivations

D= Pp=—=p=—= ... p—=dand @ = @ =@ = ... = ¢ = \

with s < m and t < m and non-empty words pi,pa,...,Ps,q1,G2,---,q. Then we get
from a in at most m steps the word psps_1...p1aq1qs . . . ¢; which has the property

DsPs—1---P10q1q2 - - . Gt = PsPs—1---P10G1G2 - - - Gy -

Thus z, = psps_1-..P10G1Q> . . . q; has the properties required in the statement.

Now assume that w, contains no occurrence of a. For ¢ > 1, let z; be the unique word
in L;(G,). We first prove that z; has no occurrence of a for ¢ > 1. Let x be a word of
LA(G) containing a. Then z = xpaxiaxs . ..azr, with r > 1 and x; does not contain a for
0 <7 < r. If u defined by o = u contains an occurrence of a and z; contains a for
some j > 1, x =7 U2 U1 Z5U2%j . . . Zju, = 2. Because ug starts with u which contains a
and any z; contains an a, the generated word z contains at least r + 1 occurrences of a
which is impossible. Analogously we get a contradiction if u contains no a, i.e., all a’s are
contained in the word derived from ziazqa . .. ax,.

Now we have © = z1ay; = x221y2 = =. Because a does not occur in z; = w,, a
has to occur in at least one of the words x5 and y,. We only discuss the case that a
occurs in xy, the other case can be handled analogously. Then x = viav21y2. Now we
get © = vjz1v529y5 = x. Continuing in this way we get that x contains all the words
21, 22, 23, . . . which is only possible if z; = A for some ¢. From Lemma 2.11 we know that
A € Li(G,) for some t < n. O

Lemma 2.18 For any 0L system G, there is a OL system G' = (V,P',S) such that
La(G") = La(G) and, for any a € Va(G"), the only production in P is a — a.
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Proof. Let G = (V, P,S). Without loss of generality we assume that the start word of G
is a letter S not belonging to the adult alphabet V4(G) (if this is not the case, we add S
to the alphabet and S — w to the set of productions, where w is the original start word;
these additions do not change the adult language). Let n = #(V4(G)). For any letter
a € Va(G), let G, = (V, P,a).

We define the homomorphism A by

h(a) = Xif a € V4(G) and X € L,,(G,) for some m < n,
h(a) =z, if a € V4(G) and z, € L,,(G,),
h(a) =aif a ¢ Va(G).

By Lemma 2.17 the homomorphism is well defined. We set

G = (V,P,S),
P' = {a—h(w)|a—wePandag¢Vi(G)}U{a—alacVaG)}.

Now one can easily prove by induction on the number ¢ of derivation steps that
S =4 z if and only if S =%, h(z). (2.1)

Now let x = x129 ... 2, be a word of La(G) with z; € V4(G) for 1 <i < m. Then
T1To ... Ly =—>q T1T2 ... T, by the definition of P’ and this is the only possible derivation
of x. Therefore x € La(G"). Therefore L4(G) C La(G").

Now let w be a word of L4(G"). By (2.1) there is a word w’ such that v’ € L(G) and
w = h(w"). We assume that w' = woBjw Baws . .. wy_1 Bywy with t > 0, w; € V4(G)* for
0<i<tand Bj ¢ V4(G) for 1 <j <t. For 0 <i <t, we define z; as follows. If w; = A,
then we set z; = . If w; # A, then w; consists only of letters V4(G). Then we define z;
as the only word which can be generated from w; in m steps in G. Therefore

h(w;) =z and 2z, =¢ 2 (2.2)

for 1 <i¢ <mn. Then
h(w') = 20B121Bazy ... 24_1Bizy = w .

For 0 < i <t, by the definition of P’ if z; # A,
Zi =—=>q % (23)

holds, because all letters of z; belong to V4(G). Let B, B, ... Bs be a subword of w only
consisting of letters not in V4 (G), i.e z, = 2.+ 1 = ... 2,1 = A, and the letters before B,
and after By in w — if they exist — are from V4 (G). Since w € L4(G"), we have w =>¢ w.
Taking into consideration (2.3) we get

B,Bys1...By =>¢) BBysi... By (2.4)
For r <i < s, if B; — y; in P, then B; — h(y;) € P’. Thus
B.B,i1...Bs = h(y;)h(yrs1) ... h(ys) .
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By (2.4),
B,Bys1 ... By = h(y)h(yps1) - h(ys) (2.5)

Therefore, for r < i < s, h(y;) contains only letters not in V4(G), which implies h(y;) = v;
by the definition of h (since letters of V4(G) occur in h(y;) otherwise). By (2.5) this yields

B,Biy1...Bs =G YrYrs1---Ys = Wy )h(yrs1) .. . h(ys) = By Bry1 ... Bs.

