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Abstract—Creating3D environments, including characters and ThiS paper introduces shape grammars to generaitgusa
cities, is a significantly time consuming procese tb a large amount 3D objectsefficiently and effectively and propoaesautomatic

of workinvolved in designing and modelling.Therevhabeen a
number of attempts to automatically generate 3aibjemploying
shape grammars. However it is still too early tplgphe mechanism
to real problems such as real-time computer garhegUrpose of this
research is to introduce a time efficient and effgctive method to
automatically generatevarious 3D objects for remkt3D games.
This Shape grammar-based real-time City Gener@R@G) model is
a conceptual model for generating 3Denvironmentseal-time and
can be applied to 3D gamesoranimations. The RCGersysan
generate even a large cityby applying fundamentatiples of shape
grammars to building elementsin various levelsetadin real-time.

city generation system for 3D games orany 3D appbaos.The
efficiency and effectiveness of this approach wdldiscussed,
in terms of time for development and the variety thé
solutions.

1. GENERATION OF3D ENVIRONMENTS FOR3D GAMES

For the gaming industry, 3D models are an essential
component. In order to create 3D models for gathese are a
number of different 3D modelling programs, suciMaya, 3ds
Max, Blender, Lightwave, Modoetc[14]. Utilising the 3D

Keywords—real-time city generation, shape grammars, 3pnodelling applications, the actual process of davielg a 3D

games,3D modelling.

|. INTRODUCTION

HE complexity involved in 3D environment is particuiar
evident when generating a large scale city cormginmany
buildings. In order to generate a city model, aterisive
amount of modelling, texturing and lighting workrexjuired to
produce realistic urban sceneries in 3D. Currentipst of

model is mostly done manually, in order to folldve tmultiple
stages in the working pipeline of 3D manufactur[1

In most cases, generating 3D environments requares
expensive modelling pipeline [8]. As the qualifyd3® contents
has to be richer and higher to meet increasingaapens from
users these days, it may take hundreds of 3Dsftisyears to
create realistic 3D environments for a game, faneple a city
that is common for a modern game environment [€6mplex

these tasks are manually carried outby many 3Dgdess and Work pipelines between level designers and envienta
heavily demandmany simple and repetitive tasks.s Th@ftists also add to the inefficiency issues imbedde the
conventional approach makes the 3D modelling worfevelopment of the city modelling [6]. These compieork
laboriously intensive and time consuming, and Uguatjuires Pipelines may ultimately affect entire productioosts and
a fast computer with a large amount of data stofépeAs a  often seriously causes other major issues, refetonthat of
result, the time and production cost for creatingagame quality control [15].
increase significantly.This often causes finangiedssuresto
the developers resulting inquality degradation tlto .
repeatedly reusing the same assets or settingsfiiSfesearch ~ Shape grammars are a series of rules that defirsetoan
presents the shape grammar-based Real-Time Citgr@#mn arrangement of labeled shapes, including pointesli faces
(RCG) system. The RCG system implements shape gaammand 3D objects. These rules can operate and germvatplex
rules to generate a 3D city in real-time,manipuai@tbuilding  architectural designs, or become descriptions efftims of
elements in various levels of detail. The 3D city te created the generated design [3]. Shape grammars werenaligi
by graphic designers during the game developmertgss or influenced by the formal language theory of Chonaskwvhich
while the game is being played in the user’'s comput is about a set of formation rules for strings fiormal language
[11]. Sinceshape grammars wereintroduced to awthital
design by Stiny and Gipsin 1972, shape grammars baen
refined and further developed by many researchéis [

SHAPE GRAMMARS: 2D AND 3D
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algorithmically generate art works or to analysisl &valuate A.Initial State (Design Phase)

the aesthetic quality of paintings or decorativs ft6]. Daniel ~ The Initial state is the process setting up theditmn or
Sheets Dye was able to assemble traditional Ch“ms, requirements of a desired 3D environment by Setnjmg
which wereconstructed between 1000 BC and 1900 B\D, parameters and data. The input data includes StS)e
using shape grammars in 1974 [12]. Koning and Hieen Regional Information (T) and Level of Detail (LOD)

used shape grammars to grammatical analyse thialspatl |nformation,which are needed to select suitablenetes from
massing arrangements of Frank Lloyd Wright's ‘adesh the library.
ornamentation design theories’ in 1981 [5].

