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Abstract. Cpfgis a program for simulating and visualizing plant devel-
opment, based on the theory of L-systems. A special-purpose program-
ming language, used to specify plant models, is an essential feature of
cpfg. We review postulates of L-system theory that have influenced the
design of this language. We then present the main constructs of this
language, and evaluate it from a user’s perspective.

1 Introduction

L-systems were introduced in 1968 as a mathematical theory of multi-cellular
development [19, 20], but soon afterwards they began to be used as a founda-
tion for plant modeling and simulation systems [30]. The first L-system-based
plant modeling program, CELIA (an acronym for the CEllular Linear Iterative
Array simulator) was created by Baker and Herman in the early seventies [2],
and was improved until the mid eighties. CELIA was followed by pfg (plant and
fractal generator) [10, 33], and its successor, cpfg (pfg with continuous parame-
ters) [11, 26, 27]. Existing and prospective applications of cpfg include computer
animation and landscape design, research and education in botany and ecology,
and decision support in agriculture, horticulture, and forestry [38]. The synergy
between scientific and visual objectives of plant modeling has been discused
in [31].

A distinctive feature of cpfg is its modeling language, which makes it possible
for the user to easily specify and modify a wide range of plant models'. The
cpfg modeling language [26] extends notions of L-system theory [12, 39] with
the following concepts:

1. parameters associated with L-system symbols to express quantitative at-
tributes of the modeled structures [11, 37],

2. programming constructs borrowed from other programming languages: lo-
cal and global variables, arrays, input-output functions, and flow control
statements [11, 15, 34],

3. modeling constructs without obvious counterparts in other programming lan-
guages: decomposition and interpretation rules [27] and sub-L-systems [11],

! Related languages have been also implemented in other modeling programs based
on L-systems, for example GROGRA [17] and World Builder [1].



4. programming constructs needed to capture plant responses to environmental
factors and to simulate bi-directional interaction between plants and their
environment [27, 28, 35],

5. graphical interpretation of L-systems based on turtle geometry [37].

In addition, the language supports graphical modeling and rendering techniques
needed for realistic visualization of the models: predefined bicubic surfaces for
representing plant organs of a given shape [10, 37], developmental bicubic sur-
faces for animating organ development [11], generalized cylinders for modeling
stems with arbitrary cross-sections, and texture-mapped surfaces needed for
more realistic rendering [27].

In this paper we present the design of the cpfg modeling language. We focus
on items 2 and 3 of the above list, which have not been previously published
outside of dissertations and theses. We begin by reviewing the elements of L-
system theory that have influenced the design of the cpfg language (Section 2).
On this basis, we present its essential constructs (Section 3). We conclude by
summarizing our experience with the cpfg language, and discussing areas that
require further research (Section 4).

2 L-systems as a plant modeling paradigm

2.1 A plant as a metapopulation

A basic postulate of L-system theory [24, 30] is that a plant can be considered as
a population (set) of discrete components, such as apices, internodes, leaves, and
flowers. In simpler multicellular organisms, for example algae, these components
can be identified with individual cells [19]. It is assumed that the set of organ
types in organisms of a given species is finite, irrespective of the organism size.
The type of an organ is represented by a symbol. Since the set of organ types is
finite, the set (alphabet) V of symbols is finite as well.

2.2 Branching architecture of plants

L-system models operate at the level of plant architecture, which means that
components of a model are assumed to be connected into a branching structure.
From the graph-theoretic point of view, this structure can be described as an
axial tree. Organs are represented by edges of this tree, and identified by symbols
from alphabet V used as edge labels.

Formally, an axial tree is a special type of rooted tree [37]. At each of its
nodes we distinguish at most one outgoing edge called the straight segment.
All remaining edges are called lateral or side segments. Within an axial tree, a
sequence of edges is called an axis if: (i) the first edge in the sequence originates
at the root of the tree or as a lateral segment at some node, (ii) each subsequent
edge is a straight segment, and (iii) the last edge is not followed by any straight
segment. The beginning and ending node of an axis are called its base and tip,
respectively. An axis with all its descendants (edges that can be reached from
the nodes within this axis) is called a branch.



