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Figure 1: This example demonstrates the need for urban ecosysterasm@e in a) shows a terrain occupied by a wild ecosystem and
b) displays the same ecosystem grown over the city layoerenthe vegetation invades all areas and attempts to fill teatirely and the
ecosystem is chaotic with no control. The image c) shows &maged urban ecosystem that has areas with wild plant growtlalso areas

controlled by our plant management system.

Abstract

We address the open problem of spatial distribution of \atget
in urban environments by introducing a user-guided sinriand
procedural system for integrating plants into the intevaatesign
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1 Introduction

process of 3D urban models. Our approach uses as input 3D ge-ye present an interactive procedural system for integgailants

ometry of an urban layout from which it infers initial coridits
and parameters of procedural rules. A level of managepislital-
culated for each area of the urban space. The manageability |
defines the amount of influence between the wild ecosystem-sim
lation, where the plants compete for resources and sedg, fapel
the managed ecosystem, where nearly no seeding is allowidtian
plants grow only under well-defined conditions. The wild &
tems are handled by a simulation of plant competition fooueses,
whereas the procedural generation is based on an exparsddloe
behavioral rules of owners and typical plant management.s@s+
tem provides an interactive semi-automatic method to tatewa
spatial plant distribution and to create an urban model pitimts
covering an area of several square kilometers in less thanwaen

It provides a high degree of controllability and works tightith

an urban simulation system. We show various examples, ssich a
plant development over time in managed and unmanaged afeas,
fect of procedural rules on the plant distribution, and tfiec¢ of
changing the level of manageability and the plant distidsut
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into the design process of 3D urban models. Currently, in BD u
ban modeling vegetation is generally not the main focuspite#
serving as an important visual cue and a necessary backdyrdiun
plant models (i.e., trees and bushes), and their arrangearemot
generated with proper quality, they can rapidly trigger anted
attention and cause severe visual disruption. A variety ethods
exist for plant generation that range from the modeling divildual
plant organs to large plant populations. Nonethelesst phaalel-
ing is very complex and thus their use in an interactive miadel
process is not common.

Several methodologies have separately been proposecdefarat-
eling of urban areas and for the modeling of plants. On the
one hand, urban modeling algorithms exploit procedurah-tec
niques [Merrell and Manocha 2008; Miller et al. 2006; Hadad
Muller 2001], integrate with urban simulation processasaga

et al. 2008a; Vanegas et al. 2009a; Vanegas et al. 2009bkeor u




example-based synthesis [Aliaga et al. 2008b; Merrell 2aDare-
ate models of entire cities. Further, various individugdesss of ur-
ban model authoring have been also addressed in more deiztil,
as facades [Muller et al. 2007], road generation [Galiale2010],
and even tourist maps [Grabler et al. 2008]. On the other hand
various technigues and algorithms for the generation ofyszo
tems have also been published. In addition to various proetd
technigques based on L-systems [Prusinkiewicz and Lindgama
1990], one of the most interesting is an automatic spataitydis-
tribution algorithm based on plant competition for resesrfl ane
and Prusinkiewicz 2002]. The algorithm populates largaseith
widely distributed plants of different species [Deusseale1998;
Lane and Prusinkiewicz 2002]. Typically, there is a littlentrol
of where and how plants appear and grow. However, in a city
plants are not allowed to grow wildly, residential areasrepeat-
edly pruned, trees are planted at exact locations and peotéom
damage, only certain species are allowed to grow aroundrescl
To our knowledge, creating a framework for the interactiesign
of plant ecosystems in urban areas has not been addressesl/by p
ous works, despite the visual importance of including @ant3D
city models. A fast, easily controllable, and intuitiveggtation of
plant and urban layouts remains an open problem.

The key observation behind our design approach is that plant
urban areas are not distributed arbitrarily but are affbdte the
structure and inhabitants of the city. Urban plant ecosystean be
interpreted as beinganagedlirectly by the city residents and em-
ployees and indirectly by the geometry of the urban surrogsd
The management of the plants can be expressed as a set afyproce
ral rules for use by an automatic algorithm and for use in éerin
active design process. For example, plants around the tsaddly
form alleys, trees are planted between buildings and roadi&len-
tial houses usually have large lawns in the backyards, skyscs
are surrounded by trees, and so forth. Using a provided ugban
ometry, we can (automatically) infer the aforementionddsand
then use these rules in an algorithm for generating a platti-di
bution. Additional control and flexibility of the design m®ss can
be achieved by user-specified modifications of the rules heid t
parameters. Moreover, quick and automatic plant generatio be
accomplished by a GPU-based plant distribution algorithm.