If we combine this relation with (2.2) we get w == w is the only derivation for w = h(w’)
which proves that w € L,(G). Thus we obtain La(G") C La(G). O

Theorem 2.19 For any 0L system G, there is a contezt-free grammar G" such that
L(G") = LA(G).

Proof. First, for G, we consider the OL system G’ = (V, P’, S) according to in Lemma 2.18,
i.e., a — a is the only rule for a € V4(G’) and La(G') = La(G). Then we construct the
context-free grammar

G" = (V\Va(@),Va(G"),P'\{a —a|aecVa(G)},S).

It is easy to show that L(G") = La(G’) O

Theorem 2.20 i) L(AOL) = L(APOL) = L(CF).
ii) L(ADOL) = L(APDOL) = {{w} | w € VT} U {0}.

Proof. 1) By Theorem 2.16, we get L(C'F) C L(APOL). Obviously, L(APOL) C L(AOL).
Furthermore, By Theorem 2.19, we have L(A0L) C L(CF'). Combining these relations
we get the statement.

ii) If G = (V, P,w) is a DOL system, then we have only one derivation w = wy =
w) => wy = w3 = ... If there is an ¢ such that w; = w; 1, then we have L(G) = {w;}.
If w; # w;yq for any 4, then L4(G) = (). By our convention, the languages {\} and ) are
equal, since they differ in the empty word only. This proves

L(ADOL) C {{w} |w e VTIu{0}. (2.6)

Let w be a non-empty word over some alphabet V. Then we consider the propagating
DOL system G = (V,{a — a | a € V},w). Obviously, w = w = w = ... is the only
derivation in G. Thus L4(G) = {w}. Furthermore, L(G;) is empty. Therefore

H{w} JweVTIuU{0} C L(APDOL). (2.7)
If we combine (2.6) and (2.7) with L(APDOL) C L(ADOL) (which holds by definition),

then we obtain the statement.
O
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2.1.5 Decision problems

In this section we want to discuss the decidability status of the classical decision problems

considered in the theory of formal languages for interactionless Lindenmayer systems. For
X € {0L, POL, DOL, PDOL}, we regard the following problems.

Membership problem: Given X system G = (V, P,w) and w € V*,
decide whether or not w € L(G).

Emptiness problem:  Given X system G = (V, P,w),
decide whether or not L(G) is empty,

Finiteness problem:  Given X system G = (V, P,w),
decide whether or not L(G) is finite.

Equivalence problem: Given X systems G = (V, P,w) and H = (V, P, '),
decide whether or not L(G) = L(H).

We mention that the membership problem and the finiteness problem have some bi-
ological relevance. Let us assume that we have a OL system G which we want use as
a model for the development of some filamentous organism or alga etc. Usually such
a model is obtained by an analysis of the first step of the biological object. Now the
membership problem is the question whether or not a later stage of the development can
be got by the model G. The finiteness problem has an negative answer if and only if
the development does not be finished after a certain time and at least one branch of the
development produces larger and larger plants. By such an interpretation, there is an
interest from a biological point of view in these questions. The equivalence problem is the
test whether or not two given models describe the same development.

However, one has to note that in biology one is more interested in the sequences of
the stages of the development instead of the set of all stages. In this lecture we shall only
consider the language theoretic part, for a discussion of decidability for sequences instead
of languages we refer to [13] and [27].

First we note that the emptiness problem is not of interest since any OL system gen-
erates a non-empty language because the start word is in the language. Thus the answer
to the emptiness problem is "no”, and this answer can be given immediately, i.e., it can
be given in constant time.