2.3 Development as a parallel rewriting process

According to the theory of L-systems, plant development can be captured by
a set of productions that describe the fate of plant components over discrete
time intervals, beginning with an initial structure (the axiom) [24, 30]. In graph-
theoretic terms, a production replaces an edge of an axial tree, called the pro-
duction predecessor, by an axial subtree called the successor. In the simplest
case of development controlled by lineage [23, 32, 37], the suitable production is
identified by the label of its predecessor, which must match the label of the re-
placed edge in the tree. The successor is embedded into the resulting tree in such
a manner that the starting node of the predecessor edge is mapped to the base
of the successor axis, and the end node of the predecessor edge is mapped to the
tip of the successor axis. Productions replace all modules of the predecessor tree
in parallel derivation steps. This parallelism is intended to reflect simultaneous
progress of time in all parts of the modeled organism. For example, Figure 1
presents the development of a hypothetical compound leaf with two segment
types: the apices (thin lines) and the internodes (thick lines). The development
begins with a single apical segment and is modeled using two productions.
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Fig. 1. Productions of a sample L-systems and a sequence of derived structures
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2.4 The bracketed string notation

Within the theory of L-systems, axial trees are commonly specified as strings of
symbols (words) over the alphabet VU{[, ]}, where the bracket symbols [,] do not
belong to the set of component symbols V. A sequence of labels of consecutive
straight segments represents an axis. A matching pair of brackets [...] encloses
a branch. For example, let A and B be symbols from alphabet V, and w be
a properly bracketed string with symbols from V. The notation ... A[w]B...
means that B is the straight segment that follows A in the axis ... AB..., and
w is the lateral branch originating at the end node of A.



Every axial tree can be described by a well-formed bracketed string, and ev-
ery well-formed bracketed string describes an axial tree (¢f. [36]). Consequently,
bracketed string notation provides a convenient means for specifying an L-system
(the axiom and the set of productions) in a textual form. For example, the L-
system shown in Figure 1 can be written as

A
Ao I[+A|[-AJTA (1)
I 11

where A denotes an apex and I denotes an internode segment. Symbols + and
— indicate the directions of branching (to the left and to the right, respectively)
according to the turtle geometry paradigm [37].

2.5 Parametric L-systems

It is often necessary to characterize components of the modeled structure using
continuously valued parameters. For example, parameter values may represent
geometrical aspects of components, such as the length and diameter of an intern-
ode, relationships between components, such as the magnitude of a branching
angle, and physiological attributes of a component, such as its water content or
concentration of photosynthates. The association of numerical parameters with
L-system symbols was first described by Lindenmayer [21]. The cpfg language is
based on a formalization of this concept called parametric L-systems [11, 37].
Parametric L-systems operate on bracketed parametric strings, that is strings
of modules defined as symbols with the associated numerical (real-valued) pa-
rameters. The actual parameters that appear in parametric strings have their
counterparts in formal parameters that may appear in productions. For example,
a production that doubles length z of an internode I in every derivation step

may be written as
I(z) - I(2*x). (2)

The above concepts serve as the foundation of the cpfg modeling language,
described next.

3 The cpfg modeling language

3.1 Example of a simple cpfg model

A simple cpfg model can be specified by complementing the axiom (listed after
the keyword axiom) and productions of a parametric L-system with three state-
ments: 1system: label, endlsystem,and derivation length: length. The first
two statements delimit the L-system and assign a unique label to it; this makes it
possible to divide more complex models into several sub-L-systems (Section 3.5).
The remaining statement specifies the required derivation length. For example, a
cpfg model describing the development of the compound leaf shown in Figure 1
may be written as follows:



Model 1

#define growth_rate 2
lsystem: 1

derivation length: 5

axiom: A

A --> I(1D)[+AJ[-AJI(D)A
I(x) -—> I(growth_rate * x)
endlsystem

This model combines the basic structure of L-system (1) with the parametric
specification of internode elongation by production (2). The use of a parameter
makes it possible to avoid the exponential increase of the number of symbols
representing a growing internode, and makes it easy to modify the internode
growth rate. This is emphasized by the preprocessed #define statement, which
assigns a value to the growth rate constant.