B.Studying and Creating 3D Structures I={S, T, LOD}

Shape grammars are becoming a popular tool to 3idy
structures such as historical houses [1]. In 198finy
developed Kindergarten Grammars, which were baseth®
kindergarten method of Frederick Froebel [10]. B&n
kindergarten grammars demonstrated the real vafuthe
applications of shape grammars in architecture.aA®sult,
shape grammars provided a new direction to reseesctvho

S represents the Style of a building. The 3D elaminthe
library contain eleven different building stylesdathese styles
are classified chronologically and geographically.

. Initial State
looked for design languages that were not as mechnical, | ={S.T.LOD}
but rich enough to provide the starting point fomplex and 1
sophisticated designs [4]. Flemming used shape mams to ~~
analyse and regenerate 19th century Queen Anre Istyises RCG Engine Module RCG Library Module
in 1987 [2]. Knight extended the idea by developiag

vocabulary of shapes and spatial relationships éetvshapes
in 1992. This attempt was made to find a key contijpos|
idea for shape grammars. In her research, constrd@s were
used to build spatial relations in order to defimaw to lay
shapes relating to each other [4]. No Evaluation
3D shape grammar was recently renamed as Computer Phase
Generated Architecture (CGA) shape grammars andwas
applied to the procedural modelling method in Céhaecture
[7]. The commercial value of shape grammars has laéen
re-evaluated by 3D industries, in terms of effitiganerative

i Composition
Generation Phase
G ={R,E} ]g”:g_ Rules(R)__ ___
™ 3D Elements (E)

| ] Evaluation
/|> Criteria (C)

| User Selection |

methods for massive urban models [7]. Yes
IV. THEREAL-TIME CITY GENERATION SYSTEM (RCG) leted 3D Where,
Completed 3 I: Initial State

This paper proposes the shape grammar-based Rual-Ti Environment
City Generation (RCG) system that provides fasn3falelling f
coupled with high levels of variety in assets, whilsing
limited memory consumption. The RCG system desiyms
automatically generates 3D models by utilising shg@mmar
rules. As shape grammar contributes to providingpua styles
of 3D geometric models, the 3D environments, whick
generated by the RCG, stimulate a user's continatigation
by preventing monotonous repetition. After the gatien Fig. 1 TheRCG system
phase is completed, the evaluation phase can bangsised and
carried outby the usermanually or by the systeroraatically.
As Fig. 1 indicates, the RCG system generates 3D
environments based on a specified design stylee@fin the T represents Regional information and defines ttaiail
initial state. There are two major phases involirethe RCG designelements. This data is fundamental to composeea sit
system. The Generation Phasegenerates 3D models rbgp and to guide the generation process within diven
combining shape rules and 3D elements retrieverh ftbe context.T,  fortheimplementation,containsthree  défe
RCG Library. The Evaluation Phaseevaluates theilityabf ~ categories: mountain, coastal and inland regiohs. Sitemaps
the solution by the user orusingthe pre-sedf each regionare composed of typicalstyles of opetitan
evaluationcriteria,and determines whether the gwigatisfies cities withterritorial data and provideunique retib
the pre-defined conditions. characteristics to the city.
LOD defines the detail-level of building elementsr f
modelling. As LOD determines the selection of both

S: Style of building
T:Regional information
LOD:Level of Detall

G: Generation Phase
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composition rules and 3D elements from the 3D Elgme
Library, it needs be specified at the initial statee high LOD
indicates that the user can control themodellingpss from
primitive design of the structure. In the low LORe system
uses a number of pre-defined design sets in ooderdiuce the
time of composition.