By Theorem 2.13, £(0L) is contained in L£(CS). If we consider the proof we see
that, for a given OL system G, we can construct a context-sensitive grammar H with
L(G) = L(H). It is known that it is decidable, whether or not a given word w belongs to
the language generated by a given context-sensitive grammar. Thus the membership for
OL systems is decidable, too. However, all known algorithms for the membership problem
for context-sensitive grammar have exponential time complexity.

By Lemma 2.12, there is a natural algorithm. We construct all derivations which only
contain words of length C¢|w|. If w is obtained the answer to the membership is "yes”,
otherwise w ¢ L(G) holds. However, this algorithm is also exponential in time because
we have to consider exponentially many derivation steps.

In [19] it has been shown that the Cocke-Younger-Kasami algorithm known for context-
free grammars can be translated to interactionless OL systems. However, by the parallelism
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in the derivation in OL system we get the complexity O(|w|*) for a fixed 0L system (in
the case of context-free grammars, the complexity is O(|w|?).

The following theorem gives this statement in a weaker version (we do not mention
the degree of the polynomial). We omit the (long) proof.

Theorem 2.21 For 0L systems, the membership problem is decidable in polynomial time.
(I

Theorem 2.22 For 0L systems, the finiteness problem s decidable in polynomial time.

Proof. Let G = (V, P,w) be a OL system. Let n = #(V'). For any letter a € V', we set
Ga = (Vva P7 CL).

We call a letter a € V' surviving in G iff L;(G,) is non-empty for any m > 0. Let
Vs(G) be the set of all surviving letters of G. (Note that V = V,(G) for a propagating 0L
system.)

We construct the directed graph Hg = (V, E) where the set of vertices coincides with
the set of all letters of V' and (a, b) € F if and only if there is a production a — z1bxy € P
with z1, 29 € V*.

Claim 1: a is surviving if and only if there is an infinite path in Hg which starts in
a.

Let Hg contain an infinite path starting in a. Let b be the letter which is obtained by
the beginning of length i of the this path. Then, by the definition of Hg, there is a word
in L;(G) which contains b. This shows the non-emptiness of L,,(G,) for any i > 0.

Conversely, let us assume that a is surviving. Then L, 2(G,) is nonempty. Thus
L,11(G,) contains a non-empty word w. Let b be a letter of w. Then there is a derivation

a = g = U1A1V] == UA9V3 — ... = Up4+10p+1Unt+1 = W

such that a, 11 = b and (a;,a;41) € F for 0 < i < n. Clearly, there are integers ¢ and 7,
0 <i<j<n+1,such that a; = a;. Therefore the path

apg — A1 — A2 — ... — Qp41

contains a cycle and can be continued to an infinite path.

Now we interpret Hg as the graph of a (nondeterministic) finite automaton where all
edges are labelled by Z, the start state is @ and all states are accepting states. Then the
existence of an infinite path starting from a is equivalent to the infinity of the (regular)
language accepted by this automaton. By Claim 1, there is an polynomial algorithm
which decides whether or not a € V,(G) holds. Thus we can algorithmically construct the
set V5(@) in polynomial time.

Now we construct the directed graph Hf, = (Vi(G), E') where E’ is the restriction of
E to Vi(G) x V5(G). Further, we define a labelling of the edges of E’ by the letters X and
Y. We label (a,b) € E' by X if and only if there is a production a — z1bxy € P where
x1T9 contains a letter of Vi (G). Otherwise, we label (a,b) by Y.

Claim 2: L(G) is infinite if and only there is an infinite path in H(, starting in a letter
occurring in w and containing an infinite number of occurrences of edges labelled by X .
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Assume that there is an infinite path ag — a3 — as — ... starting from a = ag
which occurs in w. Let j > 0. Then a; occurs in some word of w; of L;(G). Let
w; = xobix1boxy .. bz, for some r > 1, some words z, € (V \ Vi(G))", 0 < k < r
and some letters b € V,(G), 1 <[ < r. Let a; = b;. Then we consider a derivation
Wj = Wjy1 = TOEY1T Y2y . . . Y2, where any subword y;, 1 <1 < r contains at least one
letter of V,(G) (such rules exist for letters of V;(G) by definition) and a rule a; — z1a;4172
to by = a;. If (aj,a;41) is labelled by X, then y, = xja;4122 contains at least two
occurrences of surviving letters. Therefore w;;; contains at least r + 1 occurrences of
surviving letters. Continuing in this way we obtain words in L(G) with an arbitrarily
large number of occurrences of letters of Vi(G). Thus L(G) has to be infinite.