We present an interactive solution which simultaneoushkigie a
3D urban model and solves the open problem of generatingua pla
sible spatial plant distribution in the same urban areaufedl).
Our algorithm works in a closed loop fashion with an inteirect
urban modeling system (e.g., we use [Vanegas et al. 2009b] bu
other systems could be used) and adds a component for gagerat
a spatial distribution of managed and unmanaged (i.e.) wi&hts.
Users can interactively alter multiple parameters of theomodel
and plant model creation process, each time resulting ima3ie
model. In [Vanegas et al. 2009b], the urban model creatian pr
cess is controlled by user-specified alterations to theilligton of
population, jobs, and roads as well as by geometry and stde p
rameters. The plant model creation process uses a set @@t
rules to calculate an initial plant distribution and theroenpetition

for resources algorithm is executed to produce a final plastti-d
bution for use in the city model. Optionally, the parametrthe
procedural rules can be edited via a simple user-interface.

To enable the aforementioned plant creation process, othatie
automatically extracts semantic information from the getrsynand
calculates a level of plant manageability for differentearef the
city. Each city block is assigned a level of plant managésbil
Expensive areas are fully controlled, whereas low-coshtsagre
mostly influenced by plant competition growth. For instgrareas
such as parks , the vicinity of roads and arterials, and tadky
are assigned a high level of manageability. These areazaded
by grown trees, similar to what city gardeners or house osvder

Further, they are protected from the influence of other plaoid
trees are replaced, and no other plants are allowed to grexe.th
The plants in areas with low manageability are governed tynac
petition for resources algorithm - they approximate a witdsy/s-
tem. On the boundary of high and low manageability areasyilde
ecosystems attempt to invade the managed areas, and thgedana
vegetation can freely send their seeds into the wild ecesyst

We show various examples, such as plant development overinim
managed and unmanaged areas, effect of procedural ruléffeon d
ent areas, and the effect of changing the level of managgabil

2 Previous Work

Urban layout generation can be roughly classified into twéanma
categories: procedural modeling and simulation-basedetrad
One of the first papers for a procedural urban layout germerati
is the seminal work of [Parish and Muller 2001] where theetr
layout was generated by Open L-systems [Méch and Prusirdde
1996], blocks and parcels were generated from the streghgaad
the parcels were completed by procedurally generatedibggd
Procedural generation of street layout using tensor fiefdsintro-
duced in [Chen et al. 2007] and a technique for interactivened
of existing urban layouts was introduced in [Aliaga et al024].
Complete buildings can be generated by CGA, a proceduraémod
introduced in [Wonka et al. 2003]. In our previous work we éav
presented an approach for creation an urban layout by puoaled
completion of urban layout examples [Aliaga et al. 2008bjneO
of the principal disadvantages of the procedural modelssis tow
controllability. The pure procedural models can be coletbby
defining the generating rules, the example-based techmiglyeon
the input data, but their combination is again controllety @i a
very high level. Semi-interactive techniques, such aslép al.
2008], allow for a high level of control, but the building gaation
can take very long time.

The second class of algorithms for urban model generatibased

on urban simulations. Two computer graphics approaches pre
sented so far include [Vanegas et al. 2009b; Weber et al.]2009
which use simplified rules for jobs and population distribatto
generate underlying urban layouts. Secondary values,asizbhne
accessibility, land value, amount of people commuting &irfobs,

are provided and these values are used to generate stieets,b
parcels, and buildings. The system presented in this paesraur
previously published system for urban model generatioriroyla-

tion [Vanegas et al. 2009b]. However, in order to provide rregal-
purpose method that is not tied to a single system, our syssems
only urban geometry and can be seamlessly merged with ihrtua
any city generation application (e.g., CityEngine).

Techniques for the modeling and visual simulation of plaamsd

plant ecosystems have been presented for nearly thirty yddme

algorithms can be classified according to their level ofitle@an the

lowest level are the algorithms for individual plant orggBkang

et al. 2006], or even cellular subdivision [Lindenmayer 896
These techniques are typically used for detailed close-Qps fo-

cus is a large area of the city that leaves these algorithinsfdle

scope of this paper.

Entire plants can be generated by sketching [Chen et al.;2008
ljiri et al. 2006b; ljiri et al. 2006a], interactively [Ligrmann and
Deusen 1996], by procedural techniques [Prusinkiewicz land
denmayer 1990; Méch and Prusinkiewicz 1996], by a biokgic
simulation [Benes and Millan 2002; Palubicki et al. 2008q,by
hybrid methods [Benes et al. 2009]. In our implementatioraime

to model thousands of plants and thus their individual madab

not a viable option. Because of this limitation we have deditb



use a fixed number of predefined plants in different stages\ald
opment and each with various levels of geometric detail. ttaas
were generated using the XFrog system [Lintermann and Deuse
1996; Lintermann and Deussen 1999].

