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1 Introduction

Environmental aspects are often not properly integrated or even neglected in urban
development planning, which can have rather long-term negative social and economical
impacts (GRET-REGAMEY ET AL., 2008). For a more sustainable urban design, planners and
decision-makers need to identify and understand the relationships between the natural and
the built environment enhancing urban qualities. Further, methods need to be developed,
which integrate this information into the urban design process (NASSAUER AND OPDAM,
2008). Finally, comprehensive visualizations of the interrelationships between natural
resource indicators and societal demanded values and the respectively resulting urban
structure are needed for an effective analysis and evaluation by the relevant stakeholders
(LANGE AND HEHL-LANGE, 2006; OPDAM ET AL., 2002; TERMORSHUIZEN AND OPDAM,
2009), which calls for the development of a new approach integrating indicators into
visualisation tools (ANDRIENKO ET AL., 2007; WISSEN ET AL., 2008).

Innovative procedural modelling methods for the automatic creation of large-scale 3D city
models offer unprecedented opportunities to understand and encode urban patterns. They
allow us to easily produce multiple design alternatives based on design rules leading the
simulation procedure (MULLER ET AL., 2006; HALATSCH ET AL., 2008). While grammars
shaping the urban environment have already been defined, the contribution of the natural
environment to urban qualities has not yet been encoded and integrated into a procedural
modelling approach for sustainable city planning.

We explore the use of shape grammar driven procedural models for effectively linking
natural resource indicators into the urban design process. This paper documents the
development and first tests of the approach on the example of urban green space pattern
design for the Swiss Village Abu Dhabi in MASDAR, an ecocity of the future. The
approach presented in this study provides a starting point for more complete,
comprehensive, sustainable urban planning, and a useful tool for better informed and
participatory decision-making.
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2  Methods

2.1 Case study area

As a symbol of Abu Dhabi’s efforts to achieve sustainable development and
environmentally sensitive socio-economic growth, the government of Abu Dhabi initiated
MASDAR City, a new urban district of Abu Dhabi comprising an area of 6.5 km®. This
ecocity of the future with high population density (approx. 135 people per ha) is designed
from scratch and will be only dependent on renewable energy. Located in the core zone of
MASDAR, a Swiss Village with a size of 12 ha is planned, in which Swiss companies shall
promote Swiss technology, design and quality (SVA, 2009). Although targets for
environmental aspects such as numbers of indigenous species nesting on site are given in
the guidelines for MASDAR city, directly relating applicable rules for appropriate urban
green space design are missing. In order to support the Swiss Village Abu Dhabi
Association in the design process of the Swiss Village, environmental rules shall be made
applicable by integrating natural resource indicators into the urban design process.
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Fig. 1:  Location of the Swiss Village in Masdar City, Abu Dhabi, United Arab Emirates
(map source: SVA, 2009)

2.1 Natural resource indicators

Urban systems offer a range of services provided by open areas such as space for
recreation, climate regulation, water purification, wildlife habitat, and carbon sequestration
that contribute to human well-being (BOLUND AND HUNHAMMAR, 1999; TRATALOS ET AL.,
2007; TZOULAS ET AL., 2007). These are defined as ecosystem services, i.e. ‘benefits people
obtain from ecosystems’ (MEA, 2005). We choose these natural resource indicators
because the functions ecosystems provide are relevant and understandable for people.
Furthermore, they can be expressed in quantitative and qualitative terms (e.g. required area
size or landscape elements for the provision of functions) and thus offer possibilities for
integration of relationships between ecological processes and spatial patterns into
procedural urban modelling in the form of rules.
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We identified relevant urban ecosystem services of green space patterns in MASDAR city
and choose two ecosystem services for testing the modelling approach: provision of habitat
and maintenance of favourable climate, which we will here briefly name cooling services.
Climate is one of the most important topics in MASDAR City, whose subtropical climate is
characterised by high temperatures regularly exceeding 40°C up to 50°C in the summers
(May-October). Thus the vegetation’s evaporation and/or shadowing are relevant
ecosystem services for cooling and a pleasant micro-climate. With regard to the habitat
function explicit objectives are given in the guidelines of MASDAR City in form of
defined target numbers of species that should find their habitat within the city. Especially
the Desert Hare (Lepus capensis) and birds, such as the European Roller (Coracias
garrulus) are target species (ENVIRONMENT AGENCY-ABU DHABI, 2008).

2.2 Modelling approach

The strength of working with patterns was stressed by ALEXANDER ET AL. (1977) in “A
Pattern Language”. This language consists of entities called patterns, with each of them
describing an environmental problem (e.g. accessible green) and a general solution to that
problem (e.g. build public open spaces within 3 minutes’ walk). All given solutions are
stated solely in form of an instruction on the main components and spatial arrangements,
still allowing for an infinite variety of precise styles. One solution to a single problem
makes up a single design pattern.