Conversely, let us assume that L(G) is infinite. Then, for any number i > 1, L(G)
contains a word of length 7. We can improve this statement to the following one: For any
number ¢ > 1, L(G) contains a word with at least ¢ occurrences of letters of Vi(G). If we
assume the contrary, then there is a number j such that any word of L(G) contains at
most j letters of V5(G). Then any word of L(G) can be written as W = zobyz1boxs . . . by,
for some r > 1, some words z;, € (V \ V5(G)*, 0 < k < r and some letters b € Vi(G),
1 <1 <r,where r < j. Since there is a number ¢ such that L;(G,) = 0 for all a ¢ Vi(G),
we have w =L 2129... 2, where b; =L z; for 1 <i <r. If K = max{w, | a — w, €
P,a €V, then |z125... 2| <rK' < jK' This yields a bound for the length of the words
in L(G) in contrast to the infinity of L(G).

Now let p be a sufficient large number, and let w be a word of L(G) containing at
least p occurrences of letters from V;(G). Then we have have a derivation

W = UgGoUy == U1A1V] == U2A9V2 — ... = U Ay Uy = W
such that (a;,a;+1) € E for 0 <i < m and the path

ag — a1 — Ay — ... — Gy,

contains at least n + 1 edges labelled by X. For 1 < ¢ <n+1, let

Ay = Q1 = Qg2 =7 - aiq+1 — aiq+1+1
be the subpath where (a;,,a;,+1) and (a;,,,, a;,,,+1) are labelled by X and its remaining

edges are labelled by Y. Then we set

Mq = {az’q—l—h Qjg425 - - 'aiq+1—1}

for 1 < ¢ <n+ 1. Obviously, there are g and h, 1 < g < h < n+ 1, such that M, = M,.
Again, this implies the existence of a cycle containing an edge labelled by X. Therefore
the infinite path with the required property exists.

Again, we interpret H(, as a nondeterministic finite automaton taking the above la-
belling of the edges. The existence of a path having the properties mentioned in Claim 2
is equivalent to the infinity of the language accepted by the automaton after application
of the homomorphisms which maps X to X and Y to the empty word. Thus we can
decide the infinity and therefore the finiteness of L(G). O
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Theorem 2.23 i) For (P)OL systems, the equivalence problem is undecidable.
ii) For (P)DOL systems, the equivalence problem is decidable.

Proof.  We only prove i). The proof for ii) is omitted because it is long if it is based on
the elementary knowledge and formal language theory or it is based on deep results of

(mathematical) group theory.
We prove i) by reduction to the Post Correspondence Problem. Let

U = {(ug,v1), (ug,v2), ..., (tUn,vn)}

be a set of pairs of words with u;,v; € {a,b} for 1 <i <mn.
We consider the OL systems

Glz(‘/,P,S) and GQZ(‘/,P,,S)

V = {57 S/aSHaSU)SmSlaS/)aab? 0}7
P = {8-585—-95 S —¢S —¢S —c}
u Uy {8 —aS,58 — 28,5 — S, — 1S, — S, S, — Sx,S, — xS}
ze{a,b}
U{S" — S,y w,y € {a, b}, 2 # y} U{Sy — xSy : 7,y € {a,b}}
U J{S" — w; 5"},
i—1
P = PUJ{S" — wcvf'}.
i—1

It is easy to show that

L(Gy) = {5,985 u{aSaf:ac{a,b}"}
U{aS,5%: a,8 € {a,b}*, |a| = 6], a # 5}
U{as,.5%:a, 8 € {a, b}, |a| < |8}
Uf{aSs% a8 € {a, b}, |al > |8]}
U{ach®: a,p € {a,b}", a# B}

U {ug iy -y S"vp v, vy k> 1,1<4; <n 1< j <k}
and
L(Gg) = L(Gl) U {uilui2 ce UG CUG U5 e Uy k Z 1,1 S ij S n, 1 S] S k’} .

