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Abstract. This paper focuses on the development of a knowledge model in the
context of energy efficiency and indoor comfort interventions, their impacts on
each other and on architectural design preferences, for instance architectural
expression or any spatial functionality aspect, via an existing house case study. In
addition, it discusses how this type of model can be used in the framework of a
decision support tool and be applied to the design and redesign of dwellings. The
model is considered to provide an integral knowledge base for the design
professional both to evaluate existing designs and to use it as a support during
design and decision making in order to reach a most suitable solution, with
optimal performance in terms of indoor comfort, energy efficiency, architectural
and overall design performance. In other words, its aim is to enable the
assessment of the performance of the end result with respect to design choices,
beforehand. In this paper, design performance is modeled by means of fuzzy logic
operations embedded in a neural tree structure. This method is able to deal with
subjective and vague requirements such as low energy consumption, low
overheating risk, high comfort, etc. The method of intelligent information
processing is explained and a partial application is presented.

1.

Introduction

Designing is both a goal oriented and a decision making activity. This means it
aims to satisfy specific needs by exploring the options to reach the goal. In this
process, the designer’s primary needs are the information and knowledge that
CAAD Futures 2011 : Designing Together, ULg, 2011
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convey the options for his/her design goals and handle the problems of trade-offs
between conflicting goals [1].
Sustainable housing design and redesign is a knowledge-intensive process; it
requires different kinds of knowledge coming from diverse experts, such as policy
developers, architects, engineers, building physics experts, etc. Multidisciplinary
and multidimensional features of design actions and the scattered nature of
existing knowledge in this domain turn the decision making and designing phase
into a complex process. In order to handle this complexity, engineering and
architectural design knowledge and approaches need to be integrated into the
(re)design phase as a rational process. In the decision making process of
sustainable housing design, a variety of criteria stand out, among others,
technical, design, occupants’ health and economical. These criteria often
interrelate or even conflict, leading to a complex design information space.
An integrated design process that addresses all these criteria entails the need to
gain insight into or resolve this complex structure by making the relationships and
dependencies of the criteria explicit and subject to computation. Various
performance issues - energy, comfort, cost, or other - and their components
should be integrally taken into account with respect to the information generated
to decide which option is best to prefer and for what reasons. This can be
achieved and supported by means of an intelligent assistance, which will provide
reasoning to the architect when decisions are being made.
Specifically, this ongoing research asserts that a decision support tool based on
advanced computational methods, in combination with the use of existing
performance analysis tools, is suitable to overcome this complexity for architects.
The decision support tool assists the designer both in selecting appropriate
(re)design actions towards improving the performance of the building under
design, and in assessing the actual performance improvements resulting from
these actions.
The first part requires the explication of the interrelationships between
(re)design actions based on a knowledge model being set up by relevant aspects.
This type of model represents the knowledge within the domain of energy
efficiency and indoor comfort to assist the architect in creating "what-if"
scenarios [2]. The second part is about providing the background information to
assess performance values and to allow for making comparisons. Within the
context of this paper, a knowledge model for an integrated performance
assessment is presented.
The weakness of existing assessment tools can be explained as a lack of
uncertainty consideration and giving no answers about possible consequences of
certain interventions for improvement. Advanced computational support is
expected to facilitate an integral understanding of the issue that will be able to
respond to the aspects with a broader and reliable basis matching human
reasoning.
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This paper focuses on the development of a knowledge model with a purpose
of providing assistance to judge performance as the basis of such intelligent
assistance, within the context of energy efficiency and indoor comfort
interventions. Since it is a complex setup to identify and represent all design
variables constructing the performance inputs, in this study the overall design
performance is limited to three sub-performance criteria; energy, thermal comfort
and architectural. Within these, energy performance is evaluated with respect to
heat gain, heat loss and specific space heat demand. Thermal comfort
performance is assessed with respect to overheating. Architectural performance
sub-aspects are identified in the light of the priorities stated by the architect which
he was concerned with during his design.
The knowledge model abovementioned is presented with a case study of
sustainable housing redesign. In the case study the existing building and three
scenarios are compared. One of them concerns redesign, the other two concern
alternatives that could have been selected instead of the realized building,
simulating the use of the knowledge model during design. For the comparison,
first some basic information about the four building alternatives is obtained
through analysis, involving a model of thermal behavior. The analysis results are
used as inputs for a knowledge model; to compare the project-specific option
suggestions and give feedback to the architect in terms of performance before the
(re)design is executed. For this purpose an advanced information processing
approach, namely intelligent information processing is used. The method is
explained and a partial application is presented.
In addition, the paper discusses how this type of model can be used in the
framework of a decision support tool and be applied to the (re)design of
dwellings. The model is considered to provide an integral knowledge base for the
design professional both to evaluate existing designs and to use it as a support
during design and decision making in order to reach a most suitable solution, with
optimal performance in terms of indoor comfort, energy efficiency, architectural
and overall design performance. In other words, its aim is to enable the
assessment of the performance of the end result with respect to design choices,
beforehand.

2.

Method

General approach for integrated performance evaluation is to make use of two
models in combination. The first one is to obtain basic feature information about
the design. The resulting information is combined with judgments on elemental
architectural aspects. Second, the results from the first analysis are used as inputs
to a knowledge model that present the performance of the design in abstract
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linguistic terms, namely energy performance, thermal comfort performance, and
architectural performance.
The first stage involves a model of the thermal behavior of the building [3]
providing as its output quantities on specific space heat demand, heat gain, heat
loss and overheating percentage. In the knowledge model this information is
interpreted with respect to the preferences and goals of the architect, so that
alternative designs are judged with precision. The output from the knowledge
model yields a number between zero and unity quantifying the overall
performance of a design. This means, how well a design matches the demands
imposed on the project is provided giving a clear guidance to a decision maker on
which design to prefer.
The knowledge model is established using fuzzy logic operations in a neural
structure [4]. It is a method to deal with subjective and vague requirements (e.g.
low energy consumption, low overheating risk, high comfort, etc.). It is based on
specifying an association among a linguistic label and the physical objects. Before
elaborating the description of the fuzzy modeling, the case study is introduced, so
that the concepts used in the modeling are clarified.
It is noted that the model is transparent in the sense that not only the overall
suitability is being computed, but also the performance information on lower level
aspects, such as energy, thermal comfort and architecture is obtained.
2.1.

Case study

An owner occupied, recently designed and constructed detached house is chosen
to further elaborate the knowledge model. This project is considered interesting
and relevant to be studied because it incorporates several energy efficiency
strategies such as use of heat pump technology, solar panels, double glass and
natural ventilation. On the other hand a large transparent facade of the house is
oriented towards northeast based on some architectural concerns with respect to
the site characteristics (such as privacy of outdoor space, view to the nature).
Another interesting point is the admission of the architect that although the
starting point of the project was quite ambitious in terms of achieving a high
energy performance house, the end result was not very satisfactory to him. The
required EPC [5], calculated by a consultant engineer, was fulfilled, however
below the expectancy of the architect. Due to time and budget constraints energy
calculations couldn’t have been done during the design process. Therefore, other
possible interventions, combination of actions and different scenarios are
investigated in order to determine how the building’s performance could have
been improved.
To start the case study, the architect was interviewed to gather more detailed
information about the design process and was presented with a questionnaire.
This questionnaire was for gaining insight in to what extent the assertion of ‘an
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intelligent assistance for design decision making is vital’ is in line with the view
of the architect in practice. This questionnaire included questions about the
effective means used in the design decision making process, what level of
information he needs in order to improve energy efficiency and indoor comfort
performance, the role of consultants, the necessity of a tool as mentioned above
and what kind of outputs would be useful for him if such a tool were available.
With the design information thus collected, three new scenarios are proposed in
which certain parameters are changed. Energy and thermal comfort performance
of the existing situation and the proposed scenarios are evaluated using a thermal
behavior model, Passive House Planning Package (PHPP) [3] in this case. The
proposed options are given in Table 1.
Table 1. Design changes applied to the existing design to improve its energy performance.
SCENARIOS

CHANGES

Option 1

SW
orientation

Option 2
(renovation
actions)

triple
glass

Balanced
HRMV

extra
shading
from
outside

better
airtightness

Option 3

SW
orientation

triple
glass

Balanced
HRMV

extra
shading
from
outside
(courtyard)

better
airtight
-ness

better walll
(thicker
insulation)

roof
extension
as a
porch on
SW
facade

In the light of the computed aspects, a comparison analysis is made in terms of
energy and thermal comfort performance with the existing design and the new
scenarios. Since the options imply an intervention to the architect’s design
choices, the criterion of architectural performance is also included in the model.
2.2.

