                             Simultaneous Effects of the Environment and the Tropism

                                                                                                               to the Growth of a Tree

Ladislav Kov ács

                                                                                                e - mail : Ladislav.Kovacs@st.fmph.uniba.sk

                                                                        Department of Computer Graphics and Image Processing

                                                                                                            Faculty of Mathematics and Physics

Comenius University

Bratis lava / Slovakia

Abstract

The goal of this work is to extend Lindenmayer systems in a manner suitable for simulating the

interaction between a  developing plant and its environment. Our tree - like model will consider two

kind of interactions: a  tree´s respo nse, growing outside or inside of a sphere, to the collision with

the  sphere and a  tropism which will cause that the branches tend to grow on the surface of the

sphere. The extension of the environment is also presented as a  generalization of the algorithm .

Keywords
                                          : L - systems, turtle geometry, environmentally - sensitive extension of L - systems,

tropism

1.  Introduction

          Since a  biologist, Aristid Lindenmayer, has proposed the formalizm of Lindenmayer systems,  in

short L - systems , as a  general framework for pla nt development, a  various kind of extension of

L - systems has been arisen. Some of these, such as table L - systems, are able to model environmental

factors and others, for example environmentally - sensitive L - systems and open L - systems, are

capable of b i - directional simulation of interaction between a plant and its environment as it is

showed in [5].

          In our model environment will be represented as a  sphere, so information exchange will consists

of  the reception of information about this sphere and the generation of the response in the form of

growth changes, e.g. changes the direction of branches. In addition to this, our sphere is considered

as a  special solid, which acts as follows :

             ·  If the tree grows inside of the sphere then the whole surface of the  sphere is considered  to

                         be made of glass, so branches tend to grow out of the sphere in order to obtain the utmost

                         light. This response to light is also called phototropism .

             ·  If the tree grows outside of the tree, the sphere acts as a  thermo - light - source , therefore

                         branches try to wreathe the whole sphere. This phenomenon is  known as thermotropism .

2.  Basic Notions and Branching Structures

2.1  L - systems

          We will use L - systems to generate our tree - like structures. There are known a  lot of books about
these sys tems, see [1] for more information and exact definitions, so let us just briefly introduce

them through some frequently used expressions.

          The central notion of L - systems is the concept of rewriting. The basic strength of rewriting lies

in the ability to d efine complex object by successively replacing parts of a  simple initial object

using a  set of rewriting rules  or productions . Productions are applied in parallel ,  with all letters

being rewritten simultaneously in a  given word , since development of plants  takes place

simultaneously in all parts of an organism.

          A production consists of two strings -  the predecessor  and successor . When the production is

applied to the string, the predecessor is compared against each symbol of the string. The successor

repla ces the symbol in the string if the symbol matches the predecessor.

          In the process of string rewriting the string keeps growing in length and all the patterns of the old

strings are preserved in some way. The number of times a string is rewritten is called  depth  or

derivation step . The first derivation starts by applying the production rules to the axiom  as the

current string. The successive strings are generated with the previous strings as the input, and then

productions rewrite the strings. Simple axioms  and rules produce strings with more and more

complicated patterns, even complicated enough to mimic nature’s growing process.

2.2  Turtle Graphics

          Strings generated by L - systems may be interpreted geometrically in many ways. We use an

interpretation introduc ed by Szilard and Quinton and extended by Prusinkiewicz and Hanan which

is based on the LOGO - style turtle, where the movements of the turtle is controlled in accordance

with the meanings of generated string.

2.2.1  3D Turtle Graphics

          After a  string has been gen erated by an L - system, it is scanned sequentially form left to right,

and the consecutive symbols are interpreted in accordance with their geometric meanings. In 3D the

state of the turtle is defined by its position and its heading vector. Let us consider letters which are

interpreted by the turtle in 3D:

                    F   : move forward a  step of length defined during the interpretation and draw a  defined object

from the original to the new position of the turtle.

                    f   : move forward a  step  of length defined during the interpretation without drawing an object.

The turtle acts as in the previous case, but there won´t be drawn an object  between the new and the

original positions.

                    +   : Turn right by angle defined in adva nce.

                    -    : Turn left by angle given in advance.

                    [  : Push the current state of the turtle (position, orientation, width and length of objects being

drawn, as well as other attributes, such as color ) onto a  pushdown stack.

                    ]   : Pop a  state from the stack  and make it the current state of the turtle. No object is drawn,

although in general the position and orientation of the turtle are changed.

          We have to take into account, that trees are perhaps the strongest structures in living nature, so

our models hav e to be continue enough at any branching point. In order to achieve  the continuity of

direction at fixed point, an interpolating cubic spline will be used to draw the branches of a tree.