For organizing the relationships between various design patterns a grammar is needed.
Furthermore, for creating patterns that are functionally and symbolically adequate rather
than looking plausible, it is necessary not only to describe essential properties of a pattern
but to give rules to construct new designs (STINY AND MITCHELL, 1980). STINY AND GIPS
(1971) advocated the use of parametric shape grammars for design based on generative
specifications that allow algorithmic (generic) production, analysis and evaluation of
alternative designs. They used the terms “pattern” and “shape” interchangeably. Parametric
shape grammars are characterised by parameters and associated shape transformation rules.
Thus, as a result various alternative patterns may be produced that all belong to the
language defined by one grammar (STINY AND MITCHELL 1980).

In our proposed approach we draw upon these theories that are recently applied in
architectural urban design using a novel attributed shape grammar suitable for applications
in computer graphics (ULMER ET AL., 2008) and use it for integrating environmental
aspects. We divided the workflow in three main phases (Fig. 2): (1) Model authoring, (2)
3D Green space generation, and (3) Stakeholder’s evaluation of the design pattern. Model
authoring comprises the generation of rules of pattern design and translation into the shape
grammar. Hereby we followed the logic of NASSAUER and OPDAM (2008), who propose to
link the scientific knowledge on landscape ecological pattern-process relations with the
design of landscape patterns (process:pattern:design). This was done by first identifying
relationships between spatial patterns and the provision of ecosystem services, then
integrating this process knowledge into general design pattern rules, and finally applying
the pattern rules as designs on the case study site. Green space generation, i.e. the
visualization of green space patterns with the CityEngine system (Procedural Inc.,
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http://www.procedural.com), comprised applying the shape grammars on urban open
spaces in the case study site.

In a further step the structure of the resulting patterns will be analysed and values of the
two selected ecosystem services will be calculated for the resulting urban green space
design. Finally, the 3D visualization and the two natural resource indicators will be
presented to stakeholders for evaluation. With the feedback of the stakeholders, the design
rules can be altered, which in turn will lead to new green space patterns and indicator
values. In this way an iterative enhancement of the green space design takes place. In this
article we focus on model authoring for green space generation.
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Fig. 2: Workflow on integrating natural resource indicators into procedural visualisation
of urban green space design

3 Model authoring

In order to generalize ecological knowledge for deriving applicable design rules,
relationships between the required landscape elements and structures and the provision of
the selected ecosystem services, cooling and habitat, were identified.

3.2 Cooling effects of the vegetation

Many functional benefits of trees increase as leaf surface area increases, e.g.
photosynthesis, transpiration or noise reduction, and the shadow cooling the surrounding
area (FAHMY ET AL., 2010). Based on research findings we used the crown width of trees as
one input parameter for green space pattern generation, which allows quantification of the
cooling service (MCPHERSON, 1992; FAHMY ET AL., 2010).
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3.1 Habitat variables

Environmental variables, describing suitable habitats of focal species, can be used to
predict potential sites for these and many other species as they can represent landscape
characteristics that will encompass the needs of many other species (MORTBERG ET AL.,
2007). Required basic habitat characteristics derived from literature for both focal species,
the Desert Hare and the European Roller, are given in Table 1.

Tab. 1: Explanatory variables of habitat characteristics used for defining suitable green
space pattern designs for focal species
Focal Land cover type Structural Patch size Home range
species Types of habitat fulfilling landscape Necessary
the species’ needs for parameters amount of
nesting, perching, forage Required landscape  habitat for one
structures individual
European  Forest Old trees, nest- 300 ha 300 m from
Roller Temperate boxes or holes in in a network the nest
(Coracias  Shrubland building walls for of inter- (rarely up to
garruous)  Mediterranean-type, nesting; connected 1.5 km)
shrubby vegetation; Hedgerows for patches within
Subtropical / Tropical Dry perching the home Home ranges
Grassland (ANGELSTAM ET AL.,  range are partly
Temperate; Artificial 2004) (ANGELSTAM over-lapping
(BIRDLIFE INTERNATIONAL, ET AL., 2004) (ANGELSTAM
2008) ET AL., 2004)
Desert Shrubland Shrubs for 5-20 ha 10-300 ha
Hare Mediterranean-type, sheltering from No barriers as
(Lepus shrubby vegetation; summer sun and hares are Home ranges
capensis)  Subtropical / Tropical Dry predators sensible to are partly
Grassland (DREW ET AL., 2008)  landscape over-lapping
Subtropical/Tropical Dry; fragmentation  (FLUX AND
Desert — Hot; Artificial (DREW ET AL., ANGERMANN,
(DREW ET AL., 2008) 2008) 1990)