Knowledge modeling with neural tree as an underlying structure for
domain knowledge

A project-specific knowledge model is developed and implemented. This is
composed of two parts: a thermal behavior model and a neural model. The former
represents the physical domain whereas the latter represents the abstract domain
modeling the knowledge. Figure 1 represents how the relevant feature
information is processed in the model to generate new performance information.
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The basic information gathered from the existing building or the design
alternatives is processed for each case one by one, using the thermal behavior
model (PHPP in this case) to obtain information about the evaluation-specific
properties of the building. In a second step, this information is further processed
using a knowledge model to obtain information about the building’s performance
characteristics. The role of computational intelligence (CI) in this approach is to
represent the knowledge in a mathematical model to accomplish the second step.
The second step has three stages. The first one is fuzzification, where each of the
evaluation-specific features is interpreted with respect to an elemental
performance aspect, such as high comfort, or low heat energy demand (level 0 in
Figure 4). In the second stage chained logic AND operations [6] are executed to
compute the outputs at the nodes at the upper levels, seen in the same figure. In
the final stage defuzzification is executed at the uppermost level to obtain the
design performance.

Fig. 1. Information processing in the knowledge model.

In the knowledge model used in this example, the relations between the
aspects, that are the attributes, were construed as fuzzy logic. The basic reason to
use fuzzy logic approach in this research was that the uncertainties and/or
imprecision in the attribute relations are well taken care of with the elicitation of
more precise outcomes in fuzzy logical computation.
In particular the use of fuzzy neural tree is considered due to its desirable
features in terms of handling at the same time a large amount of attribute relations
and dealing with imprecision that is inherent in the information. A neural tree is
composed of one or several model output units, referred to as root nodes that are
connected to input units termed terminal nodes, and the connections are via logic
processors termed internal nodes. The non-terminal nodes represent neural units
and the neuron type is an attribute introducing a nonlinearity simulating a
neuronal activity. In the present case, this attribute is established by means of a
Gaussian function which has several desirable features for the intended goals;
namely, it is a radial basis function ensuring a solution and the smoothness. At the
same time it plays the role of a fuzzy membership function in the tree structure,
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which is considered to be a fuzzy logic system as its outcome is based on fuzzy
logic operations and thereby associated reasoning [6]. The neural structure is used
to decompose the variable of ultimate significance, being the design performance,
into its subcomponents. The nodes are intelligent processors, where a fuzzy logic
operation occurs. The functionality of the logic operation is to model the
performance aspect associated with this node in terms of the nodes connected to
it. An example of a fuzzy neural tree is shown in Figure 4. Considering for
example the node labeled experiential performance it is noted that the node has
three inputs as architectural expression, view to nature and outdoor space
privacy.
The detailed structure of the nodal connections with respect to the different
connection types is shown in Figure 2, where the output of i-th node is denoted µi
and it is introduced to another node j.

(a)

(b)

Fig. 2. Different type of node connections in a fuzzy neural tree model.

The weights wij are given by domain experts, expressing the relative
significance of the node i as a component of node j. The centres of the basis
functions are set to be the same as the weights of the connections arriving at that
node, so that the maximum of the basis functions is located at unity. Therefore,
for a terminal node connected to an inner node, the inner node output denoted by
Oj, is obtained by [7]
(1)
where j is the number of the node; i denotes consecutive numbers associated to
each input of the inner node; n denotes the highest number of the inputs arriving
at node j; µi denotes the degree of membership being the output of the i-th
terminal node; wij is the weight associated with the connection between the i-th
terminal node and the inner node j; and σj denotes the width of the Gaussian of
node j.
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(a)

(b)

Fig. 3. Fuzzification of an input at an inner node (a);
linear approximation to Gaussian function at AND operation (b).

It is noted that the inputs to an inner node are fuzzified before the AND
operation takes place as shown in Figure 3a, while the ensuing AND operation is
illustrated in Figure 3b. It is also noted that the model requires establishing the
width parameter σj at every node. This is accomplished by means of imposing a
consistency condition on the model [7]. This condition is to ensure that when all
inputs take a certain value, then the model output yields this very same value, i.e.
µ1=µ2≈Oj . The consistency is ensured by means of gradient adaptive
optimization, identifying optimal σj values for each node. It is emphasized that the
fuzzy logic operation performed at each node is an AND operation among the
input components µ i coming to the node. This entails for instance that in case
both energy effectiveness and efficiency are highly fulfilled, then the energy
performance is high as well. In the same way, for any other pattern of satisfaction
at the model input the performance is computed.
In the figure above, an implementation of an integral knowledge model is
given. In this model, the design performance is determined as the final outcome.
This is a partial application due to the inherent complexity in a design, the more
detailed the inputs are given the more accurate the results are obtained (in Figure
8 an extended version of the model is also presented).
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Fig. 4. Reference knowledge model of the case study.

In this model, design performance consists of three performance aspects:
1. Energy performance which is built upon two evaluation specific attributes:
heat gain and heat loss proportion (described as energy effectiveness), and
heating demand (described as energy efficiency).
2. Thermal comfort performance, which is determined by the overheating
percentage.
3. Architectural performance, which is included for the fact that there is an
intervention to the final decisions of the architect. This aspect is determined
by two attributes; experiential performance (composed of three aspects,
architectural expression, view to nature and outdoor space privacy) and car
access.
As seen in the Figure 4, where W1=W2=W3=1/3, the design performance is
considered as equally dependent on the energy, thermal comfort and architectural
performance. This is an expression of the preferences of an architect for the
present case, i.e. it is an instance of the design knowledge being modeled.
In order to arrive at a high accuracy in the determination of such knowledge,
well known techniques for prioritization, such as Analytical Hierarchy Process
(AHP) can be used. The AHP method is a technique developed by Saaty (1980) to
compute the priority vector, ranking the relative importance of factors being
compared. The only inputs to be supplied by the expert in these procedures are
the pair-wise comparisons of relative importance of factors, taken two at a time
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[8]. Due to the low number of input variables, namely maximum three for every
node, the importance vector assignment is done without the use of AHP in this
case. This is sufficient, because the expected inconsistency of the judgment
matrix is expected to be low.
In general, every performance aspect may have a different level of significance
for the final outcome (design performance in this case), i.e. it depends on the
circumstance of the project. The designers should identify this priority by giving
weights to the relations between the aspects. It is noted that knowledge
encompasses not merely the information on what variables are effective on the
performance, but also includes the information on the relative importance among
the variables. These relations were given weights, which take care of the
hierarchy of influence that different variables have on the final result.

3.

Results

In Figure 5 the results of the performance calculations are given. From these
results it is interesting to see that design option 2 is superior over the others in
terms of design performance ("overall performance"), whereas option 3 is
superior over others in terms of energy performance. Option 2 possesses the
highest design performance value because in contrast to option 1 and 3, the
architectural aspects remained the same, so the model yields the same
architectural performance value compared to the existing house. The values of the
aspects of the architectural performance in the model are kept as high values for
the existing case because the aesthetical or functional decisions which have
already been made by the architect are deemed favorable in this case. In the first
and third scenarios more radical changes are applied such as changing the
orientation as what-if scenarios with an aim of maximizing the energy
performance (for instance to increase the solar gains). Therefore it is considered
that this change would have a reflectance on the aspects which set up the
experiential performance and the accessibility on site. This resulted in lower
values in comparison to the existing case.
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Fig. 5. The results of the neural model for the performance calculations.

This is automatically calculated in the overall design performance. This is the
reason why the third scenario did not have the highest design performance. It
should also be noted that the sub-performance aspects of design performance
possess equal weights in this example. In case a higher value is given to energy
performance in comparison to thermal performance and architectural
performance, the design performance comparison changes. This is an issue of
priority which should be decided by the architect in consultation with energy and
comfort experts.
The Figures 6 (a,b) and 7 show the membership functions used to transform the
crisp input data to fuzzy information at the model input. These specify the
concepts of energy efficiency, energy effectiveness and overheating percentage
(coming from PHPP). By means of these functions it is possible to trace the
performance of the four different cases at the input level. The sigma parameter of
the Gaussians shown in Figures 6 (a, b) and 7 is used to specify the uncertainty
tolerated at the model input. In this case study the values for preliminary sigma
are determined by the expert judgment. Identifying the sigma based on scattered
data modeling is an interesting relevance.

291

I. ERBAS, M.S. BITTERMANN and R. STOUFFS

σ = 0, 15

σ = 35

(a)

(b)
Fig. 6. Fuzzification for energy efficiency (a);
Fuzzification for energy effectiveness (b).