Techniques dealing with plant ecosystems focus mostly espia-
tial plant distribution in the scene. Existing works [Alseeand
Deussen 2005; Deussen et al. 1998; Lane and Prusinkiewd?] 20
focus on the idea of plant competition for resources. Chande
a plant surviving vary according to its age, specie, andlloza
sources. If more plants appear in the same area they compete f
resources and some plants survive whereas others diee Bidirt
ecosystems are simulated over long periods of time (emg,dad
hundreds of years) and the result is the spatial distributiothe
plants and a record of their evolution over time. The ecasyst-
self tends to reach equilibrium but it can be disturbed bgmel in-
fluences such as gardeners presented as autonomous agaTds [B

and Espinosa 2003]. Even though these approaches are based o

simulation, they share a common problem with procedurahmet
ods, namely they suffer from low controllability. In our vikpmwe
introduce a new algorithm that exploits the information ofuaban
layout and provides varying levels of controllability owle spa-
tial plant distribution. Some areas, such as shores, oeb®af the
city, are kept entirely wild and controlled by the plant caetipion.
Other areas, such as parcels and downtown, are controlladsely
of procedural rules. The continuous mixture of both techegjto-
gether with the values derived from the urban model enabigla h
level of control and provide a fast design tool for the spatiant
distribution of an urban ecosystem.

The paper continues with the description of urban ecosystéf
terwards, Section 4 describes implementation and the eetios
discusses example applications and results. The lasbee&ton-
cludes the paper with thoughts about limitations and futuoek.

3 Urban Ecosystems

3.1 System Overview
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Figure 2: Spatial plant distribution is generated for a given urban
layout that is provided by the system on the left. Plant mamant
computes a manageability value for each city block and mioca
planting uses this value to seed plants. An ecosystem giomla
then used to develop managed and unmanaged (wild) plant®in t
city by simulation of plant space colonization and compmtifor
resources.

Our method for the interactive design of urban ecosystersistm
of two main processes, as shown in Figure 2. Although anyesyst
which enables quickly producing 3D urban models is suitaile
urban model creation process is largely based on the woiid-
gas et al. 2009b] and we include its brief summary for coneplet
ness. The input data to this process includes an initialadpdis-
tribution of jobs and population as well as the terrain aredrttain
highways. The process executes a socio-economical andefieom
cal simulation in order to quickly generate a city model: drowt-
work, city blocks, parcels, building envelopes (i.e., jir exterior

of buildings), a new distribution of population and jobsddand
value estimates. The created geometry of the 3D urban msdel i
passed to the second main process.

The plant model creation process provides a way to geneudite a
tribution of plants in the city. The process can be used toreate
an urban plant distribution after any change to the urbaneinod
to simulate the growth of the plants over time for a given (fixe
urban model. In both cases, the computed distribution §pscthe
locations and ages for plants of several species. With thation
process, an ecosystem simulation is run for many iterathwator-
respond to tens or hundreds of years of the ecosystem in twrder
reach a "stable” configuration. The plant creation processibdi-
vided into the following three components.

1. A plant management algorithrnfers from building, city
block, and street geometry the level of manageability oheac
city block. On one extreme of the continuously-valued man-
ageability level are areas with no control at all, such aasare
near the border of the city, that obey the rules of an entirely
wild ecosystem [Deussen et al. 1998]. On the other extreme
of the spectrum are areas deep within the city limits, such as
green zones around skyscrapers in the downtown area, which
have a highly controlled ecosystem. The areas in between
these two extremes provide ecosystems, such as parks, back-
yards, or areas around roads, which have some amount of
plant manageability.

2. A procedural planting algorithnuses the manageability lev-
els, the city geometry, and an expandable set of procedural
rules to spread plant seeds. Highly managed areas are seeded
(i.e., virtual plants are grown from their seeds) in a verg-co
trolled fashion [Sukopp et al. 1990]. Areas with low or no
manageability over the plant distribution are seeded veith r
dom plants.

3. Anecosystem simulatidmased on competition for resources
is executed. In each step of this simulation, the algorithm
checks plants for seeding, eliminates old plants, detersin
the winners of plant competition and calculates the fat&ef t
losers. This algorithm is extended beyond its basic formula
tion by also taking into account managed plants that are not
significantly modified. For example, if a managed plant is
old and should be eliminated, then it is replaced by the same
species but younger. Competition between managed and un-
managed plants is also considered.

