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INTRODUCTION
Graph based spatial analysis is a method which was 
first introduced in architecture and urban planning 
by Bill Hillier and his colleagues in the late 1970s as 
SpaceSyntax theory (Hillier and Hanson 1984). Be-
cause tests have shown that there are correlations 
between graph-based measures and functional 
aspects of a spatial configuration,the method has 
the potential to help architects in forecasting the 
socio-economic effects of their designs. The core 
principle of the methodology is to represent space 
(e.g. an urban or floor plan) as a configuration of 
single elements (e.g. streets, rooms) and to analyse 
their mutual relations. Three different representa-
tions are used to analyse space in terms of its basic  
elements : isovists, convex spaces and axial lines. 
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For the software concept described below, we are 
particularly interested in the latter. An axial line is 
basically a line of sight in an environment. Based 
on the assumption that people use lines as a men-
tal concept to orient and move through cities, axial 
maps represent a model of urban space as essen-
tially a network of linear spaces. An axial map is a 
set of axial lines which cover the open space of a city 
completely. This map can be analysed using graph-
based methods. For this the map needs to be con-
verted into a graph. The lines represent the nodes, 
while the interconnections between the lines repre-
sent the edges of a graph. There are two important 
measures which can be calculated based on this 
graph: between-ness, closeness and connectivity.  
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Between-ness (or integration) measures the aver-
age distance from one element to all other elements 
(global integration) or to elements within a certain 
radius (local integration). The distance calculation 
is undertaken by counting the steps necessary to 
move from one element to another. The measure 
indicates, globally or locally, the topological centre 
of a city, i.e. the part or parts of a city where most 
people reside and where the highest density of 
buildings with retail functions is to be found. Close-
ness (or choice) measures how often an element is 
passed if all the shortest paths in the graph (of each 
element to all other elements) are traversed. The ele-
ments with the highest closeness value are more fre-
quently passed. The concept of axial maps was later 
extended by another linear spatial representation,so 
called segment maps (Hillier and Lida, 2005). This is 
also based on the line network, but its basic element 
is aline segment. A segment occurs between the in-
tersections of axial lines. For calculating the distance 
between two segments, not the number of seg-
ments, but the angle between the segments is taken 
into account. Compared with axial maps, segment 
maps offer two advantages: firstly, by using angles 
instead of steps the analysis results correlate more 
strongly with movement patterns; and secondly, 
since the method uses smaller elements it offers a 
much finer scale of configurational analysis.

Since the analysis methods above focus solely 
on the geometrical arrangement of spatial elements 
and require no additional data on land use or traffic 
for their calculations, they are particularly suitable 
for examining design alternatives in terms of their 
spatial characteristics. There are several software 
packages available to run such analyses, but creat-
ing and changing the geometry has to be done with 
specialised CAD software. Since the design process 
is an ongoing iterative process of improvement 
based on the creation of ideas and their evaluation 
(Lawson, 2006),it is beneficial for the design to ex-
plore as many iterations as possible in the design 
process. With the conventional workflow and file for-
mats, this is problematic: each iteration requires that 
the user exports and imports date back and forth 

between the design and analysis tools. This hinders 
the design workflow significantly and acts as a disin-
centive for the designer to explore a wide range of 
variants. 

For exploring different variants, parametric 
modelling represents a new approach to creating 
complex forms in architecture and urban design. In 
parametric modelling the final geometry is a result 
of a modelling process driven by algorithms and cer-
tain input parameters (Woodbury, 2010). The advan-
tage of this approach is the ability to easily change 
the input parameters and generate new variants of a 
design. In parametric urban modelling, one can con-
sider a multitude of factors for defining a final shape. 
The aim of this modelling process is to integrate the 
multidimensional character of real world situations, 
helping the designer to create sustainable environ-
ments. Geometrical and data parameters such as 
site morphology, height regulations, composition 
guidelines and various role and density urban indi-
cators can be used to shape the city (Beirão, 2011). 
However, up to now there has been no support for 
including spatial analysis in this model.

By coupling these two methods we can contrib-
ute towards creating a more effective design pro-
cess that employs spatial analysis and parametric 
modelling. This would make it possible to effectively 
analyse variants on the one hand and to incorporate 
the analysis results in the modelling process on the 
other.

DECODING SPACES”COMPONENTS
In order to link together the two methods more 
directly, we developed an extension for Grass hop-
per3D for Rhino,a well-known parametric modelling 
system. Grasshopper can be described as a visual 
programming language used mainly to generate 
geometries. The language consists of so-called com-
ponents which can process predefined data types 
(e.g. lines, surfaces, numbers) as their input and re-
turn processed data as their output. The data pro-
cessing can be anything from simple mathematical 
operations to complex geometrical transformations. 
A parametric model is built up by creating intercon-
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nections between these components, whereby the 
output of one component forms the input of an-
other one. Since Grasshopper is a powerful tool for 
geometric modelling and is widely used among ar-
chitects, we decided to use this tool as a basis for our 
graph-based analysis tool.