σ=7

Fig. 7. Fuzzification of overheating percentage

The role of heat loss and gain and their proportion is significant in energy
performance calculations. Within the scope of this example, this proportion is
assumed as the energy effectiveness whereas the specific space heat demand is
given as the energy efficiency together with forming the energy performance. In
addition, looking at the comparison results it is also concluded that compactness
(surface to volume ratio) of the building plays a big role in the energy
performance. Although the energy improving actions were maximized in the third
scenario the overall specific space heat energy demand could not reach at the
passive house level. This is due to the courtyard formation which makes the
building less compact and yields greater transmission losses through the larger
surface area.
292

USE OF A KNOWLEDGE MODEL FOR INTEGRATED PERFORMANCE …

4.

Possible expansion of the model

Figure 8 is an example to show the possibility of considering additional elemental
requirements and performance outcomes.

Fig. 8. An abstract representation of integration of complex
knowledge into hierarchical tree structure.

Within this paper the knowledge model for the assessment is limited to a few
variables in order to make it simpler to show the approach more clear. The
approach presented here is extendible including more variables together with
different experts such as safety, cost performances and all the inputs that define
the performance criteria. This would offer a new medium to different specialists
to design and work together. In the following stages of the research a knowledge
model which will provide the architects with alternatives to choose a right
strategy will be constructed. This model is considered to be capable of searching
for possibilities of improvement from the library of actions based on existing
knowledge, analyzing the consequences of intervention actions and providing
ways to trace back in the design (iterative generation and analysis process).
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5.

Conclusions

An information processing approach is presented in the domain of architectural
design with a special concern on energy and comfort issues. The knowledge
model and associated computational approach described provide information on
the performance of a design in abstract terms which are meaningful to the
architect for decision making, such as design performance, thermal comfort
performance, energy performance, etc. Added value of such an approach is
treatment of the complexity, so that a number of elemental knowledge and
information pieces are integrated for enhanced precision in the evaluation. This
approach is verified through the case study. The results show the difference in the
performance among the alternative designs, clearly indicating which design is to
be preferred and for what reasons. In this case it turned out that renovating the
existing house outperformed the other alternatives (0.68) regarding the design
performance. The alternative where the orientation of the house is changed as
well as the envelope is improved performed less in terms of design performance
(0,65), while it outperformed the renovation solution regarding energy
performance (0,72 vs. 0.52). From the results it is seen that the superiority of the
renovation solution as to design performance is due to its outstanding
architectural performance (0.92 vs. 0.54). It is noted that the more detailed the
model is established, the more accurately the reason for preferring a design
alternative over others is to be traced.
The model is flexible to be expanded. This allows for integration of diverse
knowledge into a unified structure, so that the approach is deemed suitable for
enhancement of working together in complex decision domains.
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Abstract. A cognitive system for conceptual building design is presented. It is
based on an adaptive multi-objective evolutionary algorithm. The adaptive
approach is novel and, in contrast with conventional multi-objective evolutionary
algorithms, it explores the solution space effectively, while maintaining diversity
among the solutions. The suitability of the approach for conceptual design of a
multi-purpose building complex is demonstrated in an application. In the
application, the goal of maximizing sustainability is treated by means of a model,
which is established using neural computations. The approach is found to be
suitable for addressing the soft nature of the sustainability concept. Also, the
capability of the approach to distinguish among the alternative solutions from an
unbiased viewpoint, i.e. without committing a-priori to a relative importance
among the performance aspects, is demonstrated.

1.

Introduction

In building design tasks generally several goals are to be satisfied at the same
time. Some of the goals may be soft, that is they involve vagueness and
imprecision. Examples of such goals are "high functionality" and "high
sustainability". Due to their soft nature, establishing their relative importance in a
design task is difficult to accomplish with certainty, in particular prior to having
information on the inevitable trade-offs that are inherent to the task. This entails
that cognition is required to decide about the ultimate suitability of solutions.
Before elaborating this it is noted that soft goals also entail that the objectives
may not be combined into a single criterion, i.e. the design problem is not to be
treated as a single-objective optimization problem. Therefore, in general multiobjective optimization is an appealing approach for design purposes. To deal with
CAAD Futures 2011 : Designing Together, ULg, 2011
© P. Leclercq, A. Heylighen and G. Martin (eds)
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the increasing complexity of the multi-objective optimization tasks direct search
methods that are based on a population of solutions became the dominant
approach for these tasks. The directness of the methods refers that objective
function values are used to drive the search in contrast to the gradient-based
methods, where derivative vectors are used for this purpose. The most prominent
direct, population-based algorithms are evolutionary algorithms (MOEAs) and
particle swarm optimization algorithms (PSO), and these are extensively being
investigated for solving associated optimization problems, e.g. [1, 2, 3].
Population-based algorithms are particularly suitable for multi-objective
optimization, since they evolve simultaneously a population of potential
solutions.
Despite their effective use in many engineering areas the direct multi-objective
optimization methods have drawbacks when applying them in the design area. In
particular it should be clearly noted that they are able to handle only a moderate
number of objectives to be simultaneously optimized. In general this number is
not more than four or five. This is due to the nature of the Pareto ranking concept
that is driving the multi-objective search process, and this will be explained
below. Buildings host diverse human activities and thereby need to satisfy a
myriad of elemental demands. Such demands range from desirable distances
among related functions, to preferences for daylight, view, sustainability related
aspects, and form related preferences. In order to let a direct search algorithm
cope with such a large amount of requirements it should be noted that elemental
requirements are constituents of higher-level requirements. For example the
functionality of the individual building components constitutes the functionality
of the building as a whole. Such aggregation of lower level aspects to form more
abstract higher level aspects is a faculty of human reasoning. Apparently the
human mind commonly uses such aggregations of attributes in order to cope with
the amount of information. This is particularly necessary when aiming to take
decisions that require cognition beyond mere intelligence. This occurs for
instance when a number of alternatives should be compared regarding high-level,
abstract goals like sustainability or functionality, which cannot easily be
compared with each other.
Although cognition and intelligence are usually not distinguished in the
literature due to their elusive nature, in this work the position is taken that
cognition is a matter of addressing second order aspects, like the relative
importance among the high-level goals, whereas intelligence deals with the
discernment of solutions that satisfy such goals. With this understanding
cognition requires intelligence as a prerequisite to pinpoint the range of basically
suitable solution alternatives, whereas intelligence can occur without the
cognitive process. As an example of the latter we can consider the conventional
multi-objective optimization algorithms, where merely optimality for goals is
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pursued without addressing the relative importance among these goals at all in the
process.
Artificial cognition is a novel concept that requires that the direct search
methods are able to deal with goals having a high degree of abstraction. Next to
this, for cognition to be effectively executed, it is necessary to have as basis a
diverse set of solutions alternatives. Accomplishing this is not straightforward,
since the strict search of non-dominated regions in the multi-objective solution
space prematurely excludes some of the potential solutions resulting in
aggregated solutions in this very space [4, 5]. This work addresses this issue by
employing adaptive relaxation of the dominance concept during the search
process. With respect to existing work employing relaxed Pareto ranking without
adaptation, the adaptive relaxation is a novelty in particular aiming at tasks with
many objectives. The effectiveness of the adaptive relaxation approach is
demonstrated with an application from the domain of architectural design, where
optimal spatial configurations satisfying multiple objectives are pursued during
the conceptual phase. In the application, human-like reasoning is employed
during the fitness evaluation. Based on this, artificial cognition is invoked, so that
ultimate selection among Pareto solutions by a decision maker is facilitated. In
particular the sustainability concept is treated in this work using computational
intelligence, so that expert knowledge on sustainability is effectively integrated
into a model. This is a novel approach to sustainability, since up till now the
vague nature of the concept is not taken into account.
The paper is structured as follows. Section two of this paper describes the
adaptive relaxation of the Pareto dominance concept. Section three describes the
application of the adaptively relaxed search algorithm for sustainable conceptual
building design. This is followed by conclusions.

2.