The user can optionally control all steps of the plant cogafiro-
cess. Further, the resulting plant distribution is cora@ib a large

set of 3D tree models which are added to the urban model and ren
dered interactively using level of detail techniques.

3.2 Plant Management

The plant management algorithm determines for each citgkblo
(i.e., a collection of parcels and lots closed by streets atog-
ical urban entities) a manageability level of the contaip&hts.
The blockmanageability level < m; < 1 is a normalized value
describing how well the owners of the city block take carehsf t
contained plants - often, it is related to the value of thellaRor
city blocks containing very high buildings, such as skypera, we
setm = 1. We define such city blocks as those containing build-
ings whose height is within the tof0% of the range of building
heights in the city. For all other city blocks, the managkigtievel
is computed as a function of city block size and of the sizeudlflb
ings/houses within the block. More precisely, a block's aget
ability level is defined as

ms = wpb; + we(l — €;)

1)



wherew;, andw. are user-specified weights (e.@» = we = 0.5
in our experiments) and < wp, we < 1 andw, + we = 1, b}
is the normalized height of the buildings in the block, ands the
effective area of the block

6,‘:% <Q—ij>,
J

wherea is the area of the block an}y b; is the area of all the
buildings in the block.

)

Intuitively, plant manageability is high in areas with highlues
of m. Areas withm = 1 are not allowed to contain any wild
plants whereas areas with = 0 do not contain any plants that are
managed. The manageability level value for other areasrdites
the percentage of wild plants allowed in each such area aavith
be used in the later described ecosystem simulation. Faremon
values ofm, the ecosystem simulation will ensure a proper number
of wild plants are maintained in the city block (e.g., sintinlg plant
growth and dispersion as well as the management task of iagnov
unwanted plants). By default, urban areas that do not betoagy
city block are seeded by the wild ecosystem.

Figure 3 shows an example of an urban layout, where the man-

ageability is changed from a small number of blocks on the tef
high manageability on the right. As the result, with inciegsnan-
ageability the number of wild ecosystem zones decreasegr- Ov
controlled ecosystem leaves few spots for parks and reoneat
areas. The area 6fx 3 km includes abou250, 000 plants and was
simulated in 30 seconds.
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Figure 3: To show the effect of the level of manageability, blocks
with high manageability have blue borders with decreasirgnm
ageability turning red. Fully managed blocks witlhh = 1 are cov-
ered with plants entirely. a) Low level of manageabilitdea many
areas dominated by wild ecosystems. b) A balanced urbarygcos
tem. c) An over-controlled urban ecosystem with few parkben
middle and most of the zones fully controlled.

3.3 Procedural Planting

Figure4: All plant species used in our system.

Theoretically, each individual plant could have manual ag
ability. However, controlling thousands of plants would deer-
whelming. Instead we control groups of plants inside irdinal
city blocks. Once the manageability level of each city blagk
determined, plants must be seeded (i.e., planted) prioreout-
ing the (controlled) ecosystem simulation. There are twmary

approaches for seeding a plant. The plant can be seeded i)-by a
other plant or ii) by a set of procedural rules which imitateraged
planting by the city’s inhabitants. Seeded plants that ateman-
aged straightforwardly lead to wild ecosystems, whereasaged
plants are seeded once using our procedural rules and theage
during the ecosystem simulation. In the following, we discour
initial set of procedural roads that algorithmically implent plant
management tasks that result from observing urban spaucksgf

et al. 1990]. Our proposed rules can be applied to a variefyhzin
configurations but the rule set is clearly extensible.

ap

Figure 5. Alleys formed around roads and arterial streets in
a) aerial photograph of a neighborhood in Chicago, and b) our
simulated neighborhood.

Roads and arterial roadare often accompanied by trees on their
sides as can be seen in Figure 5. The road classificationvilptb
by the urban simulation module, but could be also calculétad
the road geometry using algorithm from [Aliaga et al. 2008bjir
system plants trees procedurally around a user-contrpkeckent-
age of the main roads. The plants are fully controlled, nad wies
are allowed, and trees are distributed in jittered distaiaceund the
main axis of the road.

Blocksare classified and planted according to the number of build-
ings. For residential blocks with a single building, theesaf the
building closest to the road is assumed to be the front sidbeof
building. Several trees are planted between the road anfiche
side as people like privacy in their residences. SimilaHg, oppo-
site side of the block is seeded with a jittered row of plamses
people also prefer to have privacy in their backyard. The e
tween the house and the end of the backyard is left empty aga la

In blocks with multiple houses, our method automaticallicea
lates the main axis of the block and seeds several plantg alfen
main axis. This is a common pattern of typical US cities where
people tend to separate their backyards from their neighlbbine
rest of the area is occupied per building in the manner ana®tp
the case of a single house. Figure 6 compares a real neigidabrh
to a simulated neighborhood produced by our system.