According to the notations gi ven in the figure below we can define the following expressions:

                                                                                  Figure 2.1: Notations in reference to the n th branch

·  Branch ˘  an object represented by the  symbol F , which causes the turtle draw;

·  Base (starting) point of the nth branch

( )

b

B  ˘  a  state of the turtle just before the symbol F  starts

            to draw the nth branch;

·  Top (end ) point of the n - the branch

( )

b

T  ˘  a state of the turtle after the interpretation of the nth

            branch;

·  Orientation of the nth branch )(

                                                                                                                        ®

b

                                                                                                                      O  ˘  the orientation of the turtle during the interpretation of the

            nth branch;

·  Length of the nth branch (l) ˘  the distance between the start and top points of the nth branch;

·  Width of the nth branch (r) ˘  a positive real number ;

·  Child branch(es) of the nth branch (child) ˘  branch(es) which starting point(s) is (are) the same

            as the top point of the nth branch;

·  Parent branch of the nth branch (parent) ˘  the branch which child branch is the nth branch;

·  Parent direction of the nth branch )(

®

p

O  ˘  the orientation of the turtle during the interpretation

            of a  parent branch; it is used in space model along with a  divergence angle.

         Our symbols are useful to describe the representation of a  branch with a  spline. All branches,

except the fi rst one being created, is represented as a  cubic spline segment of a  form:

       ( )
                                                                                                        3

                                                                            2
                                                                                                    u

                                                                                        d

                                                                       u

                                                             c

                                                u

                                      b

                         a

          u

 Q *+

                                                                  *

                                                      +

                                           *

                               +

                   = , 1,0Îu , 3,,, Rdcba Î . For the nth branch the spline segment

satisfies the following symbolic conditions:

( )

b

B

Q =

0 ,

( )

b

T

Q =

1 ,

( )

®
=

¢
p

O

Q 0  and

( )

®
=

¢
b

O

Q 1 . By

means of these formulas parameters a , b , c  and d  of the cubic spline segment Q could be expressed

as follows:
                                                          b

                                                     B

                                       a = ,

                                                                                  ®
                                                                         =
                                                                                      p

                                                                                O

                                                                   b ,

                                                                                                                        ( )

®

®
-

*

-

-

                                                                                                        =
b
p
b
b

O

O

S

T

                                                                                                  c 2

                                                                                                                   *

                                                                                                              3  and

( )

®

®
+

+

-

*

=
b
p
b
b

O

O

T

S
d 2 .

Let ),,,

                   ( v

                                      s

                               r

                      C

               c

                                      ®
                                                     is a parametric form of a  circle having its centre in the point C  with a  radius r  and

being located in a normal plane of a

®

s  vector. A  wire - frame model of a branch w ill be represented

by solid

                                          ( ) ( ) ( ) ( )

                                                                       ( )

v
r
u
u

                                                                                                                r

                                                                                                      u

                                                                                            Q

                                                                                  u

                                                                         Q

                                                                   c

                                                    v

                                             u

                                  M
p

,

1

                                                                                                             ,

                                                                                         ,

                                                 , *-+*

                                                                                                  ¢
                                                             = , where 1,0Îu , p2,0Îv  and
p
r is the

5.2  The Growth of a  Plan t Inside of the Sphere

             If the tree grows inside of the sphere we could also use all the rules written above with some

modification: We have to re - locate the branches if their top points are outside of the sphere and the

tropism is taking into account when  all points of any branch is inside of the sphere. In this case the

vector controller´s strength is counted as RLfv /=  and the controller´s vector is a  vector BP -

(see figure 5.4), where the point P  is a  common point of the sphere´s surface and the vector

ForceDir .

5.3  Extension of the Environment

          Environment represented so far consists only of the sphere which is situated in the vicinity of

a  tree. This very simple situation could be easily extended by adding another s phere to the existing

one. This new sphere has also an affect to the  tree as the first one. In this extension there is

a  possibility to set the strengths of the attraction forces of the spheres separately. These strengths

are combined with the distance bet ween the tree and the spheres according the formula described

later in this section. These strengths are denoted as TropismStrength  and SecTropismStrength  and

are chosen from the interval 1,0 , where 0  denotes that the given sphere has n o effect to the tree

and the sphere has a  maximum affect to the tree when 1  is  chosen from the interval.

                                                                                         Figure 5.5:  Re - location of the tip of the branch.

           At first we describe the whole re - location process, which can be used in the case when the

environ ment is represented with two spheres, if all points of the line segment representing the

branch is outside of the spheres. It is assumed that the two spheres doesn´t intersect each other.