Adaptive multi-objective optimization

In Multi-objective (MO) algorithms that are population-based, such as MOEA or
Multi-objective Particle Swarm optimization (MOPSO), in many cases the use of
Pareto ranking is a fundamental selection method. Pareto ranking aims to reach a
solution surface in a multidimensional solution space, where the space is formed
by multiple criteria representing the objectives. This surface is known as Pareto
front. On this surface, the solutions are diverse but they are assumed to be
equivalently valid. The driving mechanism of the Pareto-ranking based algorithms
is the conflicting nature of criteria, i.e. increased satisfaction of one criterion
implies loss with respect to satisfaction of another criterion. Therefore the F1,
F2,…, FN which are of the form
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(1)

where FI(X) are the new objective functions; AJI is the designated amount of
gain in the J-th objective function for a loss of one unit in the I-th objective
function. To find the Pareto front of a maximization problem we assume that a
solution parameter vector X1 dominates another solution X2 if F(X1)≥ F(X2)
for all objectives. At the same time a contingent equality is not valid for at least
one objective.
In solving multi-objective optimization tasks, with the increase of the
number of objective functions, i.e. with high dimensionality, the effectiveness of
the Pareto ranking in this strict form is hampered. Namely, with many objectives,
there are few solutions that dominate others in the strict sense expressed by (1).
This means the search has little information to distinguish among solutions, so
that the selection pressure pushing the population into the desirable region is too
low. Therefore the algorithm prematurely eliminates potential solutions from the
population, exhausting the exploratory potential of the population. As a result the
search arrives at an inferior Pareto front with aggregation of solutions along this
front. This issue can be understood considering that the conventional Pareto
ranking implies a kind of greedy algorithm, which considers the solutions at the
search area delimited by orthogonal axes of the multidimensional space, i.e. AJI in
(1) becomes zero. This is shown in Figure 1 by means of the orthogonal lines
delimiting the dominated region. The point P in Figure 1 is ultimately subject to
identification as an ideal solution. To increase the pressure pushing the Pareto
surface towards to the maximally attainable solution point is the main problem,
and adaptive relaxation of the orthogonality is an appealing solution and applied
in this work. Although, some relaxation of the dominance is addressed in
literature [6, 7], in a multidimensional space to identify the size of relaxation
corresponding to a volume is not explicitly determined. In such a volume next to
non-dominated solutions, dominated but potentially favorable solutions, as
described above, lie. To determine this volume optimally as to the circumstantial
conditions of the search process is a major and a challenging task.
In this work the solution for this task is due to the mathematical treatment
of the problem, where the volume in question is identified adaptively during the
search that it yields a measured pressure to the Pareto front towards the desired
direction, at each generation as follows. The fitness of the solutions is ranked by
the fitness function given by (2).
(2)
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(A)!

(B)!

Fig. 1. Contour lines defining the dominated region in relaxed versus greedy
Pareto dominance case (a); Implementation of the relaxation concept
during the evolutionary search process (b).

where n is the number of potential solutions falling into the search domain
consisting of the conventional orthogonal quadrant, with the added areas of
relaxation. To obtain n in (2), for each solution point, say P in Figure 1, the point
is temporarily considered to be a reference point as origin, and all the other
solution points in the orthogonal coordinate system are converted to the nonorthogonal system coordinates. This is accomplished by means of the matrix
operation given by (3)

(3)

where the angles φ, ϕ, … θ represent the respective relaxation angles between one
axis of the coordinate system and the other axes. After coordinate transformation
using (3), all points which have positive coordinates in the
non-orthogonal
system correspond to potential solutions contributing to the next generation in the
evolutionary computation. If any point possesses a negative component in the
new coordinate system, the respective solution does not dominate P and therefore
is not counted. This is because otherwise such a solution may lead the search in a
direction away from P. The importance of this coordinate transformation becomes
significant especially with greater amounts of objective dimensions.
Determination of the suitable relaxation angle depends on the particular
conditions occurring during the stochastic search process. Adaptively changing
the angle implies that the size of the relaxation domain used to grade an
individual is considered in perspective with the relaxation domains presently
associated to the other solutions in the population. This is implemented by means
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of (4), where the ratio between the relaxation angle and average relaxation angle
is used. N(θ) in (4) can be considered as expressing the amount of virtual
solutions that are accrued to the counted number of dominant solutions denoted
by n in (2).

(4)

This reflects the fact that when we take the greedy dominance concept,
solutions that are dominated by s more solutions may turn out to be favorable in
later stages of the search process, although they normally would already have
been eliminated due to greediness of the conventional Pareto ranking scheme.
Considering (2) and (4) together it is clear that the purpose is to reward a
chromosome for affording a wide relaxation angle θ, relative to the average angle
of the population , and still having a low dominance count, denoted by n. The
wide angle is to provide more diversity in the population for the next generation.
However, when the relaxation angle would be excessively large, the population
for the next generation can be crowded with trivial solutions. To prevent that, in
(2) the number of non-dominated solutions with respect to the particular solution
considered denoted by n, is summed up with the function of the angle N(θ). This
means that between two solutions with the same amount of non-dominated
solutions, the one with the wider angle is preferred. This is done for every
solution in the population. This implies that the average angle is changing for
every generation adaptively. It is noted that the number s appearing in (4) is a
constant number, used to adjust the relative significance of relaxation angle
versus count n. This means the value of s should be selected bearing in mind
particularly population size, so that solutions using wide angles are adequately
rewarded, for instance.
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3.
3.1.

Application for sustainable conceptual building design
Generating solutions

!
Fig. 2. Design objects subject to optimal positioning on the building site.

A layout problem of a building complex is considered, where the spatial
arrangement of a number of spatial units is to be accomplished in such a way that
three main goals are satisfied simultaneously. These goals are maximizing the
building’s energy performance, functionality, as well as its performance regarding
form related preferences. Taking the energy performance into account already
during conceptual design is an important factor for enhanced sustainability of the
building. The building subject to design consists of a number of spatial units,
referred to as design objects, where every unit is designated to a particular
purpose in the complex. The task is to locate the objects optimally on the
construction site with respect to the three objectives forming suitable spatial
arrangements. The objects are seen in Figure 2. It is noted that such layout
problems are very generic forming an essential aspect of most design tasks in
architecture, in particular during the conceptual phase. It is also noted that despite
the low number of building elements in the present task, the amount of possible
solutions is excessive, so that exhaustive search of the possibility space is not
feasible.
In order to let the computer generate feasible solutions, it is necessary to ensure
that spaces do not overlap, and objects should be adjacent to the other objects
around and above it. This is realized in the present application by inserting the
objects in a particular sequential manner into the site. This is illustrated in Figure
3. Starting from the same location, one by one the objects are moved forward, i.e.
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translated in northern direction, until they reach an obstacle. An obstacle is either
the site boundary or another object previously inserted. When an object touches a
previously inserted one, the former object changes its movement direction from
the northern to the eastern direction, moving east until again it reaches the site
boundary or another object. As a final movement step the inserted object will
move downward until it touches the ground plane. Packing objects in two
dimensions in this way is known as bottom-left two heuristic packing routine in
literature, e.g. [8]. It is noted that the objectives in conventional packing problems
significantly differ from architectural design problems. For instance in the former
case the adjacency or nearness of objects is usually irrelevant, whereas in building
design it is relevant.
!!!!

!
Fig. 3. Generation process of a solution through sequential insertion.

3.2.

Evaluating the performance of solutions

In order to deal with the abstract nature of goals involved in the task, a
computational intelligence approach is used to assess the suitability of a solution
through simulating a human-like reasoning process. The approach is based on a
neural structure having intelligent logic processors embedded into it, so that the
system performs as a Takagi Sugeno (TS) type fuzzy model [9]. The model
structure is a neural tree structure. It is composed of terminal nodes, non-terminal
nodes, and weights of connection links between two nodes. The non-terminal
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nodes represent an artificial neuron, and the neuron type is an attribute
introducing a non-linearity simulating a neuronal brain activity. In this approach,
the non-linearity is established by means of a Gaussian function, which has
several desirable features for the intended goals; namely, it is a radial basis
function ensuring a solution as well as the smoothness. At the same time it plays
the role of a fuzzy membership function, so that the system is to be considered a
fuzzy logic system, as its outcome is based on fuzzy logic operations and thereby
associated reasoning [10]. It is clearly noted that the fuzzy neural tree used here is
not a decision tree : a node of the fuzzy neural tree executes a logic operation
simulating a neural activity, whereas a node in a decision tree represents a choice
or a consequence among alternative decisions. It is further noted that the neural
tree approach is different compared to outranking approaches, such as
PROMETHEE [11] : in the latter case pair-wise comparisons forms the
foundation of the evaluation, and specification of a preference functions is
required by the decision maker. The neural tree model does not involve
preference functions, but it uses the concept of membership function from fuzzy
logic, and these functions are optimized based on a consistency condition that is
inherent to the knowledge subject to modeling.
The root node of the neural tree shown in Figure 4 describes the ultimate goal
subject to maximization, namely the design performance and the tree branches
form the objectives constituting this goal. The connections among the nodes have
a weight associated with them, as seen from the figure. The weights are given by
a decision maker, specifying the relative significance a node has for the node one
level closer to the root node as an expression of knowledge. The weights and
input information is processed at each inner node of the tree model based on a
fuzzy logic operation given by (5), where Oj is the output of the j-th inner node, µi
denotes the strength of the i-th input coming to this node; wij denotes the relative
importance of this input; and σj a parameter responsible to ensure a consistency in
the AND operation, which is to be identified using classical or evolutionary
optimization [12].
(5)

305

M.S. BITTERMANN

Fig. 4. Fuzzy neural tree for performance evaluation of the candidate solutions.
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Fig. 5. Fuzzy memberhip functions at two of the terminal nodes in Fig. 4 for
energy performance evaluation (a); for evaluation of the average
building height along the waterfront (b).