B.The RCG Engine Module

Composition Rule Library Composition rules, through

their appropriate applications to building elemgydserate a
building and a group of buildings, a city. In th€®, there are
three categories in the rule sets with differentlSO0The

simplest rule set is a district rule set, Fig. 2.the experiment,
a single district was made of sixteen blocks. Thaoh block
contains four sites with a number of buildings. Fatance, if
the LOD is set up in a very low level,the rule seitpre-built

The RCG engine is divided into two major phase® thyistrict will deal with 16 block sets. The user Miien select

Generation Phase and the Evaluation Phase. In¢her&tion
Phase, the system generates 3D models by asseraldingnts
retrieved from thelibrary,using rule-based algarith During
the Evaluation Phase, the solutions are evaluatagsimg the
evaluation criteria in terms of context fithess &malctionality.
If not satisfied, this outcome will be disposed diné process
will move back to the Generation Phase again.

The Generation Phas@ major role of the Generation Phase

is interpreting and executing shape grammars based
information, where wasset in the initial state. Thechanism
of the Generation Phase can be can be described as:

G ={R, E}

R represents rule-based algorithms or shape grasmwitdr
two variables,T (Regional Information) and LOD(Léwef
Detail). By using these variables,
rulesarecustomisedand generates 3D buildings apately.

E indicates 3D building elements retrieved from ltitwary
with two variables: S (Style of building) and LOBased on
the values of these variables, a set of predefim@uitive
shapes or high-level building elements are summdnoead the
3Dlibrary moduleand generate a desired 3D modal aity.

The Evaluation Phasé\ftera 3D environment is assembled

in the Generation Phase, the legitimacy of thea&needs to
be evaluated,whether itfulfils the requirementsttod initial
setting and follows the guidelines of a selectee siap. The
system receives this constraint informationto eatduthe
outcome, based on evaluation criteriaspecifiechin ltbrary.
For instance, if building A has the entrance daairfg the road

and building B has its entrance faciitg) backyard. Then the

fithess value of building A may be higher than tbBbuilding
B if the accessibility was considered as an evaloat
criterion.A user mayadjust the number of evaluatioteria by
monitoring manually, in order to optimise the pregepeed.
Overall, the main role of the user or designehmgystem is to
evaluate the final outcome in the evaluation plaaskto decide
whether it hassuccessfully produced a solution@desdo go
back to the generation phase anditerate the process

C.The RCG Library Module

The RCG Library is the storage of rule sets anc&nents.
There are three distinctive sections: a CompositRule
Library, 3D Element Library and Evaluation Critetidbrary.
The RCG Library is designed to respond to the Gaitar
Phase immediately,in order to provide required eletsias
soon as the user inputs data in the initial state.

and join theselected districts and generate drcigyshort time,
Fig. 2.

<A site>

<A district> <A block> <A building>

1 District=16 Blocks, 1 Block=4 Sites, 1 Site =dekan 5 Buildings |

Fig. 2 A basic structure of a district

If theuser wants more complicated and creativeesigh,
the user can access the block, rather than distute set
andcan manipulate and assemble blocks. Ablock gelehas
four sets of sites and each building is summoneth fthe

generatiohibrary based on the LOD. Operation with block ratgs takes

more processing time to generate a 3D environniamt tising
a district rule set. The site rule set comprisemenigher LOD,
and therefore involves more components, Fig.3.

Fig. 3 Assemblingbuildingsto generate asite

In order to makethe city design more creative a@ndrde
with a various building combination, the RCG systiows a
user to access a building rule set.