3.2 Productions, variables, and statement blocks

Model 1 incorporates the simplest type of productions used in cpfg models, the
deterministic context-free productions. Cpfg also supports context-sensitive pro-
ductions [19, 23], which make it possible to capture a wide range of interactions
between components of a branching structure [32]. Overall, cpfg productions
have the following syntax [11]:

le<pred >rc: {a} cond { B} --> succ : probd. (3)

The terms lc, pred, rc, and succ are parametric strings denoting the left context,
the strict predecessor, the right context, and the successor of the production. The
strict predecessor must not be the empty string. It usually consists of a single
module, but may also include several modules. The strict predecessor and the
successor, separated by an arrow, are the only mandatory terms of a production;
all other terms and the separators related to them can be omitted.

Cpfg productions can be applied in a deterministic or stochastic fashion. In
the deterministic case, productions in the model are scanned in the order in
which they appear, and the first applicable production is used. In contrast, in
the stochastic case (indicated by the presence of prob expressions at the end
of production specifications) all applicable productions are found, and one of
them is selected at random. Specifically [32], if p;,, pi,, - - - , Di,,, are the applicable
productions, and m;, , m;,,. .., T, > 0 are the corresponding values of their prob
expressions, a production p;, will be selected with the probability
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The condition cond is a logical expression that guards the application of the

production (the production may only be applied when cond evaluates to true).
The term « is a block of statements that is executed before the evaluation of

P(p;,) = k=1,2,...,m. (4)



the condition cond. Similarly, 8 is a block of statements that is executed after
the condition evaluation, if the result is ¢true. The condition and the statement
blocks a and § are expressed using a syntax based on the C programming lan-
guage [16]. Arithmetic expressions may also be included in the successor specifi-
cation, where they define the parameter values assigned to the successor modules
as discussed in Section 2.5. The logical and arithmetic expressions may include
the usual logical operators (Boolean operations AND, OR, NOT, and compar-
isons of numerical values), arithmetic operators (addition, subtraction, multipli-
cation, division, remainder from integer division, and raising to a power), and
predefined functions. The supported functions include a selection of standard
mathematical functions (e.g. sin, atan, exp, floor, sign) and functions that
return pseudo-random values with given distributions (uniform, normal, beta).
In addition, the statement blocks may include assignments, if and if ... else
statements, while and do ... while loops, and C-like input-output functions
(printf, fopen, fclose, fprintf, fscanf).

The expressions and statements included in productions operate on formal
arguments listed in the production predecessor and context, local variables (in-
troduced in blocks « or 3, and with a scope limited to individual productions)
and global variables, which can be accessed by all productions. A global variable
must be initialized in one of the following statement blocks:

Start: {statements} (executed at the beginning of the simulation),
End: {statements} (executed at the end of the simulation),
StartEach: {statements} (executed at the beginning of each step),
EndEach: {statements} (executed at the end of each step).

The statement blocks may be specified in any order between the 1system and
axiom statements. In addition to global variables, the cpfg language also supports
globally defined arrays.

The use of these constructs is illustrated by the following model:

Model 2

#define dt 0.03 /* time increment */
#define t_max 1.0 /* maximum age of the apex */
lsystem: 1
Start: {fp = fopen("statistics", "w"); step=0;}
StartEach: {step=step+1l; n=0;}
EndEach: {fprintf(fp, "Step %f, number of apices %f\n", step, n);}
End: {fclose(fp);}
derivation length: 200
axiom: A(0)
/* pl: advance apex age until t_max */
A(t) : {t_new = t+dt;} t_new<t_max {n=n+1;} --> A(t_new)
/* p2: create new organs when t_max has been reached */
A(t) : {t_new = t+dt;} t_new>=t_max
{t_init = t_new-t_max; n=n+3;} ——>
I(t_init) [+A(t_init)] [-A(t_init)] I(t_init) A(t_init)