High-value blocksisually correspond to the zones with the highest
buildings in the city. These buildings usually occupy a #igant

part of the block. Further, as can be seen in Figure 7, the non-
occupied areas are typically filled with dense plants. Wedet
these zones as blocks with = 1. In these areas we apply regular
plant distribution over the available zones using randatarjng.

Finally, parksare simulated as nearly wild ecosystems with several
managed plants that define their overall appearance andichen



Figure 6: Blocks with multiple houses usually have row of trees
that separate the buildings. Each house can have some tnees i
front to hide the house from the street as shown in a) whichis a
aerial photograph of West Lafayette, IN and b) is our simedat
neighborhood.

changed. The dominant trees are situated near streetsen tord
protect the park visitors and the park interior. Furthegrgé open
area inside the park is protected from plants.

Figure 7: a) Blocks with the highest land value, such as this part
of Manhattan, are efficiently filled with green areas. Thegm&n
b) shows our simulated neighborhood.

3.4 Ecosystem Simulation

The rules controlling development of plants are inspiredfthose

The ecosystem simulation represents each plant by its dfeld-
neighborhood (FON) and computes the interactions betweaid~
over time, as well as random and controlled seeding. The BGN i
circular zone of influence with the plant in its center. TheN=ra-
dius depends primarily on the plant size; further, as thetglavel-
ops its FON grows as well. When two FONs collide, Wbility of
each plant involved in this collision is evaluated to deteertheir
survival. The viability functiorw, (¢) of the plantz at aget deter-
mines the fate of each plant in the collision. The smallerqkee,
and more frequent plants have a higher chance of eliminétizm
the larger, stronger, and less frequent plant species. Mify the
viability function to:

ve(t) = {

where the is the normalized plant age apd is the inverse statis-
tical distribution of the plant in the ecosystem. Furtheg, define

if £t <0.5
otherwise

Pat
Pa

Na

Zi i

wheren; is the number of occurrences of plant speciek other
words, p,, increases when the plant is not present in the ecosystem
and therefore increases the plant's chances for survival ¢ol-
lision. This is a simple global control that protects plapecies
against extinction.

Pa=1-—

Each plant seeds in the fall of each year. Seeds are plardgaddar
the plant's FON in a random circular area of approximate»2-
the FON'’s radius. Seeding leads to clusters of similar plastcan
be seen in Figure 8 that provides visual plausibility thatidmot be
achieved only with random seeding. The example shows 2Daspat
distribution of the plant ecosystem after 25, 75, 100, arilyiars
and the number of plants was around 2,000. The overall tintteeof
calculation was 35 seconds witké = 100 days.

c)

Figure 8: Four frames of the spatial plant distribution generated
by the wild ecosystem competition for resources. The area of
250 x 250 m is occupied by seven different plants with a cluster
of dark plants seeded in the lower left corner. The figureswstine
development of the plant ecosystem after a) 25, b) 75, c) 46@

sd)

of a wild ecosystem and are based on symmetric and asymmet-125 years. Plants tend to exhibit emergent clustering pimema

ric plant competition, similar to that described in [Alsweind
Deussen 2005] and [Deussen et al. 1998; Lane and Prusickiewi
2002]. However, in our system we extend the standard e@ayst
simulation to consider managed plants. In particular, theuka-
tor attempts to erase in regular intervals excessive amafuntld
plants in controlled blocks, similarly to a housekeeperaocity-
wide plant management. The amount of eliminated plantsradipe
on the desired plant density. We have determined experathgnt
the spatial density of plants in the wild ecosystemdas- 0.65
plantim?. In each iteration we calculate the number of plant&

the i—th block and calculate its the plant densityds= p;/e;,
wheree; is the effective area of the block (2). The normalized plant
density in the block igl; = d;/d. The simulator compares the nor-
malized plant density with the desired level of manageghiti;. If

the density is higher, it randomly eliminates the excesdanitp. It

is important to note that if the density of a block is lowerrthhis
desired value, we do not add new plants.

that would be difficult to achieve by random seeding.