Obviously, L(G1) € L(G3), and L(G;) = L(G3) holds if and only the part added to
L(G,) to obtain L(G3) is contained in {acB? : a, 3 € {a,b}", a # B}. Thus we get
L(G1) = L(Gy) iff the Post Correspondence Problem has no solution. O

Note that Theorem 2.23 implies that the equivalence problem for PDOL systems is
decidable and that the equivalence problem for OL systems is undecidable.
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Since the transformation of an 0L system G into a context-free grammar G’ such that
LA(G) = L(G) is constructive, we get the following results from the decidability results for
context-free languages. The membership in the adult language and the emptiness and the
finiteness of the adult languages of a OL systems are decidable, whereas it is undecidable
whether two POL systems generate the same adult language. The equivalence of two DOL
system with respect to adult languages is decidable, because we can first check whether
both system generate a non-empty adult language (consisting of one word) and then we
determine the adult languages and compare them.

2.1.6 Growth functions

A very important field in the study of the development of filamentous organisms and
plants is the growth of the organism or plant. Usually, as a measure of the size of the
plant one takes the number of cells which build it and the growth is measured by a function
which associates with a given time moment the size of the plant at this moment.

We now formalize this concept. In order to get a function one has to ensure that at
every moment only one organism exists, i.e. the Lindenmayer system has to generate
exactly one word. Therefore we have to restrict to deterministic Lindenmayer systems.
For a DOL system G = (V, P,w), we have a uniquely determined derivation

W=Wy = W) = Wy —> ... =—> Wy, — ..., (2.8)

and thusL,,(G) contains exactly one element w,,. Conversely, let H be a OL system
which, for some letter a € V', has two rules a — w; and a — wy with w; # wy in its
set of productions, and let a occur in some word w of L(H) (otherwise we can omit a
and its rules). Then we can generate two words from w because we have the derivations
w = rary — rjwixh and w = x1axy = xjwyxh. Hence L,,(H) for some m > 1
contains at least two words.

Definition 2.24 The growth function fo : N — N of a deterministic 0L system G is
defined by

fa(m) = [wn|.
Example 2.25 We consider the deterministic OL systems

Gi = ({a},{a—a*},a),
Gy = ({a,b},{a — X\, b — ab},aad),
G4 = ({av b7 C, d7 6}, {a — a, b— bCL, Cc — Cbb, d— da, e — Cbbd}, 6)

given in the Examples 2.4, 2.5 and 2.7.
In G4, the only derivation is

c=d=d=d= .. .,

which results in
fe,(m)=2" for m >0.
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In G5, we only have the derivation
aab = Aab =ab=—= lab=ab = ab = ab— ...,

which gives
fe,(0) =3 and fg,(m)=2form>1.

In Example 2.7, we have shown that

LO(G4) = {6} )
Ln(Gy) = {cbb(ba)*(ba*)?...(ba™ )2da™ '} for m > 1.

Thus we get fg,(0) = |e| =1 and, for m > 1,

fa,(m) = |cbb(ba)?*(ba?)?. .. (ba™ )*da™ |
14+2-142:242-34...42-m+1+(m—1)
Ui 1
= m+1+2-2i:m+1+2-m<mz+):m2+2m+l

i=1
= (m+1)>2.

This gives
fa,(m) = (m+1)> for m>0.

In the examples we have determined the growth function by a determination of the
sequence of words generated by the system and obtained fg(m) as the length of |wy,|
according to the definition. However, in biology one is interested in a computation of
fa(m) for arbitrary m, especially for large m, without a determination of w,,. Such a
computation can easily be done if one has a formula for fs. In the sequel we shall present
some such formulae.

In the sequel we shall assume that the DOL system under consideration is given as

G = ({a1,a9,...,a,},{a1 — vi,a9 = va, ... a0, — U, },w) (2.9)
and that its only derivation is given by (2.8).

Definition 2.26 Let G be a DOL system as in (2.9). Then we define the growth matriz
Mg of G as the (n,n)-matriz

Mg = (ai;) = (#a4,(vi)) -

Example 2.27 Again, we consider the systems G, G5 and G,. We get

10000
0 0 11000
MG1:(2),MG2:<11>,MG4: 02100
10010

02110
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Theorem 2.28 Let G be a DOL system as in (2.9), and let Mg be its growth matric.
Then, for m >0,
fo(m) = W(w)(Ma)" (1,1, 1)T

Proof. First we note that
U(wn) - (L1, D)7 = (#a (W), #as (W), -« oy #ap (W) (1,1, ..., 1T
= ;#ai(wm) = [wnm|
= Ja(m).
Thus it is sufficient to to prove that, for m > 1,
U(wy,) = W(w)ME .