/* p3: advance internode age */
I(t) --> I(t+dt)
endlsystem

The Start statements open the output file statistics and initialize the
global variable step that will count derivation steps. The StartEach statements
increment the step variable at the beginning of each derivation step, and set to
zero a global variable n, used to count the total number of apices in the structure.
The resulting number is reported (appended to the file statistics) at the end
of each derivation step by the EndEach statement. Finally, the End statement
closes the file statistics at the end of simulation.

In contrast to Model 1, in which the time increment associated with a deriva-
tion step was an inherent feature of the model, in Model 2 the time increment
is controlled by a user-definable constant dt. According to production p1, the
age of an apex advances by the constant dt until the maximum age value t_max
has been reached. At that time the apex divides into several new modules, as
described by production p2. Since time advances by fixed increments dt, the age
t_new may actually exceed the maximum t_max, which is why the newly created
modules are assigned the initial age t_init = t_new - t_max by production p2.

The model makes use of global variables to collect the output data that
quantify the simulation results. Productions p1 and p2 increment the global
variable n by the number of created apices (1 and 3, respectively). Consequently,
variable n represents the total number of apices at the end of each derivation step.
The sequence of these values constitutes the numerical output of the simulation.

Strictly speaking, the use of global variables that can be changed by pro-
ductions is inconsistent with the parallel application of productions postulated
by the definition of L-systems. The reason is that different productions may at-
tempt to assign different values to the same variable at the same time [34]. We
address this problem at a conceptual level by assuming that the blocks of state-
ments associated with productions are executed as indivisible operations in an
arbitrary order. Thus, we use interleaving composition as a model of parallelism
when evaluating these blocks [25]. In practice, cpfg is implemented as a sequen-
tial program that applies productions one at a time (cf. [33, Appendix A]), thus
the assumption of indivisible execution of the statement blocks is automatically
satisfied.

3.3 Decomposition rules

As noted in Section 2.3, an L-system production such as A — BC states that
module A produces modules B and C over time. In the context of plant modeling
it is also convenient to have a construct for expressing another concept, namely
that a compound module A consists of (or can be decomposed into) modules
B and C. In cpfg, such structural relations are expressed using decomposition
rules. They have the same syntax as context-free productions described in the
previous section, but are preceded by the keyword decomposition in the cpfg



model. When decomposition rules are written outside a cpfg program, they are
indicated by symbol -d> used instead of —-> in the production specification.

A derivation step in a model with decomposition consists of the application
of productions, followed immediately by the application of decomposition rules.
In general, the decomposition rules can be applied recursively, as long as there
are modules that can be further decomposed. This possibility is illustrated by
the following variant of Model 2:

Model 3

#define dt 1.3 /* time increment */
#define t_max 1.0

1lsystem: 1

derivation length: 0

axiom: A(O)

A(t) --> A(t+dt)

I(t) -=-> I(t+dt)

decomposition

A(t) : t>=t_max {t_init = t-t_max;} --> M(t_init ) A(t_init)
M(t) --> I(t) [+A(t)] [-A(£)] I(®)

endlsystem

In Model 3, productions simply increment the age of apices A and internodes I
in each derivation step. The fate of an apex that has reached its maximum age
t_max is expressed by the decomposition rules. The first rule states that such
an apex will produce a compound structure M (a metamer [3]) and a younger
instance of the apex A. The second rule specifies that M consists of two internode
segments I, which support a pair of lateral apices A at their join point. Thus,
the description of the periodic activity of the apex has been separated from the
detailed description of the produced structure M. The first derivation step in
Model 3 is illustrated in Figure 2.

A(0)

A(1.3)

M(0.3)

10.3) [A(0.3) ] [A(0.3)]1(0.3)  A(0.3)

Fig. 2. Illustration of a derivation step with decomposition. The application of the
production (thick line) is followed by the application of decomposition rules (thin lines).

