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Modeling of Trees



| Models of Trees i

e Long history of computer simulation of branching.
o Interactions between elements and environment.
e Inferactions leads to more complex models.

o Tree segments are straight and their girth is not considered.

o A mother segment produces two daughter segments
through one branching process.

e The lengths of the two daughter segments are shortened
by constant ratios, r, and r,, with respect to the mother
segment.

o The mother segment and its two daughter segments are
contained in the same branch.

e Extended to capture impact of wind and gravity.

e Models rendeded by straight lines leads to “tree skeleton”
images.

¢ Realistic synthetic images of frees are rendered by curves,
surfaces and textures.
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| L-system Tree Example i

Figure: Organic architecture by Greene
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http://algorithmicbotany.org/papers/abop/abop.pdf

| L-system Tree Example i

TN i ana

Figure: Acer graphics by Bloomenthal
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| L-system Tree Example i

Figure: A forest scene by Reeves, 1984 Pixar
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| L-system Tree Example i

Figure: Oil palm tree canopy from CIRAD Modelisation Laboratory
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| Impact of Discrete Time i

For example, given a clock signal, a bud can either:

Transformation of a bud

¢ do nothing.
e become a flower,

e become an internode terminated by a new straight apex
and one or more lateral apices subtended by leaves,

o die and disappear.

o These events occur according to stochastic laws.

o Geometric parameters (length, diameter, branching
angles) are also calculated according to stochastic laws.

o Stochastic rules must describe the entire confiuration of
plant that can be formed over a one-year period.
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| One L-system, Many Models i

Figure: Tree-like structures of Honda generated by L-systems
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| One L-system, Many Models

n =10

#define ry 0.9
#define r, 0.6
#define a, 45
#define a, 45
#define d 137.5

/*
/*
VES
/%
VES

#define w, 0.707 /x

A (1:1.0)

pr: AQL,w) ik —
pa: B(1l,w) : % —
p3: C(Ll,w) : % —

contraction ratio for the trumnk */
contraction ratio for branches */
branching angle from the trunk */
branching angle for lateral axes #*/
divergence angle #*/

width decrease rate */

V) F (L) [&8(ap) Bk, wrw, )1/ () A(Ll*r, ,whw,)
V(w)F(L) [-(ap) $C(L*ry ,wrw, ) 1C(1*ry ,wxw,)
V(w)F(L) [+(az) $B(L*r, ,wiw,) 1B(1%r, ,wHw,)

Figure: Tree-like structures of Honda generated by L-systems
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| One L-system, Many Models i

Figure: Tree-like structures of Aono and Kunii generated using L-systems
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| One L-system, Many Models i

n =10
#define r,

0.9 /* contraction ratiec 1 */
ttdefine r; 0.7

1

6

/* contraction ratio 2 x/
#define a; 10 /* branching angle 1 */
#define a, 60 /* branching angle 2 */
#define w, 0.707 /* width decrease rate */

w : A(1,10)

pro: AQLw) i x— 1(w)F(L) [&(a )B(1*ry ,w*w, )]
/(180) [&(ap) B(1*r,y ,w*u,) ]

p2 : BQ,w) :*x—= ! (w)F(Q) [+(a;)$B(1*r,, wrw, ) ]
[-(a;) 8B (1*ry, ww,) ]

Figure: Tree-like structures of Aono and Kunii generated using L-systems
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| Ternary Branching |

e So far: all segments are final length, no further elongation
OCCuUrs.

o Now: new segments of constant length and increasing the
lengths of previously created segments.
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| One L-system, Many Models i

#define
#define
#define
#define
#tdefine

w '(1)F(200)/(4~5)A

P A

p2 ¢ FQ) :
ps ¢ (W)

d. 94.74

d, 132.63

a 18.95

1y
Vr

1.108
1.732

Ve
VES
Ve
VES
VEs

divergence angle 1 */
divergence angle 2 */
branching angle =/
slongation rate =/
width increase rate */

— (v, )F(50) [&(a)F (50)A]/(d,)

[&(a)F(B0)A]/(d;) [&(a)F(E0)A]
x— F(1%1,)
*— | (wHvg)

Figure: Tree-like structures of Aono and Kunii generated using L-systems
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| 3D Tree-like Structure Example

Figure: Medicine Lake by Musgrave et al.
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| 3D Tree-like Structure Example i

Figure: A surredlistic elevator
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Models of Plants



| Models of Plants i

L-systems as a plant modeling tool.