This will be done by induction on m.
m = 0. We have
U(wy) = V(w) = V(w) - E = ¥(w)MZ,

where E is the unit matrix. Thus the induction basis is shown.
m > 0. By induction hypothesis,

T(w) M2 = (w) M2 Mg = U (w1 ) M (2.10)

Further, any occurrence of a letter a;, 1 <1¢ < n, in w,,_; contributes #aj(vl-) occurrences
of aj, 1 <j <mn,in wy,. Thus

#aj (wm) = Z #ai (wmfl)#aj (U’L) .
=1
This implies
U(wy,) = ¥(wy,_1)Mg .

Together with (2.10) we get
U(wy,) = W(w)MZ.

Let
ug (2) = det(Mg — 2E) = apa" + ap_ 12" '+ ...+ a1x + ag

be the characteristic function of M. By the Cayley-Hamilton Theorem (see Theorem 1.1),
O = xue(Mg) = anM& + ap 1 ME + ...+ a1 Mg + agE .

For k > 0, by left and right multiplication with ¥(w)ME and (1,1,...1)T, respectively,
and Theorem 2.28, we obtain
0 = aW(w)ME™1,1,..., )T +a,  U(w)ME (1,1, )T+
ar W (W)MET (1,1, ., DT + agW(w)ME(L L, ..., )T
= anfelk+n)+anafelb+n—1)+...+afelk+1)+aofc(k).
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Thus the growth function fs satisfies the difference equation
0=ayh(k+n)+ap1h(k+n—1)+...+ah(k+ 1)+ aoh(k).

Using the theory of difference equation (see Chapter 1) we get

S

h(z) = Z(ﬁi,o + Biax + @',2952 + o B Tl

i=1

where, for 1 < i <'s, p; is a root of multiplicity ¢; of
9(y) = apz™ + ap12" '+ ..+ +ag,

>iqti=mnholdsand 3;,;, 1 <i <s, 0 <j <t —1aren real constants, which are
uniquely determined by the values h(0), h(1),...,h(n —1).

If we take into consideration that xs, = ¢ holds, then the roots 3;, 1 <i < s are the
eigenvalues of My. Thus we obtain the following theorem.

Theorem 2.29 Let G be a DOL system as in (2.9), and let Mq be its growth matriz. For
1 <i<s, let y; be a eigenvalue of Me of multiplicity t; such that Y>;_t; =n. Then

S

fa(m) = Z(ﬁi,o + Biam + ﬁme + .. ~5¢,t,‘71mtﬁl)ﬂr

i=1

for certain constants (;;, 1 <i<s,0<j <t —1. O

Example 2.30 We apply the theory developed up to this point to the our DOL systems
G, Gy and G4. In order to simplify the notation, we shall sometimes only use the indexes
1, 2 and 4 to refer to G, G5 and G4, respectively.
Then we get
x1(x) =det(Mg, —xE) =det(2—z) =2 —=x.

The only eigenvalue is gy = 2 of multiplicity 1. Thus we get fg,(m) = (5,2™. Since
fc,(0) =1 = (3y2° = By we obtain 3y = 1 which yields fg,(m) = 2™ for m > 0.
Considering G5 we have

x2(x) = det(Mg, — xF) = det ( _1$ 1 E . > =—z(l—ux).

Therefore the eigenvalues of G are p; = 0 and ps = 1 which both are of multiplicity 1.
Thus

fa.(m) = B1o0™ 4 [ ol™.

In the sequel we shall assume that 0° = 1 (note that 0° is an indefinite expression whose
value depends on the context). Then we have

Bro +P0 = 3= fa,(0)
Bro = 2= fa,(1).
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The solutions of this system of linear equations are 319 = 1 and 359 = 2. Consequently,
fe,(0)=3 and fg,(m)=2form>1.