If the time increment dt is greater than t_max, the initial age t_init of the
newly produced apices may still be greater than t_max, resulting in a recursive



application of the decomposition rules. This recursion will eventually end, be-
cause the first decomposition rule reduces the age of new modules by t_max with
respect to the age of their parents. Thus, in addition to clarifying model specifi-
cation, decomposition rules make it possible to improve the models. Specifically,
Model 2 operates correctly only if dt < t_max, whereas Model 3 does not require
this assumption. The formal basis for advancing time by arbitrarily large steps
using recursively applied productions was introduced in [37] (timed L-systems).

The logical distinction between the relations “produced over time” and “be-
ing part of”, which underlies the distinction between productions and decom-
position rules in cpfg models, was formalized by Woodger and Tarski [41], and
reviewed by Lindenmayer [22]. The multi-level specification of plants, implicit in
the distinction between compound modules and their constituents, was analyzed
by Godin and Caraglio [8].

3.4 Interpretation rules

Using the terminology of [37], Models 1-3 are schematic: they only specify the
topology of the developing structures. Interpretation rules provide a mechanism
for complementing schematic models with the geometric information needed
for visualization purposes. The interpretation rules do not affect the sequence
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Fig. 3. Generation of a developmental sequence using a cpfg model with interpretation
rules. The progression of strings po, p1, p2, - - - results from the derivation steps =

defined by productions and decomposition rules. The interpretation rules N map
strings p; into the final strings v; that contain the graphical information.

of strings pg, p1, 2, ... derived by productions and decomposition rules, but
make it possible to replace modules in the derived strings by other modules or
sequences of modules (Figure 3), which may have a predefined graphical inter-
pretation. This concept was first applied to L-system-based plant modeling by
Kurth [17].)

In cpfg, the interpretation rules are specified using the same syntax as context-
free productions and decomposition rules, following the keyword homomorphism.
Considered in isolation, they are indicated by the symbol -h> used instead of
the -=> in the production specification. The keyword homomorphism reminds us
that, in the simplest case, the interpretation rules define a homomorphic im-
age [12, 39] of the string that has been generated using productions and decom-
position rules. In general, however, the interpretation rules extend the concept of



homomorphism, because they may operate on symbols with parameters, and can
be applied in hierarchical and recursive manners. In that sense, they resemble
decomposition rules.

For example, to visualize the structures generated by Models 2 or 3, one
could add the following lines before the end1system statement:

homomorphism
A(t) --> F(t/t_max) /* rule hl */
I(t) -—> F(0.5%2"(t/t_max)) /* rule h2 x/

These rules replace modules A(t) (the apices) and I(t) (the internodes) with the
modules F(x), which are interpretated as straight line segments of length x [37].
According to rule hi, the length of an apex increases linearly with the apex
age t and reaches 1 at the division time, t = t_max. According to rule h2, the
length of an internode will double over every interval t_max. Due to the constant
0.5, a pair of newly created internodes will have the same combined length as
the apex that created them. This guarantees that the leaf shape will change
continuously with time (the model will satisfy the C° continuity criterion [37]).
In conclusion, the interpretation rules make it possible to separate the logic
of developmental programs from model visualization. The resulting models are
more clearly organized and easier to understand than the models in which both
aspects of specification are interwoven.

3.5 Sub-L-systems

It is convenient to apply concepts of structural programming to plant model-
ing and allow the modeler to partition large models into relatively independent
parts. For example, a modeler may want to specify the overall development of a
plant branching structure separately from the development of individual plant
organs, such as leaves and inflorescences, then combine these specifications into a
comprehensive plant model. Such a structured approach increases the efficiency
of model design and makes it possible to reuse the same components in different
models.