In order to provide the neural model with input values, fuzzification processes
are carried out at the terminal nodes shown by means of square shaped boxes in
Figure 4. The fuzzification yields the degree of satisfaction for the elemental
requirements in the form of membership degrees. Two examples of this operation
are shown in Figure 5. For instance concerning the requirements on average
height of the building the decision maker prefers to have a low average height
along the street side to give the building a less dominant expression when
perceived by people walking along the waterfront. This requirement is seen from
the membership function in Figure 5b, where the membership degree diminishes
with increasing height. The fuzzified information is then processed by the inner
nodes of the tree. These nodes perform AND operations using multi-dimensional
Gaussian membership functions as described above. The width-vector of a
Gaussian reflects the relative importance among the inputs to the corresponding
node. Executing the sequence of logic operations in parallel manner starting from
the model inputs, the design performance is obtained at the penultimate node
outputs of the model. This means the more satisfied the elemental requirements at
the terminal level are, the higher the outputs will be at the nodes above, finally
increasing the design performance at the root node of the tree.
3.3.

Artificial cognition : distinguishing among Pareto optimal solutions

The neural model is used during the evolutionary search process to evaluate the
fitness of solutions, in order to arrive at designs with maximal design
performance. In the multi-objective implementation the outputs of the nodes
functionality, energy, and form preferences, which are the penultimate nodes, are
subject to maximization. Their values are used in the fitness determination
procedure of an adaptive multi-objective genetic algorithm.
In accordance with the multi-objective treatment, from Figure 4, we note that
the weights connecting the root node with the nodes one level below are not
determined by a decision maker. We term these weights as w1, w2, and w3. As the
neural model can be considered as a Takagi Sugeno (TS) type fuzzy model [9] the
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computation of the performance score at the root node is a defuzzification in TS
sense, given by
(6)

where f1 is the output of the node functionality performance; f2 of node energy
performance; f3 of node form preferences. The variable p denotes the design
performance which is also requested to be maximized, which is the ultimate goal
of the design. In much real-world decision making tasks the cognitive viewpoint
plays an important role. This means it is initially uncertain what values w1,…w3
should have. The node outputs f1, …, f3 can be considered as the design feature
vector, and the reflection of these features can be best performed if the weights w1
; …; w3 define the same direction as that of the feature vector. This implies that
the performance pmax for each genetic solution is given by [13].
,

(7)

Therefore, pmax in (7) is computed for all the design solutions on the Pareto
front. Then the solution with maximal pmax performance is selected among the
Pareto solutions. This way the particular design is identified as a solution
candidate with the corresponding w1, w2, …., wn weights. These weights form a
priority vector w*. One should note that, although the priority vector information
is not used during the genetic optimization, a resulting Pareto front offers a
number of design options with fair performance leaving the final decision
dependent on second-order preferences. Using (7), these second-order preferences
are identified that are most promising for the task at hand, in the sense that
maximal solution performance is accomplished for any possible weight
combination.
Distinguishing systematically among the Pareto optimal solutions in this way is
to be considered as an act of machine cognition. This is because second order
information is systematically obtained without contribution by the decision maker
in this act, which is possible due to the particular mathematical nature of the TS
defuzzification process. It is noted that the machine cognition does make use of
decision makers’ knowledge modeled through the neural computations that yield
f1,..f3; however, as the Pareto optimal front is not known a priori, the higher level
priority information, i.e. w1…w3, is also unknown in advance, and subject to
computational identification using Eq. (7), once the Pareto optimal front is
established.
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3.4.

Application Results

Fig. 6. Pareto optimal designs, D1 (a); D2 (b); and D3 (c).

The adaptive evolutionary algorithm is executed and the Pareto front is obtained.
In the execution s=16 in (4) is taken. To exemplify the solutions on the Pareto
front, three resulting Pareto-optimal designs are shown in Figure 6. Fig. 6a shows
design D1, 6b shows D2, and 13c shows D3. The design performance for the
designs shown in Fig. 6 is shown in figure 7.

309

M.S. BITTERMANN

Fig. 7. Node outputs for the three Pareto optimal designs shown in Fig. 6.

From Figure 7 it is seen that D1 and D2 are quite close as to their pmax value,
whereas D3 has significantly lower pmax design performance. This is despite the
fact that D3 outperforms the other two designs regarding form performance. Both
determinants of form performance, namely height variation and average height
both score significantly higher for D3 compared to D1 and D2. Here particularly
the height variation is decisive, since its relative importance is .60 vs. .40 for
average height seen from Figure 4. For D3 both the height variation along the

310

SUSTAINABLE CONCEPTUAL BUILDING DESIGN USING A COGNITIVE …

street side and along the waterside are relatively large (.47 and .69), as it is
required. The reason why D3 is outperformed by the other two designs is because
its functionality and energy performance are both relatively low. The low
functionality performance of D3 is especially due to low functionality of the hotel
(.20). This is also seen from
Figure 6c, where it is noted that the hotel
component has a low height, which is undesirable because the view from the
upper hotel rooms is not that attractive. Also the distance between the sporting
center and the hotel is undesirably close, which is expected to cause unwanted
disturbance of the hotel guests. The inferior energy performance of D2 and D3 is
because the perimeter of hotel and office is largely exposed, while in D1 hotel
and office are more surrounded by other components. This causes more
transmission heat loss in case of D1 and D2 compared to D3. D2 has the highest
functionality performance of the three designs (.86), which is particularly due to
high functionality for the offices.
From the results we also note that design D1 outperforms the other two designs
as to its pmax value, despite the fact that the other two designs perform better on the
form aspect. This is explained from the fact that the Pareto front in the present
decision making task is not symmetrical to the diagonal line in objective space,
spanning from the origin to the ideal point at (1, 1, 1). The front is oriented in
such a way that the form performance is generally lower compared to energy and
functionality performance. This means that in the present task, in absence of apriori second-order preferences, one should not consider form as important as
energy and functionality. Considering that D1 and D2 are quite similar as to their
maximal performance it is noted that solutions with either outstanding
functionality performance, or solutions that perform well on energy and
functionality at the same time, are worth to consider in the ultimate decision
making. However it is noted that many Pareto optimal solutions are not
significant from an unbiased viewpoint, that is their pmax value is inferior, e.g. in
the case of D3. This information is uniquely obtained through the cognitive
approach. This way the amount of solutions to consider in the selection among the
Pareto solutions is reduced, and thereby the decision making task is alleviated.

4.

Conclusions

An adaptive relaxation approach for enhanced multi-objective optimization is
presented and demonstrated in a conceptual building design task, where
sustainability concerns are taken into account. In this approach the Pareto
dominance concept is adaptively relaxed during an evolutionary search process.
The adaptation is found to yield diverse Pareto optimal solutions. In the
application a building consisting of several volumes is obtained, so that three soft
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objectives pertaining to the building are satisfied. The satisfaction degree for each
goal is measured using a neural model, so that the adaptive evolutionary
algorithm makes use of some human-like reasoning during its search. Since the
evaluation model is a Takagi Sugeno type Fuzzy model, the defuzzification
process at the model output for the multiple objectives yields new information
regarding the relative suitability of solutions from an unbiased viewpoint. For
example, from the application it is seen that form related performance plays a less
significant role compared to energy and functionality concerns. This information
is relevant in the selection among the Pareto optimal solutions, and it is
challenging to be obtained otherwise. Provision of this information constitutes an
act of machine cognition, because the seemingly equivalent optimal solutions are
systematically distinguished by means of the computations without involvement
of the decision maker. Computational cognition may be significant, as it enhances
the decision making in soft problems, so that ultimate choices can be made with
great awareness and confidence despite the softness.
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Abstract. As a consequence of growing concern about the future of the world's
energy resources, there is an increasing pressure on architects to both create
sustainable design and meet a diverse range of often quite stringent performance
criteria. This is inspiring a wealth of new computer-aided architectural design
approaches. Generation and optimization take a lot of the issues traditionally dealt
with late in the design process and bring them right up front into the formative
stage and into domain of the architect. This paper presents a conceptual computer
aided design model for climate responsive dwelling roof. It is based on generation
and optimization paradigms; which is diametrically opposite to conventional
simulation. Given the required inputs, this model automatically generates
prescriptive quantitative information to design roof to achieve optimum thermal
comfort in warm humid tropics. The rational and methodology used to develop
the proposed model is outlined and the implementation of model is illustrated for
climatic and technological contexts of India and Australia.