Fig. 4 demonstratesa building rule set that assessbleral
buildings into a building site by applying a numhérrules.
Rule 1 executes generating the first building, &uig1, which
has a basic building structure with pre-selecteddaiv, wall,
roof and door. Rule 2 then attaches the secondibgilto the
Buildingl. The variables of the additional buildisgch as x, y,
z coordination for position, width and height vt decided by
Rule 2. Rule 3 attaches another building part theosite with
different variable values.

51



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:6, No:1, 2012

Rule2

Rulel

X coordination of part a: Xa
Y coordination of part a: Ya
Width of part a: Wa
Length of part a: La
Height of part a: Ha

Rulel: Select a type of wall, roof, door, and wiwdmd then construct partl of
the building.

Rule2: Based on the location of the door, attachZt the building.
W2 =0.5*W1

L2=2*L1

X2 =X1 -(3/4)* W1

Y2=Y1-L1

H2.=0.5 * H1

Rule3: Attach part 3 to the building. at (X1-(1/2)1, Y1-(1/2)*H1)
W3 =2*W2

L2=0.5%*L2

X3 =X2+ W2

Y3 =Y2-(3/4)* L2

H3.=3 * H2

Fig. 4 An example of the Building Rule set with Met Maya scripts.

3D Element LibraryThe 3D Element Library stores shapes,

pre-assembledmodels and a number of different
maps,which will be used duringthe Generation Plasthe
system. Based on the givenLOD, the RCG system sestiwe
3D Element Libraryand collectsbasic building comgs or
models. The 3D element
elements, which are essential to generate variaulslitg
styles. These styles aresorted in aperiodical
geometricalorderand are ready to be used for thee@don
Phase.

Evaluation Criteria Library The Evaluation Criteria
Libraryholds all the information needed toevaluhgsusability
of the 3D environments that are created by theegysBome of
the evaluation constraints include the constrairits
generation, allocationand direction.

The Constraint for Generation is neededto monitoetiver
or notbuildings are built ina buildable area,notzad or
apark.To achieve this goal, The Constraint for Gatienrefers
to the site map provided by theuser inthe initiags.

The Constraint for Allocationprevents undesiratilecation
of buildings, for instance overlapping between dings inthe
Generation Phase.

The Constraint for Directionhelps buildings faceeith
entrances to the main roads. In order to applyeticesstraints
to the final solutionseffectively, the fitness lev@hould be
designed, tested and tuned appropriately.

library containsnumerousstyl

V.IMPLEMENTATION

This paperaimed todemonstratethe effect of algwiith
shape generationand the usability of shape grammas3D
game environment. To demonstrate the effect, th& G@tem
was implemented with a districtof 16 building blscin low
LOD. Two city models, a modern city and an ancient
Greek-style city, were adoptedand implemented.

A.Initial State
The RCG system starts creating acity by initiatissnset of
data:  S(Style of building), LOD (Level of

Detail)andT(Regional information). These elemerdsryc all
the initial information to build a city. Based oiglblueprint of
the city, each component is summoned from the 3&mEht
Library to construct 3D models with shape grammahe 3D
models then become individual items of the modelyamhich
is a temporary storage of 3D models.

B.Model Array

The model array is a virtual temporary storageiaridrmed
before the RCG system starts assemblingbuildirigskb and
districts. The size and items of the model array naary
depending onthe LODs. Fig. 5 shows an example aftbéel
array items, which are pre-built site sets wittoa ILOD for
this implementation.