4 Shape grammar for green space generation

The selection of vegetation species for urban green space design was based on the
determined requirements concerning habitat functions, particularly focussing on species of
possible land cover types. Then the selected vegetation species had to be distributed in
order to fulfil the structural needs of the focal species (see Table 1) as well as to meet
design specifications of the master plan. This was done by organizing the determined
landscape features to basic design patterns that define major design solutions (BEIRAO ET
AL., 2008; ULMER ET AL., 2007). These basic design patterns formed the required input for
the procedural modelling. The patterns were encoded to rule sets structured in shape
grammars. For urban green space pattern generation we used CGA shape grammars that are
implemented in the CityEngine system (see ULMER ET AL., 2007; HALATSCH ET AL., 2008).
The main advantage of this system is that it can quickly produce and visualize in a three-
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dimensional view urban environments of any size based on the CGA shapes. The latter are
grammars producing patterns by sequentially applying rules for spatial distribution of
features (HALATSCH ET AL., 2008). Each lot (parcel) is assigned a shape grammar rule set
consisting of production statements in the form:

Predecessor — [case Conditionl:] Successors 1 [case Condition2:]
Successors 2 [else:] Successor N

The successors can be composed of several shape operations and query statements as
shown in the example rule set and the resulting tree distribution pattern in Figure 3.

Pattern_trees.cga

attr tree _distance = 3.5 // defines the tree distance
treeMinHeight = treeMaxHeight*.85 // min. tree height = 85% of
max. tree height
attr treeMaxHeight = 9 // max. tree height
tree h = rand(treeMinHeight, treeMaxHeight) // assign min./max.
height randomly
tree = "treemodel.lod0.obj" // tree 3D model

tree jitterT = Floor(rand(2,7))*.1 // locate trees with slight
deviation from centre point

Start —--> TreeArealZ // initial rule that forwards to TreeAreaZ

TreeAreaZ —-->
split(z) {~tree_distance: Tree SoilType(l)}*
// split the area according to the defined
tree distance and go on with rule Tree
and rule SoilType (1)
SoilType (ST) -->
case ST==1 : color(soil2C) A. report("Area.Grass",
ceil (geometry.area()))
else: color(soillC) A. report("Area.Undefined",
ceil (geometry.area()))
// query SoilType, assign color and finish
rule. Report area

Tree —-->
60%: t('tree jitterT,0, 'tree jitterT) // translate/move
the placement origin
S(0,tree h,0) // set height
r (0, rand(0,360),0) // random rotate
i (tree)report("Instance.Tree", 1) // insert tree 3D
model and report the placed instance
else: NIL

Fig. 3: Top: A vegetation model distribution pattern. Bottom: This CGA grammar can
be read as hierarchical implementation of a set of comprehensible rules
applicable on the given area to produce the tree distribution pattern as shown in
the visualization on top
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A resulting spatial design alternative from applying the parametric shape grammar, which
satisfies the basic pattern’s description set up for Swiss Village Abu Dhabi, is presented in
Figure 4. The reporting of the resulting green space design given in Tables 2 and 3 provide
figures on the area size of the different land use types and distributed landscape elements.

Fig. 4: Procedural visualisation of urban green space design in the Swiss Village Abu
Dhabi based on a parametric shape grammar

Tab. 2: Reporting table of the area size and percentage of the different land use types
produced by the shape grammar (Figure 4)

Report Number of Areatypes  Areatype (%) Sumarea(m?)  Sum Area (%)
Area 30448 100 57847 100
Area.Grass 2237 7.3 24585 42.5
Area.GravelA 16900 55.5 16900 29.2
Area.GravelB 11289 37 11289 19.5
Area.Sand 12 0 2016 34
Area.Water 10 0 3057 5.2

Tab. 3: Reporting table of the type, number and percentage of landscape elements
distributed by the shape grammar (Figure 4)

Report Number of Instances  Instance (%)

Instance 13719 100
Instance.Bush 1692 12.3
Instance.Grass 8417 61.3
Instance.Stone 2269 16.5

Instance.Tree 1341 9.7
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5 Conclusions & Outlook

In the presented study we showed how generalized ecological process knowledge can be
integrated into design rules, which are applicable in procedural modelling of urban open
spaces. Due to the use of parametric shape grammars it is possible to transfer and, if
necessary, adapt the rules to other areas. Whereas rules such as habitat functions for
indigenous species are rather region specific, rules concerning the cooling function can be
applied easily on urban areas in other regions. Further rules should be prepared in order to
make ecological knowledge more applicable in urban planning. However, in future more
complex relationships, e.g. between the shading of buildings, vegetation needs and
functions and the green space pattern design should be explored.

In the next step, we will analyse the resulting patterns according to their provision of the
selected ecosystem services and assess how far important ecological requirements were
taken into account. This will provide the basis for altering the rules and optimising the
design. The integrated model will be an assessment tool that can be used to test urban
design alternatives on the ecological functioning as a starting point for architects.
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