1.

Introduction

Achieving the high level of energy efficiency and performance being demanded
of our buildings is requiring new approaches to the design process. Whether
referred to as climate responsive, bioclimatic or sustainable design, it integrates
the architect's aesthetic endeavours and architectural science principles to create
functional and energy efficient designs. Consequently, it is imperative that each
part or element of a dwelling is designed to maximize favourable effect on the
indoor climate and minimize harmful effect to such an extent that they can be
tolerated. At the same it is critical for an architect to optimise the performance of
his or her design to provide good value of the investment.
CAAD Futures 2011 : Designing Together, ULg, 2011
© P. Leclercq, A. Heylighen and G. Martin (eds)
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Research in computer-aided architectural design developed primarily with the
aim to assist different aspects of building design [1, 2] and over the last five
decades or so, three clear paradigms have successively emerged [3]. First, design
was conceived of as a problem solving activity [4]. While CAD proved to be
effective in handling well-defined problems, in managing ill-defined problems it
was severely limited. Then, as a result of developments in symbolic computing
and artificial intelligence, designing was seen more as a knowledge-based activity
[5, 6]. However, the fundamental limitation of knowledge-based design is that
there is, in general, no guarantee that a knowledge-base is complete and accurate.
Since last one decade there is a growing consensus that designing must be treated
as a fundamentally social activity (collaborative design)-a matter of multiple,
autonomous but interconnected intelligences in complex interaction [7]. What
may appear to be shifts in paradigm actually represent convergence on a single,
original aim : the use of computers to assist designers (and others who are
involved in the design process) to assess the quality, desirability, and the
implications of their creations.
CAD models based on procedural computing can be broadly classified into
three categories : simulation, generation, and optimization [8]. Simulation is
typically used towards the end of building design process mainly to check
well-developed solutions against mandatory or recommended standard. In such
situation the majority of the design parameters is known or has been determined
by the design team. At the formative design stage, where even the basic form of
the building has not yet been finalized, the sheer number of unknown parameters
at this stage is considered to render detailed computational simulation of
modicum assistance. Furthermore, most of the decisions that affect comfort and
energy use occur during the formative design stage and the efforts required to
implement those decisions at this stage are smaller compared to the effort that
would be necessary toward the end of the design process.
This paper argues that generation and optimization can be effectively used for
well defined problems. The design of a dwelling is a complex and cannot be
solved as a single overall problem. The usual approach is to decompose the
overall problem successively into smaller subproblems until a level is reached
where we are capable of solving the subproblems. Then find solutions to each of
the subproblems so as to successively solve the overall problem, i.e. integrating
the various parts into a coherent whole. The design of dwelling is, therefore,
formulated as an eight-stage generation and optimization problem [9], each stage
corresponding to crucial decision: 1) orientation, 2) form, 3) roof, 4) walls,
5) openings, 6) shading devices, 7) floor and 8) enclosure system. Consequently,
all the technical requirements are slowly established during the design process.
In designing a roof, an architect has to consider many factors : aesthetic,
thermal performance, rain, fire protection, cost, availability and maintenance. In
addition recyclability of materials, hazardous materials, life-cycle expectancy and
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design options as they relate to the environment need to be considered.
Consequently, the design of roof is a complex and multifaceted problem. The
principal need is for a direct design aid which can generate feasible solutions and
tradeoff performance in conflicting requirements and prescribe the optimum
solution. If generation and optimization can be applied with actual building roof
materials and insulation as parameters then the potential for design generation
based on performance criteria is possible. It offers the opportunity to the architect
to work with more complete and correct information at the formative stage.

2.

Generation

The idea of generative model is traced back to Aristotle and has a long and varied
history [10]. They played important roles in philosophy, in the evolution of
literary and musical theory, and in the development of engineering and
architectural design methodology. Generative systems are now seen to be at apex
of contemporary architectural practice [11]. Despite the lack of a clear definition
and formal methods for its implementation, its significance is now widely
recognised by architect and design researchers [12]. Grammar-based generative
techniques exploit the principle of database amplification, generating complex
forms and patterns from simple specification. Generative models are also called
production systems (based on the direct analogy with Chomsky’s language
models) and shape grammars when applied to architecture. Generative design is
also constraint driven parametric search. Some of the examples of generation
based climate responsive design are for fixed external sunshades [13], solar
envelopes [14], daylighting [15] and stadium roof [16].
In generation, the computer is used to explore the consequences of recursive
application of a set of decision rules. By their nature, generative models provide a
range of solutions that collectively demonstrate all possible design options which
satisfy the prescribed rules or criteria. Thus, some decision making is internal to
the model but it is not purposeful; all valid decisions are equally acceptable. The
results may be evaluated to ensure that they conform to some set of constraints,
but they will not be ranked in any way. To control the generative process so that
not all (and this "all" could be very large indeed) but only the best solutions are
generated requires that the objectives as well as the decisions be contained within
the model. This entails application of optimization.
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3.

Optimization

In optimization, the computer is used to prescribe a design solution or solutions in
order to achieve a specified objective as closely as possible. The decisions are
chosen on the basis of their effect on the performance of the solution in relation to
the specified objective. Some evaluation and decision making are internal to the
model and are purposeful; decisions are chosen according to their ranking on an
explicit measure of effectiveness. Optimization models effectively search the
whole field of feasible solutions and identify those best suited to the architect's
stated objectives. Design options can be obtained by identifying near-optimal as
well as optimal solutions. Goldberg [17] suggested that the optimization methods
could be divided up into three groups : enumerative methods, calculus based
methods and random (stochastic) methods.
When there is one criterion there is a unique set of decisions which produces
the best performance in that criterion. However, when there is more than one
conflicting criteria the notion of a unique set of decisions no longer applies and
the concept of a best performance needs to be replaced by a more general idea.
There must be some conscious or unconscious process of balancing or trading off
performance in various design criteria one against another. One powerful concept
in multi-criteria design optimization is that of Pareto optimality [18, 19]. The set
of Pareto solutions is known as the set of non-dominated or non-inferior
solutions. A non-dominated (Pareto optimal) solution is one for which no other
solution exists that will yield an improvement in one criterion without causing a
degradation in at least one other criterion. The best solution must lie within the
Pareto set. Multi-criteria Pareto optimization has following advantages :
1) It can handle nonlinear, discrete information.
2) It can handle a variety of objectives.
3) It models the problem in an easily comprehensible manner.
Every building is usually a compromise between a vast array of competing
requirements. Thus, when faced with many competing criteria, the best design
solution is often the "least worst" option.

4.

Generation and optimization

It has been argued in this paper that the architect's principal need is for
prescriptive-information that expresses the design options and addresses the
problem of tradeoff between conflicting design objectives. Generation is
necessary to create the solution set to be searched, and optimization is necessary
to evaluate the performance and to trade-off between conflicting design goals.
Thus, generation and optimization offer the most systematic models for CAD
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because they incorporate all of design activities, making design decisions,
performance evaluation and satisfying the objectives.
A design process based on generation and optimization is composed of the
following components :
1) A design schema.
2) A means of creating variations.
3) A means of selecting desirable outcomes.
Marsh [20] breaks the process down into similar components but with greater
emphasis on performance measurement as "Configuration variation" (1 & 2
combined), "performance metric" (aspects of 3), and "decision making
response"(3).

5.

Proposed CAD model for roof

The climate responsive design of roof (design goal) can be defined in terms of
design objective as "control radiant and conduction heat". This objective must be
satisfied to achieve the design goal. The performance variables must acquire
values within certain ranges which will satisfy the objective. These ranges may be
stated in specific terms as constraints or in general directional terms as target.
This can be as simple as a single number as roof ceiling surface temperature or a
scaled index. However, it must be possible to construct an unequivocal numerical
test by which to determine an ordinal relationship between the thermal
performances of different roof configurations. This usually means to judge
thermal performance of a given roof to be better/worse, desirable/undersirable,
greater/lesser or above/below another. In the proposed model thermal
performance index (TPI*) is used, the worst roof, the galvanized iron roof is rated
at TPI* of 0% and the roof satisfying the comfort needs for the given climate is
rated at TPI* of 100% [21].
The design variables must be assigned some values to collectively describe a
design (system). This is some aspect of the physical configuration of the roof
model that will be manipulated or changed. This could be materials properties of
each layer of roof or the entire roof geometry. This aspect is usually the real focus
of the problem as the automated manipulation of complex geometry is still a
developing field. More generally, performance variables are related to the
required functions and design variables to the form or structure of the design.
The crux of design process lies in the correct mapping between the design and
performance variables so as to achieve the objective or goal. A performance
variable is often influenced by more than one design variable. The converse is
also true : one design variable is likely to influence more than one performance
variable. The performance and decision variables thus interact in complex ways
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and the relationships between them are not always obvious. Conceptually it is
illustrated in Figure 1.