Grasshopper can be extended by programming 
additional components. An SDK is available for the 
development of Grasshopper components that pro-
vides mechanisms for the exchange of data (input 
and output of the component). The components de-
scribed in this section were developed in C# using 
the .NET Framework 3.5.

The newly developed components are a tool-
set which makes it possible to run a graph analysis 
on parametric line structures and to use the results 
of the analysis for further modelling. The toolset is 
named “decoding spaces”, where the term “decod-
ing” relates to the analysis of space, and the term 
“coding” to its geometric modelling. For the design 
of this toolset, we have chosen a modular structure 
(see Figure 1) which improves the efficiency of cal-
culation and the facilitation for future expansion. 
The different components can be grouped into four 
categories: preparation for analysis, calculation of 
graph measures, visualisation of the analysis results 
and special modelling tools.
As ananalysis method, we have decided to use seg-
mentmap analysis as described in the first section. 
This form of representing spatial structures can be 
easily mapped in a parametric model because it 
relates directly to the road network. On the other 

hand, it has been proven that the outcome of this 
method of analysis strongly correlates with pedes-
trian movement and distribution, and it is therefore 
of direct practical benefit for the design of cities and 
neighbourhoods.

In the following section, we describe the func-
tionality of the different components we have devel-
oped.

ConvertToSegmentMap component
The segment analysis can only be undertaken on 
line segments. Any axes, curves and splines used by 
the designer must therefore first be converted into 
segments. This step is important to ensure that de-
signers retain formal freedom as splines are easier 
to control than single lines made up of composite 
curves. The component reads the geometry (any set 
of lines, polylines, curves and splines) and converts it 
into a segment map. The curves and splines are first 
subdivided into a finite number of segments, then 
segments are created between the intersections of 
all lines. Finally, all duplicates are removed (see Fig-
ure 2).

The ConvertToGraph component
The ConvertToGraph component converts the ge-
ometry resulting from the ConvertToSegmentMap 
component (a segment map) into a graph. The 
graph is formed through interpreting each segment 
as a node and connections to other segments (in the 
case of equal endpoints) as edges. The weightings 
of the edges of the graph are based on the angles 

Figure 1	  

Modular concept of the 

spatial analysis framework for 

Grasshopper.
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between intersection points of the segments. This 
is because it is assumed that humans prefer to take 
routes through a city that deviate as little as possible 
from the intended direction (i.e. minimal angular de-
viation). An angle of 90° is therefore weighted high, 
while an angle of 0° between two segments has no 
weight.

Closeness and Between-ness components
After a graph has been created from the segment 
map using the ConvertToGraph component, various 
analysis-components can be applied to calculate 
different graph-measures. Components have been 
developed for two major measures: Between-ness 
(integration) and Closeness (choice). These com-
ponents can also be used to colour the geometry 
for display in the Rhino viewport. In addition, they 
can beanalysed at different radii; e.g. they evaluate 
movement patterns on both a global and local scale. 

Analysis-related parametric modelling 
components
In addition to the pure analysis, we have implement-
ed some useful modelling tools based on graphs, 
which are well suited for urban parametric models. 
These components include the generation of plots 
from street networks (polygons from graph) and 
their shaping through analysis results (custom-off-
set and custom-extrude).

PARAMETRIC URBAN PATTERNS –FORM 
FOLLOWS GRAPH-BASED MEASURES
In the following section we demonstrate the ap-
plicability of the above methods in a simple test 
scenario. We create an urban district based on para-
metric algorithms, driven by graph-based measures. 
These algorithms bear relation to the idea of using 
patterns in architecture and urban planning, which 
can be traced back to Christopher Alexander’s book 

Figure 2	  

Filter Component converting 

geometry into line segments.

Figure 3 

Analysis Component and its 

Rhino display.
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“A Pattern Language” (1977). In his book, Alexander 
explains the use of patterns to create a design in a 
manner similar to the way we use words to create 
sentences. Every pattern describes a typical design 
problem, a way to solve this problem and other re-
lated patterns which have to be considered when 
applying a pattern.

Today, parametric modelling makes it possible 
to rethink this idea of patterns and transform them 
into a new way of modelling designs. These algo-
rithms are similar to Alexander’s patterns in that 
they represent a solution for recurring problems in 
the environment. Using parametric modelling such 
a solution is described in the form of a computa-
tional algorithm capable of generating geometry. 
To demonstrate this idea, we developed three ex-
emplary parametric patterns that use graph-based 
measures as parameters and applied them to a fic-
titious urban scenario. The fictitious urban grid has 
itself been generated using a simple subdivision 
algorithm implemented by default in Grasshopper 
(substrate component, see Figure 2). 