Generation of complex-looking objects from very small
number of productions.

Specification of L-systems is not a trivial task.

General approach is needed to model the large variety of
developmental patterns and structures found in nature.

Methodology is based on the simulation of the
development of real plants.
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| Developmental Process i

o Emphasis on the space-time relation between plant parts.
e Organs in various stages of development can be observed at
the same time.
e For example, some flowers may still be in the bud stage,
others may be fully developed, and sfill others may have
been transformed into fruits.

¢ Inherent capability of growth simulation.

¢ The mathematical model can be used to generate
biologically correct images of plants at diferent ages and to
create sequences of images illustrating plant development in
time.
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| Three Levels of Model Specification i

© Partial L-systems: The most abstract level, based on
OL-system, define the possibilities within which structures
may develop.

@® L-system Schemata: Topology of individual plants and
temporal aspects of their development. Interesting from a
biological point of view.

® Complete L-systems: Geometric apsects, growth rates of
infernodes, the values of branching angles, and the
appearance of organs.
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| Growing Plant Example i

®
p1: a — I[L]a = I[L]A I[L]a I[L]a
pp:oa—ILlA - JLK  ILILA  I[L]]L]a
ps: A—K —~ ILIK I[LI[L|K ILI[L)I[L]A
e ILI[LK I[L]I[L]I[L]K
| — IL\I[LI[LIK
=]

Figure: Growing plant

o Symbol a represents vegetative apex, A represents
flowering apex.

o At each step a has a choice of forming either leaf L,
infernode | and new apex a, or fransfroming into a
flowering apex A with flower K.
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| Control Mechanisms in Plants i

o A partial L-system does not specify the moments in which
developmental switches occur.

¢ The timing of these switches is specified at the level of
L-system schemata, which incorporate mechanisms that
control plant development.

Possibilities
o Stochastic mechanism
o The effect of environment
e Delay mechanism
o Accumulation of components
o Development controlled by a signal
Details can be found in the book Algorimic Beauty of Plants.

Procedural Modeling and L-systems | 22/1



| Complete models

#define T, 7
#define T, 9
#define Ty &

/= developmental switch time */
/* leaf growth limit */
/* flower growth limit */

#include L(0),L(1),...,L(Ty) /* leaf shapes */
#include K(0),K(1),...,K(Tg) /* flower shapes */

w a(1)

p ¢ aflt) t<T, — F(1)[&(30)~L(0)]1/(137.5)a(t+1)
pe @ alt) t=T, — F(20)A

ps A * —  ~K(0)

Pa i (L) t<T, — L(t+1)

ps o K(t) t<Tg — K(t+1)

Peiii SE(1D) 1<2 — F(1+0.2)

Figure: Crocuses
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| Complete models

Figure: Crocuses
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| Examples of Inorescences |l n

N

(IR .)4'
La — I[L]ﬂ.

moeZils

m: A — [KA A\/‘

Pyt A = IIKA
P Ky — Ky,

Figure: Lily-of-the-valley
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| More Examples

Figure: Development of Capsella bursa-pastoris.
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| More Examples

Figure: Apple twig
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| More Examples i

L ]
| »
Yo :;[
J e
wee 4 .S
p: oa—=I[la
pa: a — I[LJA
pa: A—I[L|[bA
po: A—=I[LHB
ps: b — I[L}b
pe: b —I[LIB
pr: B—=IK|B
r— —
"" -~

Figure: Dibotryoids
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| More Examples i

Figure: A mint
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| More Examples

Figure: Development of Lychnis coronaria
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| More Examples

Figure: Mycelis model
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| More Examples i

Figure: The garden of L
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| Models of Leaves i

o Predefined surfaces
o Standard computer graphics method.
e But predefined surfaces do not grow.
o It is necessary to provide a mechanism for changing the
shape as well as the size of surfaces in time.
¢ To trace surface boundaries using the turtle and fill the
resulting polygons.