Fig. 1. A conceptual model for designing roof in a given climatic context.

5.1.

The generation module

The generation module aims to provide design information on feasible solutions.
In the past, there were far fewer roofing materials to select from than there are
today. Although there is a wide range of roofing materials available for dwelling
construction, usually practical and aesthetic considerations tend to limit the range
from which to choose. This range can be called preferences of the architect for a
particular application.
Organization of knowledge within the framework of some system of types
enables us not only to understand but also to generate architectural objects that
can be constructed within design worlds. This is done by recognizing instances of
abstract types and applying the knowledge to see them as standing for instances
of architectural vocabulary elements (or parts of such elements) in the
construction world. In case of roof, Thiis-Evensen [22] gives a vocabulary of roof
themes, dome, barrel vault, gable, shed and flat. Usually, dwelling roof is either
flat or pitched.
A physical system is defined as a collection of functionally interconnected
physical objects [10]. A roof can be regarded as a physical system. More
formally, it can be said that the roof can be broken down into some set of
elementary parts which can be regarded (for our purposes at hand) as indivisible.
In addition to specifying the properties of the element, we can also specify the
relationships in which those elements stand to each other. This opens up the
possibilities not only of ascribing physical properties to the roof as a whole, but
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also of ascribing physical properties to its parts. It is the positioning of the parts or
elements that governs the climatic response of the roof.
For generating alternative solutions decision rules are established based on
replacement rules of English grammar described by Mitchell [10]. Grammarians
of spoken language, for example, often set out sentence schemata like :
The __________ is green.
Then they specify the type of word substitutable for the blank, in this case a
noun. Thus the schema might be expressed: The Noun is green.
Noun is a variable ranging over all the English nouns : substitution of any
instance of an English noun, such as grass, yields a grammatical English
sentence. Similarly, a possible arrangement of key elements of roof can be
defined based on topology and geometry and each arrangement can be identified
as a template and each element can be identified by a label. For example, a
possible arrangement of key elements of a roof can be expressed like : Cladding
→ Attic → Insulation → Ceiling
A template provides the roof schemata and label provides the type of material
substitutable. Then specify a list of preferred materials substitutable for the
Cladding, Insulation and Ceiling. In addition to replacing materials, properties of
materials can be also replaced or modified in this process. For example, while
replacing materials for insulation it is possible to increase its thickness or
resistance, since it is one of the possible ways of improving thermal performance
of roof. To do this it is necessary to test the performance of the roof and see if
more insulation is required. Similarly, colour of external surface can be varied to
improve performance. Thus, the template tells how to compose the elements of
roof correctly, they encode knowledge of how instances of this type of roof are
put together and the list or lexicon of preferred materials tells how to
parameterize elements and assign values to properties.
To illustrate the concept of generation module, a light weight pitched roof is
considered as a system of cladding, structure, air space or attic, insulation and
ceiling. Cladding, facing the sky, provides a defence against the sun and
precipitation, structure provides support and sometimes it is integrated with the
roof, airspace or attic provides barrier to heat flow, additional insulation also
provides resistance to heat flow and ceiling provides the covering surface and
sometimes also acts as insulation, it is usually supported by or integrated with the
structure. Six templates showing possible arrangements of the key elements,
defined based on topology and geometry are given below and are illustrated in
Figure 2.
Templates : Labels
Template 1 : Cladding
Template 2 : Cladding → unventilated attic → Ceiling
Template 3 : Cladding → ventilated attic → Ceiling
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Template 4 : Cladding → ventilated attic, low emissivity attic → Ceiling
Template 5 : Cladding → ventilated attic → Insulation → Ceiling
Template 6 : Cladding → ventilated attic, low emissivity attic → Insulation →
Ceiling

Fig. 2. Six templates of light weight pitched roofs.

In these examples, cladding is predominant, which primarily serves to provide
shelter from weather. Thus material for cladding can be used to identify a roof,
for example, terra-cotta tile roof, metal roof, concrete roof, etc. Architects then
can select the preferred materials for cladding and for some other crucial element,
ceiling. This preference based approach for generating has the advantage of
giving freedom to architect to select materials and of controlling indiscriminate
generation of alternative roofs.
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5.2.

Optimization module

The optimization module aims to address the problem of finding the optimum
roof solution from a large number of feasible solutions produced by the
generation module. Probably the first decision confronting an architect is the
selection of a suitable objective or objectives to be used to find the optimum
solution. These objectives determine what the roof system will achieve and what
is desired of the system. Thus, there may be a single objective such as control of
radiant heat with the aim being to find a solution which maximizes thermal
performance index (TPI*% scale) or minimizes the excess ceiling surface
temperature (= the ceiling surface temperature - the room air temperature). Or,
there may be many disparate or non-commensurable objectives such as minimize
both excess ceiling temperature and cost. This latter class of problems is called
multi-criteria optimization problems.
The generation model produces a non-dominated Pareto set of solutions,
because by virtue of the design problem, for every design there is no alternative
design which will improve performance in controlling radiant heat gain as well as
in other criteria, for example cost. In reality the best solution has to satisfy more
than one objective specified by the architect and other participants in the design
process. An acceptable solution considering other performance criteria would lie
between exclusive best and worst design for controlling radiant heat gain. This
middle ground is traced through multi-criteria Pareto optimization.
To rank the predicted performances of two or more solutions numerically, it is
usually necessary to interpret the multi-valued performance representation in
terms of a single-valued criterion that summarizes its contents. Performanceindices are defined at individual objective level and are discipline specific. It is
necessary to combine the separate performance assessments into a composite or
an overall performance evaluation for a computational optimization strategy. The
conventional approach of multi-criteria optimization utilizes weighting techniques
to deal with this problem. Weighting factors can be interpreted as "global"
numeric modification factors that aim to represent relative degrees of criticality or
importance in a multi-criteria optimization field. Mahdavi [23] suggests that in a
motivated design environment, where reliable data are available on the integrative
experiential indices, the use of weighting strategy is appropriate. In collaborative
design environment also, the weighting system is one of the effective strategies
for performance evaluation [24]. Typically, weighting system must be set up prior
to engaging in the design process, and cannot respond to changes in preferences
arising from the dynamic unfolding design process. The weighted performance of
the solution C is mathematically expressed as :
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wi = A weight attached to the performance zi(x) in each of P criteria.
zi(x) = Performance in a criterion x.
By making the sum of weighting factors equal to one and all the indices
expressed in percentage scale, the value of weighted performance will be in
percentage scale. The system that best satisfies the design criteria is the system
with the highest weighted performance. Other types of index value and types of
weighting can be used; however, this very simplified nondimensional technique
illustrates the concept. Thus, a multi-criteria problem is reduced to a single
criterion and finally a prioritized ranking of solutions can be prepared, Figure 3.

Fig. 3. Optimization matrix for roof, where single criterion or
multi-criteria can be considered.
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Fig. 4. Roof design goals for two places.
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The proposed CAD model is executed for climates of Trivandrum in India and
Cairns in Australia. Commonly used roof materials are selected for the respective
places. The aim is to generate feasible alternatives and to determine which
alternative(s) to choose to optimize control of radiant heat gain of the resultant
roof design. The design targets for each in terms of excess ceiling temperature, is
9 K for Trivandrum and is 6 K for Cairns, in other words the solutions with 100%
TPI* are sought, Figure 4.
Table 1. Alternative roof configurations and their performance (TPI %)
during March in Trivandrum (India).
CEILING

ALT.
NO.