In our method, a special case is a collision between managgd a
unmanaged plants. If an unmanaged plant and managed plant co
lide, the unmanaged plant is always killed. If two manageahtsl or

two unmanaged plants collide, the previously-describgdrihm
calculates their viability. This competition provides aaath tran-
sition between the boundary of a managed and an unmanaged are

4 Implementation

Our system is implemented in C++ with support of OpenGL for
rendering and CUDA for ecosystem simulation. We have tegited
examples on an Intel i7 920 CPU at 2.67 GHz. The computer was
equipped with NVidia GeForce 480 with 1.5GB of memory.



Figure 9: An example of an urban ecosystem development over timéngtarith image a) until image c). The insets (from left tohty
show young and small trees becoming larger trees that eaintget removed by the plant management. The clutteredsaretihe back are

parks.

As we aim to model thousands of plants where no significamatidet
will be displayed, we have decided to use a fixed number of pre-
generated plant models in different stages of developnrahtdth
seven levels of detail. Our trees were generated in the X&yeg
tem [Lintermann and Deusen 1996; Lintermann and Deusse3] 199
and the level of detail were generated using XFrog Xtune. ¥¢e u
seven different plants that are shown in figure 4 each in ttifee
ferent stages of development. In order to provide a "cowtirst
transition of the plant development, we quantize its lifarsjinto
three intervals. We start with the smallest model which wetice
uously age until it is replaced by a next existing stage.

The most time-demanding operation is the collision detectf
plant’s FON together with the viability evaluation. As thésk is
evaluated for hundreds of thousands of plants and is ealigikie
same procedure called repeatedly, it was a great canditgarfal-
lelization in CUDA. The CUDA kernel loads the plant locatsoas
a 1D array, the city footprint as a 2D texture, and outputsaffia
each plant if it survived the test. The kernel first checkpkdlhts
that are seeded or procedurally initialized at incorrecatimns such
as roads, or buildings. This is achieved by a texture looktpthe
city footprint and is provided very quickly. In this way, weake
sure the plants do not collide with urban geometry. The plane
sorted into overlapping bins and we check for the collisind -
ability of each plan in the bin. As each plant is checked ajain
each plant in the bin, it has a theoretical complex§n?). How-
ever the high plant density and the subdivision into bingp$ebd
speed this test significantly, it allows to keep the GPU basy it
avoids OS time-out problems with the graphics driver. Addas-
nel runs evaluation only for a single plant it writes only erat the
end into the main memory, so the memory writes are withoukban
collisions. We have achieved a performance of 50M-70M siolii
tests per second allowing for 250,000 plants being test&ebeps.

The visualization engine implements kd-tree subdivisidrthe
space with view frustum culling and automatic level of detai
(LOD) selection. Each plant has seven LOD levels generattd w
XFrog Xtune. The plants are preloaded and instantiated en th
GPU.

5 Results

Figure 1 justifies the need for managed plant design. ThefifiFst
ure shows a wild ecosystem. In the second figure an urban lay-
out has plants distributed naively using just the plant petition
algorithm. This results in all available areas being inchdéth

all kinds of plants wildly competing for resources with nansa-
eration of other urban layout aspects. The last image shbes t
same urban layout but with plant management. Expensives area
have their plants managed better than parks and areas witariol
value. The city border is still controlled by the wild ecosra sim-
ulation as well as some areas close to the shore.

The example in Figure 9 shows an urban are3vo8 km populated

with 250, 000 plants that shows the plant distribution development
over time. The left image shows mostly new trees that quiokly
cupy the allowed areas. The trees grow as can be seen in the im-
age insets from the ground perspective. The sequence okBnag
demonstrates the changes in urban ecosystem as a city ®volve

The second sequence in Figure 10 shows a case for altering cit
geometry. Starting from the same urban area and the same plan
distribution of Figure 9a), the city geometry has been shgmod-

ified and the urban ecosystem has been recalculated concespo
ingly. The simulation time of each examples from Figures ® B

was about 90 seconds for the urban layout and 120 secondsefor t
urban ecosystem. The ecosystem in the latest stages shamis pl
with an age of up to 70 years. The simulation sfep= 1 month.

Figure 11 shows changes of the plant spatial distributioa wu
changes in procedural planting. The procedural paramégrs
been modified to produce an alternate spatial distributiodet
user-control.