W B
pr: L—={-FX+X—-FX—-|-FX+X+FX}
pa: X —= FX

Production p; defines leaf L as a closed planar polygon. The
braces { and } indicate that this polygon should be filled.
Production p, increases the lengths of its edges linearly.
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| Example of filled polygon il

Figure: Maraldi figure by Greene
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| Example of filled polygon i

Figure: The fern
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| Models of Leaves i

o Filled polygons are efective only in the case of small, flat
surfaces.

e In other cases it is more convenient to generate framework.

e Polygon vertices are specified by turtle positions marked by
the dot symbol (.).

e The lefter G indicates that the segments enclosed in the
braces should not be interpreted as the edges.
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| Surface as Framework Example i

4 12
a b
9,10
3 5
6,7
2 6
1 7 1,2,3,4,58,11
Starting point Starting point

a{[+++G . II+GG |[+GGG , IGGGGG , GGG |-GG . |-G . I}
b [+[+[+[+A{.].C.}{.].GC.}{.].GGC.}{.].GGGC.}
1 2 3 4 5 [ 7 8 9 10 11 12

Figure: Surface specification using a tree structure as a framework
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| Surface as Framework Example | i

{
p : B — [-B{.].
pp: C— GC

Figure: Developmental sequence of a cordate leaf



http://algorithmicbotany.org/papers/abop/abop.pdf

| Surface as Framework Example i

n=20, 4=60°

#define LA 5 /* initial length - main segment */
#tdefine RA 1 /* growth rate - main segment */
#define LB 1 /* initial length - lateral segment */
#define RB 1 /* growth rate - lateral segment */
#define PD 1 /* growth potential decrement */

w + {.A(®}

py o ACE) S — G(LA,RA) [-B(t). 1 [ACt+1) ] [+B(t).]
pa t B(®) ¢+ t>0 — G(LB,RB)B(t-PD)

ps ¢ G(s,xr) : * — G(s*r,r)

Figure: A Family of simple leaves generated using a parametric
L-system
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| Surface as Framework Example |

Figure: A rose in a vase
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Models of Leaves



| Usage of L-systems i

L-systems are used particularly for modeling plants and frees,
river flows, seashells, buildings. road network in the virtual city,
etc.

Benefits of L-systems

¢ As a generadl principle, L-systems based on a very small
amount of input data creates relatively complex structures.

¢ The ability to choose the number of iteration causes
different level of details of the model.

e Parallel rewriting of the strings simulates parallel
development of the parts of object.

o Each sentential form represents the state of a object in
certain discrete time.

¢ The state of an object in the following fime can be obtain
in one step, thus L-systems are useful for animation of
development.
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| Aplications of L-systems i

¢ Plant development modeling.

¢ Modeling of interaction between plant and an
environment. The inferaction is importatnt for modeling
ecosystems, garden architecture, efc.

o Ecosystemn modeling. Ecosystem is selfregulating society of
plants and animals, which mulually interact. Models for
garden architecture, simulation the impact of cut the frees,
scenes for virtual reality, flight simulators, etc.

o Architecture modeling.
o Computer art.
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| Another plant development example

Plant development

productions

Figure: cobweb.ecn.purdue.edu
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| Simple ecosystem model i

Procedural Modeling and L-systems | 46/1


http://cobweb.ecn.purdue.edu/~ebertd/635/Sp99/notes/c14_modeling.html

| Simple ecosystem model i
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| Computer Art Example

Figure: www.donrelyea.com
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http://www.donrelyea.com/lsystem/flower_vine_big.jpg

| Various types of frees Example

Figure: www-ui.is.s.u-fokyo.ac.jp
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| Examples of plant models i