The partition of a developmental model into components is conceptually more
difficult than the inclusion of predefined shapes into a static structure [10, 37],
since the components may undergo changes as time progresses. To support the
partitioning of developmental models, Hanan introduced the notion of sub-L-
systems [11]. Sub-L-systems can be compared to subroutines in that they are
invoked from the main L-system or other sub-L-systems to perform well defined,
encapsulated tasks. Unlike sub-routines in a sequential program, however, the
main-L-system and the sub-L-systems may be active at the same time. Thus,
decomposition of a developmental model into the main L-system and a set of
sub-L-systems preserves the parallel rewriting inherent in L-systems.

From the viewpoint of formal language theory, sub-L-systems are related
to continuous grammars [6], in which the L-system-like rewriting mechanism is

10



applied to subwords of the rewritten word. Sub-L-systems generalize this con-
cept by allowing productions from different sets to be applied simultaneously to
specific substrings of the rewritten string in any derivation step.

In the cpfg language, separate parts of a model are identified by the numerical
identifier id following the keyword 1system (cf. Section 3.1). The main L-system
is the first one in the model. To invoke a sub-L-system, the calling L-system
produces a pair of reserved modules $(id) and $, which delimit the substring
to be rewritten using productions of L-system id. These delimiters must occur
in matching pairs and may be nested within the string. The module with the
id parameter invokes the sub-L-system, while the module without parameters
returns control to the higher-level set of rules (Figure 4).

axiom
applying
main L-system
L $(idy) ... ..
applying applying /| applying
ain L-sys, Sub L-system id; // main L-system
$Gdy) ...$1) ... $...$ ... $(dy)...$...

applying applying main \\ sub main sub main
main L—system,//Sub L—system id,| | L-sys.\\L=Sys. id\\ L-system | [L=SyS. id)\\ L-sys.

Fig. 4. Example of a developmental sequence generated by an L-system with two
sub-L-systems

For example, the following schematic model makes use of the sub-L-system
mechanism to separate the development of a monopodial inflorescence [37] from
the development of the individual flowers.

Model 4

lsystem: 1 /* main L-system */
derivation length: 3

axiom: A /* initial string */
A > I[$(2)A3%]A /* production pl1l */
endlsystem

lsystem: 2 /* sub-L-system  */
derivation length: 1 /* ignored x/
axiom: ABC /* ignored */
A -->B /* production p21 */
B-->¢C /* production p21 */
endlsystem

11



This model generates the following sequence of parametric strings:

A

I[$(2)A8]1A
I[$(2)BSII[$(2)A3]A
I[$(2)CSIT[$(2)BSII[$(2)A$]AY

In each step, the production that is applied to an apex A depends on the sub-L-
system identified by the delimiters immediately enclosing it. Production p11 is
applied to the apex A at the right end of each string, creating an internode I, a
lateral branch incorporating the sub-L-system reference $(2) A$, and a new apex
A. Production p21 is applied to the module A appearing in the newly created
branch, producing a blossom B. In the next step, production p22 will transform
this blossoms into a fruit C. The axiom and the derivation length of the sub-L-
system do not affect the simulation, but are needed when the sub-L-system is
being developed and tested independently of the main L-system.

4 Evaluation and conclusions

Consecutive versions of cpfg and its predecessor pfg have been developed and
used over the last 15 years to support research in plant modeling, computer
graphics, and botany. This long life span of cpfg results, first of all, from the
soundness of the L-system theory that underlies its design. The L-system-based
modeling language described in this paper is the essential feature of cpfg and
provides the following benefits [28]:

— At the conceptual level, it facilitates the design, specification, documenta-
tion, and comparison of models.

— At the level of model implementation, it makes it possible to develop soft-
ware that can be reused in various models. Specifically, graphical capabilities
needed to visualize the models become a part of the modeling program (cpfg),
and do not have to be reimplemented.

— Finally, the language facilitates interactive experimentation with the models.

The cpfg modeling language incorporates many constructs that extend the
notion of L-systems as used in formal language theory. Global variables and C-
like functions make it possible to input experimental data to the models and
output simulation results for further statistical analysis. Decomposition, inter-
pretation rules, and sub-L-systems lead to conceptually clear and well structured
model specifications. These capabilities play an essential role in the applications
of cpfg to biological research and image synthesis.