This scenario leverages a very basic idea that 
underlines any parametric design –a single algo-
rithm can generate any number of results (e.g. urban 
district) simply by changing the parameters (e.g. 
street grid). Patterns driven by spatial properties 
are on their own not sufficient to provide solutions 
for complex multidimensional real world problems 
where lots of other “patterns” also need to be con-
sidered. But they are definitely extremely important 
in shaping our environment as discussed in the in-

troduction, and could play a crucial role in this kind 
of algorithmic pattern language. It should be noted 
that the patterns and their combinations described 
in the following are examples and serve only to il-
lustrate the concept of parametric patterns driven 
by spatial properties.

Generating street width
In the first pattern, we use closeness analysis which 
has proved to be a good indicator of traffic frequen-
cy. The width of the roads is associated with the 
closeness value according to the principle that the 
more frequented a road segment is, the more space 
it should provide for pedestrians/cars. In order to 
do this, we need to recognize distinctive plots from 
a given street network and create a single closed 
polygon for every one of them. This is done using 
our own modelling component named “Extract 
polygon”, which uses the graph interpretation of the 
current line network delivered by the “graph compo-
nent”. After this step, we need to offset each polygon 
edge by a distance that corresponds to the analysis 
value of the respective street segment. Since there 
is not a default option to offset each edge of a poly-
gon a different amount, we built our own “custom 
offset” component. This component takes a polygon 
along with a list of offset values for each edge of the 
polygon as input parameters and outputs an offset 
polygon. Variants of the application of this pattern 
are shown in figure 3.

Figure 4 

Fictitious urban district.	
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Generating building height
The second pattern links the height of the building 
to the between-ness value. This analysis reveals lo-
cal and global topological centres as explained in 
the introduction. Here the idea is that in the centre 
of cities, there is greater demand for housing and of-
fice space than in peripheral areas, which results in 
increasing building heights as one grows nearer to 
the centre. Here we use standard grasshopper mod-
elling tools incorporated in the algorithm that gen-
erate a mountain-like massing model over the net-
work of lines where the peaks and values reflect the 
integration of street segments below (see Figure 4).

Generating public space
The third pattern is used to create reasonable pub-
lic spaces. The topology of the street network is the 
main factor that predetermines the distribution of 
inhabitants within the network and the function 
can either support or weaken this predisposition.  

The idea behind this pattern is that public spaces 
function well if they lie on integrated and well fre-
quented streets. The public space component uses 
the results of the analysis, user defined ratios be-
tween free and built-up plots and their minimal 
distance as inputs and suggests where to allocate 
public spaces (see Figure 5). To create these public 
spaces, the respective plots are filtered out of the list 
of plots. 

Putting it all together and examining  
variants
The last example shows how the rules can be com-
bined. By combining patterns one is able to build up 
complex urban models. Since the model is paramet-
ric in nature it is possible to generate and evaluate 
lots of alternative solutions by changing different 
input parameters (see Figure 6). In this case, the cho-
sen patterns criteria did not contradict one another 
which made it easy to combine them.

Figure 5 

Street width generated usingc-

loseness analysis.



707Design Tool Development - Volume 1 - eCAADe 30 | 

Figure 6 

Massing model generated 

using between-ness analysis.

Figure 7 

Choosing where public spa-

cesshould be.
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CONCLUSION AND OUTLOOK
In this article software components have been pre-
sented that make it easy to couple parametrical 
models with graph-based spatial analysis (closeness, 
between-ness). This offers two main advantages: 
firstly, the analysis can be run directly in a CAD en-
vironment (using Rhino as a geometric modeller), 
which makes removes hurdles in the design work-
flow; and secondly, the results of the analysis can be 
used directly as parameters for the parametric mod-
el. This opens up new ways of thinking about how 
one can incorporate spatial analysis into the crea-
tion of forms. One possible way was outlined by in-
troducing the concept of parametric urban patterns. 
The algorithmic structure of these patterns makes it 
possible to apply computational technologies to de-
sign tasks. The use of computational methods rep-
resents a significant enhancement in response time 
between the choice of a pattern and its application, 
and this is one of the greatest advantages of this 
new interpretation of design patterns.

If we look at the design approach proposed by 
Alexander (1977), we will find one important prop-
erty that is not yet integrated in our model: It is the 
ability to effectively combine the patterns without 
any prescribed order. However, the combination of 
many different patterns presents an algorithmic chal-
lenge. The degree to which multi-objective optimiza-
tion processes can be utilized to overcome the weak-
ness of our current approach needs to be addressed 
in further studies. One direction seems to be clear: to 
replace the current linear workflow with a cyclic one, 
solutions can be explored by weighting different cri-
teria until one finds a satisfactory solution.

The newly developed components for Grasshopper, 
as well as videos and tutorials can be downloaded 
fromwww.decodingspaces.de.
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Figure 8 

All patterns combinedtogether.