Mal= ngl, E; , Bs, ]
é% lillm.asﬂ
Ma2=[_ By B Es, Bs,

/] / | | i (Y

Fig. 5 Model array items (Mal: modern style, MaZciant Greek
style)

and

By using the eight pre-built sites of each styliénmodel
array, 64 sites (16 block x 4 sites per a giverek)lshould be
generated and allocated in a district. To incréesevel of
variety and creativity inthe city, LOD was incredseom the
block-level to the site-level. A number of modetisred in the
array are varied depending on LOD and the featafesach
model arespecified by S. The process of model setetrom
the array and its instantiation can be describetlbly a script
language for Maya, as below:

globalproccreateNew(){

string $Ma[] = {"'m1", "n1", "ol1", "p1", "gl1", "r1", "s1", "t1"};
/I set up array for block

int $Ma_choice;

$Ma_size = “size($Ma)’;

I/l detect array size

$Ma_choice = ‘rand 0 $Ma_size’;

/I pick random number from array size

select $Ma[$Ma_choice];duplicate -rr;

/l duplicate selected model from the array

8
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This example scripts describe howbuildings arecsetfrom
the model array by using the site-set rule. The-sit rule is
designed to summon pre-built buildingsfrom the ncaeay.
The array also stores pre-built sites for a high®b process.

C.Generation and Constraint Rules

The system can rotate or scale the target buildingsder to
add more variety to the solutions or to make tHetgm satisfy
the constraints. Transformations on dimension cgotiion of
models are easy but a very effectiveway to improve
solutions.

Once the model array is generated, considering
dimension of the selected site map, a number ofkiskre
selected and, embedding shape grammars,conveti@dhia
Default Building Generation Rule (DBGR). An exampfehe
Mel script for the process is shown below.

$i=0;
$number_of blocks =43;
while($i< $number_of_blocks){
createNew();
if($i< 11){
$xPosition = $i*4 - 7;
$zPosition = -7;
move $xPosition 0 $zPosition; }

}

As the DBGR does not considerroads, parks or abiigs
of the building site, it allocates buildings to pogsible spaces
inthe sitemap, as inFig.6.

Fig. 6 Allocating buildings by the DBGR

After the DBGR is applied, shape grammars for tle¢aDlt
Road Generation Rules (DRGR) are executed and roehst
roads within each block.As Fig. 7 shows, dimensiohmads
and blocksare based on the status of the sitenégppiiocess is
performed in the early stage of the procedure amGR
interprets the information relating to all the gestrical
elements from the sitemap.During the road constmcif the
system detects any conflicts between a buildingaarahd, the
target buildingwill be eliminated and replaced byr@ad
immediately.

e Width of road between each blocks :RWb =4
e Width or height of one building site : BW =4

e Dimension of Site Map8 * BW + 3 * RWb
e Number of total blocks : 64

H E EHE
HH BH EH EH
HH B B H
HH FH FH A

Fig. 7 Calculating dimension of the sitemap to exe®RGR

The rules also create non-residential componemtatural
environments, such as parks, beaches, hills andntaios.
These elements are important to provide a reabstimsphere
to 3D games, no matter the target object is a rpefitan city
or an ancient city. For this paper, oneresiderdiatrict and
three non-residential areas wererandomly allocatedhe
sitemap, Fig. 8.

Fig. 8 A district (left: modern city, right: ancieGreek city)

VI. DISCUSSION

In this paper, the RCG system wasintroduced assistant
or a replacement tool for the manual modelling méthThis
section willdiscuss the efficiency, in terms of érand cost, and
effectiveness, in terms of creativity or varietj/tlwe concept.

A.Efficiency

From the implementation of the RCG system, it isiobs
that the use of shape grammar-based algorithmic
approachsignificantly reduces the time and cogtrazluce a
3D city model, in comparison with the manual madell
method. For the comparison study, a skilled 3D ki@ap
designer was involved to manually create a numbeBl»
models and the production time was measured. Thielsthat
were created by both the graphic designer and €@ Bystem
were identical. Tables 1 and 2show the recordnoé tspent to
create asingle district using both the manual nbtiwod the
RCG system. The differenceof the production timetds
apparent and therefore a numerical comparison séerbg
meaningless.The data for the comparison contairddiks of
one district. For this implementation, asingle roptlitan city
involved 10 to 15 districts in the given sitemap.