The cpfg modeling language inherits the conciseness of the mathematical no-
tation of L-systems on which it is based. The user can specify simple models with
only a few lines of code, and modify them easily during experimentation. The
concise notation also emphasizes the conceptually intriguing database amplifi-
cation property inherent in many L-system models, i.e., the contrast between

12



the short specification of the models and the intricacy of the resulting structures
and behaviors [40].

Our experience with cpfg, and that of other users, has also highlighted short-
comings of the present cpfg language. To begin with, a down side of the concise
notation is that large cpfg models look cryptic. The challenge is thus to define
a more legible language based on L-systems. It should improve the clarity of
specification, documentation, and ease of maintenance of complex models, while
still allowing for compact specification of simple models. The first step towards
this goal might be the incorporation of additional constructs found in other
programming languages. The most needed ones appear to be: multi-letter mod-
ule type identifiers providing an alternative to one-letter symbols, user-definable
functions, and user-definable data structures that could be passed as parameters
to modules?. The data structures would eliminate the need for the long param-
eter lists that currently must be included in each reference to a cpfg module
with many parameters. This goal can also be achieved using name-value pairs,
as suggested by Borovikov [4].

The current format of production specification also could be improved. In
many models the same predecessor module yields different successors depending
on the context and the logical conditions that guard production application.
According to the cpfg syntax, specification of different successors requires the
use of separate productions. Thus, the same statement block a may have to be
specified and executed several times, separately for each production, in order to
provide arguments to different conditional expressions cond (¢f. Section 3.2). An
alternative is to introduce a more flexible production format that would allow for
the selection of one of several successors depending on the production’s context
and conditions. A sample production syntax satisfying that requirement was
proposed by Hammel [9].

The impact of using the bracketed string notation to specify productions op-
erating on axial trees should also be re-examined. For example, strings A[B][C]D
and A[C][B]D represent the same tree, yet the context-sensitive production
A > [B] - X will only apply to the first representation. Ideally, the result
of production application should not depend on the form of the string represent-
ing a given tree. Furthermore, an axial tree may have an indeterminate number
of branches attached to the same node, but the bracketed string notation only
makes it possible to specify a finite number of them as a production context.
Consequently, concepts such as “a signal coming from any branch” or “signals
coming from all branches” cannot be expressed, at present. One approach to ad-
dress these problems may be to consider the rewriting of trees as a special case of
a graph rewriting mechanism rather than a generalization of string rewriting, and
examine the notions of graph L-systems [5, 29] and parallel graph grammars [7]
as a possible foundation of an alternative plant modeling language.

Apart from the practically motivated improvements to the cpfg language,
an interesting problem is the characterization of L-system-based languages in

2 Multi-letter module names and simple function definitions can be introduced in the
current cpfg models using a macro preprocessor.
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relation to other programming languages. Two of the observed relations are
listed below.

— A production, for instance F'(z) — F(2xx), can be read as follows: “If a mod-

ule is of type F' and the value of its parameter is x, then it will be replaced by
a module of the same type F', with the parameter value multiplied by two.”
Thus, a production is a declarative statement, and a cpfg model consists of a
set of such statements. This relates the cpfg language to the declarative style
of programming found, in particular, in logic programming languages. The
relation between L-systems and declarative programming was first studied
by Lewis, and led to a concise implementation of the L-system derivation
mechanism in Prolog [18]. The declarative aspects of L-system models still
require an in-depth analysis.

An L-system derivation step captures time advancement by some interval.
The time component inherent in production application relates L-systems
to simulation languages. This relation was partially explored by Hogeweg
[13, 14] and Hammel [9], who implemented L-system models in Simula.

Over the years, the notion of L-systems led to the development of an entire

branch of formal language theory, and became an inherent component of archi-
tectural plant modeling. We expect that further research will lead to an improved
design of practical plant modeling languages based on L-systems, and a better
understanding of the place of L-systems in programming language theory.
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