          The location and the radius of the first sphere is noted as ),(

1

1

R

S

S

S = , where S  is the centre and

R  is  the radius of this sphere; ),(

2

                                                                                                                 2

SecR

SecS

S

                                                                                                            S =  denotes the second sphere, where SecS  is the

centre and SecR  is  the radius of this sphere. Spheres are given as an input data. If we refer to the

figure 5. 5 the following notations can be written down:  B  ˘  the base point of a  branch,   T  ˘  the

original top point of a  branch, T´ ˘  the new top of a  branch, RTSdL -= ),( ,

                                                                      SecR

                                                      T

                                   SecS

                           d

 SecL -

                    = )
                                                   ,

                                ( .

          The first controller´s vector is a  vector TS
ForceDir -

=
:  and the second one is the  vector

                                                                               T

                                                       SecS

                                         r

 SecForceDi -

                                                =
                                              : . If we take into account the affects of the spheres to the point T,  which

has to be re - located, and the distances of the spheres from this point then two points F  and SecF  can

be symbolic ally counted as follows:

)

(

2 T

S
ength

TropismStr

                                                                                                                        T

                                                                                                         F

L -
*

*

+

                                                                                                                  =

-

)

(

2 T

SecS

Strength

SecTropism

                                                                                                            T

                                                                                  SecF

SecL
-

*

*

                                                                                                                   +

                                                                                                      =

-

.

          Vectors T

                                         F -  and T
                                                                                SecF -  are the new controllers´ vectors, but we need only points F  and

SecF  in this re - location process. Values

L

-

2  and

SecL

-

2  decrease with increasing L  and  SecL

respectively, so the sphere has as smaller affect to the branch as it is located further from the sphere.

          The C  point is the centroid of the triangle given with the vertexes F , SecF a nd T . This point C is

the reference point of the vector BC
TemDir -

=: . The original direction of the branch is

                                                              B

                                                T

 BranchDir -

                                          =
                                        : . The new direction of the branch is counted as

                                                                                                 BranchDir

                                                               TemDir

                                               ir

  NewBranchD +

                                                        =
                                                      : . The new top point of the branch can be easily determined

using this vector as follows: T´ ir

NewBranchD
ht

BranchLeng

T *

+

                                                                                                                    =: , where NewBranchDir is

assumed to be an unit vector and BranchLength is the length of the branch.

          If any point of the branch is in any sphere then at first we determine the sphere w ith which the

branch has intersection and the relocation after that is accomplished as it is fully described in the

part 5.1.

6.  Results

          In this section some pictures are presented which were generated using our algorithm.

          The extension of the environment is captured in the first picture of this capture. The spheres´s

location, radii and the strengths of their attraction forces are chosen to be different.

                                                                                                 Figure 6.1: The extension of the environment

In the figure 6.2 the tropism affects to the tree from  the beginning of the growth of the tree. It can

be noticed that due to the tropism the branches of the tree are always located near to the surface of

the sphere. Figure 6.3 shows a  tree which grow inside of the sphere. We can see that the tree starts
to g row outside of the sphere, but after its first branch get into the sphere all the branches remain

their positions inside of the sphere.

                  Figure 6.2: Outside of the sphere.           Figure 6.3: Inside of the sphere.

7.  Conclusion and Futur e Work

          In this paper we presented an algorithm which could be used to the simulation of the tree´s

response, growing outside or inside of a sphere, to the collision with the  sphere and the  tropism. We

presented the environment with the sphere and we assum ed the sphere to be a  special object in this

environment which causes the tropism. The tree is tend to reach our sphere under any circumstances

because of the tropism, so to speak the sphere drags the branches towards itself.

          The implementation and the r esult of this algorithm is the main theme of my diploma thesis. The

future work will include solving the situations when the environment is represented with another

sort of objects and leaves, flowers and fruits could be also added to the tree - models gener ated also

by L - systems.

References

[1]  Przemyslaw Prusinkiewicz, James Hanah: Lindenmayer systems, fractals and plants , vol.

             79 of Lecture notes in biomathematics, Springer verlag, Berlin 1989

[2]  Masaki Aono, Tosiyasu L. Kunii: Botanical Tree Image Generation, IEEE Computer Graphics

             & Applications, May1984, pp. 10 - 33

[3]  Norbert Filip: Modelovanie stromov pomocou L - systémov, Diploma Thesis, MFF UK

             Bratislava 1993

[4]  (�5XåLFNê�$�)HUNR�3RþtWDþRYi�JUDILND�D  spracovanie obrazu, Sapienta 1995

[5]  Radom tU�0 � FK�DQG�3U]HP\VODZ�3UXVLQNLHZLF]�9LVXDO�0RGHOV�RI�3ODQWV�,QWHUDFWLQJ�ZLWK�WKHLU�

             Environment. Proceedings of SIGGRAPH ´98, pages 48 - 61, ACM SIGGRAPH, 1998

[6]  Katharine Esau : Plant Anatomy, John Wiley & Sons, Inc., 1965