TABLE |
CREATION TIME FOR AMODERNCITY

Total Creation Time

218 min 11 sec
0.864 sec

Method

manual method
RCG system

TABLE Il
CREATION TIME FOR AN ANCIENT GREEK CITY

Total Creation Time

359 min 05 sec
0.973 sec

Method

manual method
RCG system

Table 3 indicates the times to create a site fontbdel array
of each city by manual method. The manual methkestan
average of 27 times longer time than that of th&Rgstem to
generate target objects.
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TABLE Il If the RCG system manipulates building elemena high

CREATION TIME FORBUILDING SITES BY MANUAL METHOD LOD, thetotal number of possiblsolutionswill increase even

ltems  Man made ltems  Man made more dramatically. This is becausea higher LOD ive® more

site1 40 min 29 sec site1 30 min 34 sec building elements andhérefore more combinatic. An

site2 45 min 53 sec site2 32 min 40 sec example castor the Greek style building the below,Fig.11.

site 3 49 min 18 sec site 3 25 min 07 sec

site 4 51min 26 sec site 4 20min 46 sec .

site 5 38 min 42 sec site 5 31 min 22 sec 44 (windowes) x 33(doors) x 51 (roofs) x 318

site 6 44 min 37 sec site 6 44 min 37 sec : (columng x 31 (stairwas) = 387,420,779 possible

site 7 32min 29 sec site 7 19min 41 sec solutions

site 8 56 min 11 sec site 8 31 min 58 sec

a: Modern city b: Ancient Greek cit

Fig. 11 Possiblsolutiors in a high LOD
Another advantage fromthe use the RCG systein 3D

modelling is the reduction of theendering speed anthe
H H H : Pozsibility of window desizn combination
storage spacds the size of the city or the game increaséis =

effect becomes more significanthd RCG system can ev 500.000quizillion
450, 000 quintillion

further save the speed by creating or rendering/ ahé 100,00 il !
building elements that are visible on thereen. Once the | ./ . |
location and the angle of tkeew from the camera are detect 300, 000 quintillion I
the DBGRcreates only buildings in thffective area or delete | zs0.00amintilion {f
any buildings or structures out of the a 200,000 guictilion /
150,000 quintillion /
100,000 quintillion /

50, 00 0quintillon M/
..........................

. 0
Fossblecases © 4 5 3 45 57 8 9101112131415161718192021 22 2324 5526 27202930
Windaw type

Graph indicates how thesolution numbers increase
exponentiallywhen the number of window types increx.

@) (b)
Fig. 9 visible Elements frorfirst person vie. VII. CONCLUSION

B.Variety 3D modelling generally involves a complex and exen
process.In this paper, the RCG syst was introduced to
. ’ . real-time 3Dcomputer games. The major features of the sy
solutions by intermixinga fewshape grammar ruleand \yergompared with the manuaproduction method and
avaiable building elementsFor instancefthere are three jiqsefyinesswas discusse in terms of time and cost
different building elements, which adeor, window and ro¢  efficiency, and variety. Thisonceptual modewasparticularly
and each element has four typet doors, threetypes of gmphasized on thgeneration phase che system. The RCG
windows and five types of roofs, théhe possible solutior iy 51 was designed toontain all the necessary elements
will be: the city generation process, including 3D buildelgments
shape generation rules and evaluation criterias&etement
were saved i separate external fi

The implenentation of the RCG system demonstremany
advantages over the manual modelling method, imdeof
modelling speed, variety of solutions and lessagferequirec
This system will be further developed by improvingluatior
criteria.

The RCG system can generatenaltitudinousnumberof

4 type_window x 3 type_door x 5 tym®f = 60possible
combinations

If we count all the generation rulemd considervarious
sizes, shapeand rotations, the solution numbers will incre
dramatically. As Fig. 10demonstrates, éxample building ha
four windows oneach side of the building, four doors on
ground floor and one roof dhe top. In this ca,each window
has four choices to select attebre are 41cchoices just for the
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