For G4, we get

1—2 0 0 0 0
1 11—z 0 0 0
X4(x) = det(Mg, — xF) = det 0 2 11—z 0 0 |=0—-2)(-2).
1 0 0 l1—2 0
0 2 1 1 -

Thus the eigenvalues of Mg, are p; = 1 of multiplicity 4 and po = 0 of multiplicity 1.
Therefore we get

fa.(m) = B100™ + (Bo,0 + Boim + ﬁz,zmz + 52,3m3)1m .

The constants 31,0, B2,0, 82,1, 2,2, 2,3 can be determined as the solutions of the following
of linear equations

Bio +0520 = 1= fc,(0)
Bao  +021 +52,2 +h23 = 4= fa,(1)
Boo +208a1  +4Bap  A8fkz = 9= fg,(2)
Bao 43021 49022 42703 = 16 = f5,(3)
foo 4821 16525 464023 = 25= fq,(4).

We obtain
ﬁl,[) = 07 52,0 = 17 52,1 = 27 62,2 = 17 ﬂZ,S = 07

which leads fg,(m) =14 2m +m? = (m + 1)? for m > 1.

We mention that the formulae given in Theorems 2.28 and 2.29 have some nice and
some bad features. One formula uses the Parikh vector of w and growth matrix, which
both can directly be obtained from the given system, however, the computation of fg(m)
requires the calculation of the m-th power of a matrix. By the other formula, it is easy
to compute the value of the growth function for an arbitrarily given argument, however,
we note that it is hard to compute the eigenvalues of a growth matrix since they can be
complex and the degree of the characteristic function will be arbitrarily large for arbitrarily
large alphabets.

Theorem 2.31 Let G be a DOL system. Then the growth fg satisfies one of the following
conditions:

a) there is a constant ¢ such that fg(m) < ¢ for all m

b) there are constants ¢y, cy and p such that cym? < fa(m) < com? for large m,

c) there are constants c; and cy such that ¢" < fa(m) < & for large m.
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Proof. 'We only give the proof for the case that the eigenvalues of Mg are non-negative real
numbers, for a general proof (including complex roots) one has to consider the absolute
values |u| of the eigenvalues p of M.

If G generates a finite language, then case a) holds obviously.

Let us now assume that G generates an infinite language. Let u be the largest eigen-
value of Mg. Then

fa(m) = (Bo + Bim + Bam? + ...+ Boym! ™)™ + R(m)

where ¢ is the multiplicity of u and R(m) is asymptotically smaller than (Gy+ Sim+. ..+
Bram' =)™,
If > 1 holds, then fg is asymptotically equal to (3y + Bim + ...+ B_im!~H)u™. We
choose d such that
Bo+ Bim + Bom® + ...+ Bogm!TH < d”

for large m. Then we get
fa(m) < d™p™ = (dp)™ = c3'

for large m. On the other hand 3y + Bim +...+ Bi_im!~! > 0 for large m. Therefore, we
also have
p" =" < fo(m)

for large m. Thus we have case c).

If 1 = 1 holds, then fg is asymptotically equal to By + Sim + Bom? + ...+ Bi_ym!~L.
Then it is easy to see that case b) holds if t > 2 and that a) holds if t = 1.

If 4 < 1, then (By+ Bim+ fom®+. ..+ B_1m!~1)u™ tends to zero and the same holds
for R(m). Since the range of fg is the set of non-negative integers, this situation cannot
occur (since we assume that the generated language is infinite). ]

Theorem 2.31 says that we have only three different types of growth functions of DOL
systems. Thus there is no DOL system G such that fg(m) = log(m) holds. If we have
seen that the real growth of a plant is logarithmic, then we cannot take a DOL system to
model the development.

2.2 Lindenmayer systems with interaction

2.2.1 Definitions and examples

It is a well-known fact that in reality other growth function also occur, for example there
are organisms with logarithmic growth. The development of such an organism cannot be
modelled by DOL systems.

In order to obtain more powerful systems one can take into consideration the context
of a cell, i.e., the rules for the development of a cell does not only depend on the cell itself,
it also depends on neighbouring cells. This reflects the biological situation much better
than the case without interaction considered in the preceding section.

Again, we model the cells by elements of an alphabet and the organisms by words.
However, we assume that the development of a cell in an organism depends on its k left
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