6 Conclusions and Future Work

We have presented an interactive simulation and procedysl
tem for integrating plants into the design process of 3D mirbad-
els. Our approach uses as input 3D geometry of an urban layout
It infers initial conditions and parameters of procedurdés and
calculates the level of manageability for different are@kis pa-



Figure 10: The city from Figure 9a) where geometry has been
changed to that in (top) and then (down) and the plants adhpte
to the new city.

rameter defines the amount of influence between the wild eeosy
tem simulation, where the plants compete for resources aed s
freely, and the managed ecosystem, where nearly no seedatg i
lowed and the plants grow only at strictly defined locatiofitie
wild ecosystems are handled by a simulation of plant cortipeti
for resources, whereas the procedural generation is basaal ini-

tial set of behavioral rules of owners and on plant managemfen
typical US cities. Our system enables designing, distiig,itand
outputting a 3D model contains plants and urban structuresi
average area of 10 square kilometers in less than a few rsinute
offering a high-level of controllability, and working tigly with an
urban simulation system. We have shown various exampleh, su

ment is based on the derived land value. Nonetheless, the urb
simulation provides job distribution, land value, and asigility
that could be use for a more sophisticated derivation oftjulestri-
bution. Another work would include the development of areint
active design system, where all the above described rulakivbe
implemented as procedural brushes or interactive des@s.t@ur
system works on the level of entire plant models. Howevea] re
plants interact with each other on a much finer level, so &avork
should focus on simulation of collision of tree branchetgriaction
with buildings, illumination and other environmental asise

Acknowledgements

We would like to thank NVIDIA for providing free graphics fthr
ware, Oliver Deussen for free version of XFrog, and Onﬁej/a
for help with CUDA. This work has been supported by NS5~
0964302 NSFOCI-0753116 and Adobe Inc. granConstrained
Procedural Modeling

References

ALIAGA, D. G., BENES, B., VANEGAS, C. A.,AND ANDRYSCO,
N. 2008. Interactive reconfiguration of urban layoulEEE
Computer Graphics and Applications 2B 38—47.

ALIAGA, D. G., VANEGAS, C. A.,AND BENES, B. 2008. Interac-
tive example-based urban layout synthe®i€M Trans. Graph.
27,5, 1-10.

ALSWEIS, M., AND DEUSSEN O. 2005. Modeling and visual-
ization of symmetric and asymmetric plant competitidEuro-
graphics Workshop on Natural Phenometiall.

BENES, B., AND ESPINOSA E. D. 2003. Modeling virtual ecosys-
tems with the proactive guidance of agenitisternational Con-
ference on Computer Animation and Social Ageh®6.

BENES, B., AND MILLAN, E. 2002. Virtual climbing plants com-
peting for space. IHEEE Proceedings of the Computer Anima-
tion 2002 IEEE Computer Society, 33—-42.

BENES, B., ANDRYSCO, N., AND STAvA, O. 2009. Interactive
modeling of virtual ecosystems. Eurographics Workshop on
Natural PhenomenegEurographics Association, 9—-16.

CHEN, G., EscH, G., WONKA, P., ASCAL, AND ZHANG, M. E.
2007. Interactive procedural street modelingACM Trans.
Graph. 27 3, 35.

CHEN, X., NEUBERT, B., Xu, Y.-Q., DEUSSEN O.,AND KANG,
S. B. 2008. Sketch-based tree modeling using markov random
field. ACM Trans. Graph. 275, 1-9.

as plant development over time in managed and unmanages] area DEusSeEN O., HANRAHAN, P., LINTERMANN, B., MECH, R.,

the effect of procedural rules on different areas, and tfecebf
changing the level of manageability.

Our approach is not without limitations. First, there is tafaules

PHARR, M., AND PRUSINKIEWICZ, P. 1998.Realistic model-
ing and rendering of plant ecosysten#sCM, 275-286.

GALIN, E., PEYTAVIE, A., MARECHAL, N., AND GUERIN, E.

that must be defined by the system designer. We use a fixed set 2010. Procedural generation of roadsomputer Graphics Fo-

of embedded procedural rules in our implementation. In otde
address this limitation, an open system which would alloerus
defined rules should be implemented. Second, our choiceles ru
is based on our personal preference. We sought to deman8ieat
concept of merging urban design and plant design. In peati¢-
ferent rules are probably appropriate for different citi@sus, the
way to select rules needs to be improved.

Several avenues exist for specific future work. The plantagen

rum (Proceedings of Eurographics) 28, 429-438.

GRABLER, F., AGRAWALA, M., SUMNER, R. Q.,AND PAULY, R.
2008. Automatic generation of tourist mapSIGGRAPH '08:
ACM SIGGRAPH 2008 papers—11.

13RI, T., OWADA, S.,AND IGARASHI, T. 2006. Seamless integra-
tion of initial sketching and subsequent detail editing owkr
modeling. Comput. Graph. Forum 25, 617-624.