Figure: www.biota.org
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http://www.biota.org/papers/ngalife.htm

| Mathematical Garden Example |

Figure: www.nada.kth.se
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http://www.nada.kth.se/~asa/bilder/mathgarden.jpg

| Compouter Art and L-systems i

Figure: www.cs.washington.edu
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| Computer Art adn L-systems i

Figure: www.rockabit.com
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| Example of plant development i

Figure: clausneergaard.files.wordpress.com
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| Example of plant development i

Figure: clausneergaard.files.wordpress.com
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| Example of plant development i

Figure: clausneergaard.files.wordpress.com
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| Example of plant development i

Figure: clausneergaard.files.wordpress.com
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| Procedural modeling of cities i

o Recently, L-systems are used for modeling of streets,
buildings and cities.

e For this purposes, modification of L-system was infroduced,
so cadlled self-sensitive L-systems.

e The main reason: to allow for spatial boundaries without
increasing the complexity of L-systems.

¢ Note the differences between CAD modeling and
Procedural modeling.

Main concepts for modeling the cities
« Spatial object division: A — div(axe, sizes){modules}
o Cyclic division: A — repeat(axe, size){module}
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| Scripting 3D Buildings i

Figure: www.procedural.com
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http://www.procedural.com/cityengine/features.html

| Parametric Modeling of 3D Buildings m

Fie Edit Window Graph Initial Shapes Help

nel Mo aa B
W Viewport £ [ Ingpector 51 =8
TwistedCiy.cej Lot 312
Iinmediate Made
Name: Lot 312
vu: EB50000-001-c087-2953 6163b0eb1
Ruie it twistedbuidings.cga
Sees s
Shapesymbok Lot
Vettices
x Y z
e 00 s
0485606 00 s
2153185 00 1e2se
0516687 00 &%
Source Attrbute Volue
Rules cresteTertures true
Rules fscrreight FE=>]
Rules FocrSetback o
Rules getTedue L
Rules gueyTonekoof oneosx
Rules groundFloorHeight ss2187
Rules nleors ‘
Rules fndomTomifactor 0
Valve rotation 0
Rules toned oszETs
Rules tenes 06150
Rules tonekt osiEs
& 03 e BMerdem (@ 59| iamB

Figure: www.procedural.com
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| Parametric Modeling of 3D Streets i

File fdt Window Graph Initial Shapes Help

e Min & Q& B 3

I 2 T nspestar =8
Suea 5362

[ Immediste Mode
Street 9352 |
10c0000-001d-<087-7d60-TeSfbA3311d|
steetsd7 cga |
661935 |
steet |

0 z
s a0
Jouses 21T
3068 2456514
WM IS W

Source Attibute Velue
Lop 1 |
anawpercentige 100 |
crossmalkiidth 3 |
lampDistance u
lampsbercentage &
lanelidth ‘.
lnecteit 0
lancsfight 30
meianwidth 0
sidewaliHeight 0
sidenaBropipese 1000
aficlghtberc 0

129016
b
i

o} idle FreeMe 16Met3sem |

Figure: www.procedural.com
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| Map-Controlled City Modeling i

Figure: www.procedural.com
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| Batch Export of 3D Models i

L CCEo-vwotm w0

Figure: www.procedural.com
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase

Procedural Modeling and L-systems | 70/1


http://www.procedural.com/showcase/image-gallery/image-gallery-html.html

| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i
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Figure: www.procedural.com/showcase
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Models Example

[gle

Id

| Bu

o
(72}
o]
0
3
0
e
w
~~
S
o]
Q
I
]
D
o]
0
Q
a
3
3
3
o
i)
i)
L

73/1

Procedural Modeling and L-systems


http://www.procedural.com/showcase/image-gallery/image-gallery-html.html

| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example
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Figure: www.procedural.com/showcase
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| Building Models Example i

Figure: www.procedural.com/showcase
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| Building Models Example |

Figure: www.procedural.com/showcase
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| Building Models Example

Figure: www.procedural.com/showcase
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| Building Models Example i

1l

Figure: www.procedural.com/showcase
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