Figure 11: This figure shows manipulation of the procedural parameterhe upper image in a) was generated by using a low block
management value for the block in the center whereas the geament value for the lower image in a) is almost= 1. In b), at the top is an
image that shows low density of plants seeded along thesditegned around the streets, rows of trees between housesgaest sites; the
bottom image shows what happens if these parameters ame adigh density; we outline with a box several correspondgiags of the city

for comparison purposes. A park with mostly chestnut tre@sbe seen in the image at the top of ¢) and the same park wittiyngirskgo

trees at the bottom of c).

13IRI, T., OWADA, S.,AND IGARASHI, T. 2006. The sketch I-
system: Global control of tree modeling using free-fornoless.
ACM Transactions on Graphics 40,7838—146.

LANE, B., AND PRUSINKIEWICZ, P. 2002. Generating spatial
distribution for multilevel models of plant communities Pro-
ceedings of Graphics Interface’02ol. |, 69-80.

LEGENDRE, P., AND LEGENDRE, L. 1998. Numerical Ecology
2nd Edition Elsevier Science.

LINDENMAYER, A. 1968. Mathematical models for cellular in-
teraction in developmentlournal of Theoretical Biology Parts |
and Il, 18, 280-315.

LINTERMANN, B., AND DEUSEN, O. 1996. Interactive modelling
and animation of branching botanical structures.Clomputer
Animation and Simulation’96Springer—\Verlag Wien New York,
Springer Computer Science, 139-151.

LINTERMANN, B.,AND DEUSSEN O. 1999. Interactive modeling
of plants.IEEE Comput. Graph. Appl. 19, 56-65.

Lipp, M., WONKA, P.,AND WIMMER, M. 2008. Interactive visual
editing of grammars for procedural architectur8)lGGRAPH
'08: ACM SIGGRAPH 2008 paper$—10.

MERRELL, P.,AND MANOCHA, D. 2008. Continuous model syn-
thesis.ACM SIGGRAPH Asia 2008 papets-7.

MERRELL, P. 2007. Example-based model synthesid3’'07:
Proceedings of the 2007 symposium on Interactive 3D graphic
and gamesACM, 105-112.

MOULLER, P., WONKA, P., HAEGLER, S., ULMER, A., AND
GooL, L. V. 2006. Procedural modeling of buildings. ACM
SIGGRAPH 2006 Paper&CM, 614—623.

MULLER, P., ZENG, G., WONKA, P.,AND GooOL, L. V. 2007.
Image-based procedural modeling of facades. AGM SIG-
GRAPH 2007 paper#ACM, 85.

MECH, R., AND PRUSINKIEWICZ, P. 1996. Visual models of
plants interacting with their environment. BIGGRAPH '96:

Proceedings of the 23rd annual conference on Computer graph
ics and interactive techniqueACM, 397-410.

PaLuBickl, W., HOREL, K., LONGAY, S., RUNIONS, A., LANE,
B., MECH, R.,AND PRUSINKIEWICZ, P. 2009. Self-organizing
tree models for image synthes®CM Trans. Graph. 283, 1-10.

PaRISH, Y. |. H., AND MULLER, P. 2001. Procedural modeling of
cities. INSIGGRAPH '01: Proceedings of the 28th annual con-
ference on Computer graphics and interactive techniga€m
Press, 301-308.

PRUSINKIEWICZ, P., AND LINDENMAYER, A. 1990. The
Algorithmic Beauty of Plants Springer-Verlag, New York.
With J.S.Hanan, F.D. Fracchia, D.R.Fowler, M.J.de Boed an
L.Mercer.

SukoPR, H., HEJNY, S.,AND KOWARIK, |. 1990.Urban ecology:
plants and plant communities in urban environmeng&alogh
Scientific Books.

VANEGAS, C. A., ALIAGA, D. G., BENES, B., AND WADDELL,
P. 2009. Visualization of simulated urban spaces: Infgrpa-
rameterized generation of streets, parcels, and aeriagema
IEEE Transactions on Visualization and Computer Graphigs 1
2,1-10.

VANEGAS, C. A., ALIAGA, D. G., BENES, B., AND WADDELL,
P. A. 2009. Interactive design of urban spaces using gearaktr
and behavioral modelingACM SIGGRAPH Asia 2009 papers
1-10.

WEBER, B., MUELLER, P., WONKA, P.,AND GROSS M. 20009.
Interactive geometric simulation of 4d citie€omputer Graph-
ics Forum(April).

WONKA, P., WIMMER, M., SILLION, F., AND RIBARSKY, W.
2003. Instant architecturdCM Trans. Graph. 223, 669-677.

ZHANG, X., BLAISE, F.,AND JAEGER, M. 2006. Multiresolution
plant models with complex organ¥/RCIA '06: Proceedings of
the 2006 ACM international conference on Virtual realityneo
tinuum and its applications331-334.