TEMPLATE
CODE

None
Timber

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

1
2
3
4
5
6
2
3
4
5
6
2
3
4
5
6
2
3
4
5
6
2
3
4
5
6

Plywood

Gypsum

Particle
board

Hard
board

TERRACOTTA
TILE
14.49
94.57
100.73
117.13
114.56
120.83
91.24
98.78
117.39
114.47
121.52
106.88
110.21
117.37
115.24
120.69
96.15
101.65
116.78
114.27
120.50
93.01
100.89
115.00
111.88
119.38

CONCRETE
TILE

RC L
PANEL

AC
SHEETS

GI
SHEET

AL
SHEET

11.75
94.29
100.53
117.09
114.50
120.81
90.88
98.55
117.35
114.41
121.50
106.74
110.10
117.34
115.20
120.67
95.90
101.48
116.75
114.21
120.48
92.64
100.64
114.95
111.82
119.36

17.17
95.56
101.56
115.78
112.98
119.75
87.10
95.15
114.97
111.86
119.35
103.53
107.16
118.33
116.36
121.42
97.26
102.63
117.80
115.18
121.26
88.72
96.63
116.13
113.18
120.21

17.48
94.54
100.64
116.74
114.13
120.53
90.43
98.03
116.96
113.97
121.20
106.23
109.61
120.25
118.35
123.23
101.44
106.31
116.40
113.82
120.20
93.12
100.44
118.13
115.36
122.06

2.43
93.14
99.69
116.56
113.86
120.45
88.65
96.87
116.76
113.67
121.10
105.51
109.08
120.12
118.17
123.17
100.28
105.56
116.22
113.57
120.11
91.23
99.34
117.95
115.08
121.97

39.12
103.45
108.17
120.35
118.39
123.16
100.50
106.45
120.89
118.64
123.70
112.67
115.25
123.29
121.86
125.21
108.84
112.63
120.12
118.20
122.93
102.51
108.15
121.70
119.60
124.51

Note: TPI* rating is based on roof shape factor of 0.2, RC – reinforced concrete, AC – asbestos cement
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Cladding
Terra_cotta
Concrete tile
Reinforced Concrete L panel
Asbestos Cement sheet
Galvanized Iron sheet
Aluminium sheet

PROPERTIES OF MATERIALS
Thickness (mm)
Ceiling
15
Timber
15
Plywood
30
Gypsumboard
6.25
Particle board
3.2
Hardboard
3.2

Thickness (mm)
20
6.4
12.5
18
12.5

For Trivandrum six cladding materials and five ceiling materials are selected.
Table 1 presents thermal performance for one hundred and fifty-six alternative
solutions during the hottest month of March in Trivandrum. From these figures it
is easy to identify the best solution(s) for each type of cladding material. For
instance, terra-cotta tile roof, alternatives number 3, 23, 18, 12, and 13 satisfy the
target of 100% TPI*. In addition, the quantitative information presented for every
solution is useful to compare the alternatives and if better performance is required
other solutions can be adopted.
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Table 2. Alternative roof configurations and their performance
(TPI* %) during January in Cairns (Australia).
CEILING

TERRA- TIMBER
AC
GI
COTTA SHINGLE SHEETS SHEET
TILE
None
1
1
14.32
10.84
50.56
14.63
16.24
Plaster
2
2
83.27
83.87
89.72
83.94
87.22
board
3
3
90.03
90.48
94.10
89.98
92.91
4
4
105.93
106.05
106.6
105.58
107.15
5
5
108.26
105.62
108.68
107.94
109.86
6
6
109.2
109.26
111.62
111.23
112.13
Plywood
7
2
85.03
85.62
90.43
85.1
88. 37
8
3
90.99
91.43
94.52
90.65
93.57
9
4
105.88
106
106.53
105.53
107.12
10
5
108.17
108.26
108.59
107.86
109.19
11
6
111.37
111.42
111. 52
111.13
111.98
Timber
12
2
80
80.75
87.21
80.58
84.1
board
13
3
87.8
88.30
92.18
87.54
90.68
14
4
105.19
105.32
105.93
104.84
106.51
15
5
107.69
107.79
108.15
107.37 108. 76
16
6
111.12
111.17
111.28
110.87
111.77
Polystyrene
17
2
100.41
100.61
101.81
100.02
102.21
18
3
102.14
102.31
103.26
101.76
103.78
19
4
108.64
108.72
108.98
108.36
109.65
20
5
110.07
110.14
110.31
109.81
110.82
21
6
112.11
112.16
112.12
111.81
112.51
Wood wool
22
2
90.48
90.85
94.19
94.99
97.61
23
3
94.32
94.6
97.09
94.28
96.85
24
4
105.94
106.04
106.48
105.63
107.08
25
5
107.89
107.97
108.25
107.62
108.84
26
6
110.68
110.72
110.81
110.46
111.34
Note: TPI* rating is based on roof shape factor of 0.2
PROPERTIES OF MATERIALS
Cladding
Thickness (mm)
Ceiling
Thickness (mm)
Concrete tile
16
Plaster board
12
Terra_cotta
16
Plywood
12
Timber shingle
16
Timber board
6
Asbestos Cement sheet
6
Polystyrene
25
Galvanized Iron sheet
3
Woodwool
25
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125
100
75
50
25
0

Prioritized performance of terra-cotta tile roof

TPI* (%)

11 6 16 21 26 9 14 4 19 15 24 5 10 20 25 13 12 18 23 3 8 17 2 22 7 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of concrete tile roofs

TPI* (%)

11 6 16 21 26 9 14 4 19 15 24 5 10 20 25 13 12 18 23 3 8 17 2 22 7 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of RC L panel roofs

TPI*

16 21 26 6 11 14 19 15 24 4 20 9 25 5 10 13 12 18 3 17 23 2 8 22 7 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of asbestos cement roofs

TPI*(%)

16 26 11 6 14 21 15 24 9 4 19 25 5 10 20 13 18 12 17 3 23 8 2 22 7 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of galvanized iron roofs

TPI*(%)

16 26 11 6 14 21 15 24 9 4 19 25 5 10 20 13 18 12 17 3 23 8 2 22 7 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of aluminium roofs

16 26 11 14 6 21 15 24 9 4 19 25 10 5 20 13 12 18 17 3 23 8 2 22 7 1
Alternative roof numbers

Fig. 5. Prioritized performance (TPI*) of alternative
roofs in Trivandrum (India).
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Prioritized performance of concrete tile roofs

TPI*

125
100
75
50
25
0

21 11 16 26 20 6 19 5 10 25 15 24 4 9 14 18 17 23 8 22 3 13 7 2 12 1
Alternative roof numbers

TPI*

Prioritized performance of terra-cotta tile roofs
125
100
75
50
25
0

TPI*

21 11 16 26 20 6 19 10 25 15 4 24 9 5 14 18 17 23 8 22 3 13 7 2 12 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of timber shingle roofs

21 6 16 26 20 19 5 10 25 15 4 9 24 14 18 17 23 8 22 3 13 7 2 12 1
Alternative roof numbers

Prioritized performance of asbestos cement roofs

TPI*

125
100
75
50
25
0

TPI*

21 6 11 16 26 20 19 5 10 25 15 24 4 9 14 18 17 22 23 8 3 13 7 2 12 1
Alternative roof numbers
125
100
75
50
25
0

Prioritized performance of galvanized iron roofs

21 6 11 26 16 20 19 5 10 25 15 4 9 24 14 18 17 22 23 8 3 13 7 2 12 1
Alternative roof numbers

Fig. 6. Prioritized performance (TPI*) of alternative
roofs in Cairns (Australia).

For Cairns six cladding materials and five ceiling materials are selected. Table
2 presents thermal performances of one hundred and thirty alternatives during the
hottest month of January in Cairns. The performances of Pareto set of solutions
are assessed in terms of TPI*. A prioritized ranking of solutions is prepared for
each cladding material. The best design for controlling radiant heat gain is found
for each of the cladding material and collectively these designs represent the best
solution within the Pareto set, Figures 5 and 6.
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6.

Conclusion

The proposed CAD model for climate responsive roof design, based on
generation and optimization, demonstrates that the process is of most benefit to
the designer when applied to well-defined problem. The process described has
been implemented to handle single objective initially but has the potential to be
used to handle multi-criteria problems. It would seem logical that the more
information you can apply to the optimization of a computational model, the more
useful the result. In fact, because of the nature of the building design process and
of the information available to be applied, the opposite is most often true.
Further research is planned to look into more detail at the comparison of results
produced by slightly different approaches to the same problem. This includes
using a range of starting points in the model generation and different decision
making methods, as well as the integration of more complex parameter
optimization. The ill-defined information processes would be linked to the
proposed model in the collaborative environment involving specialists and
knowledge based systems.
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Abstract. This paper introduces an ongoing research project addressing multidimensional and relational complexity of urban features by applying data mining
as a methodology of knowledge discovery in urban feature analysis. An urban
database is built upon real and official data of a historical neighborhood of
Istanbul and a methodology is developed for formulation and analysis of this
database by applying data mining methodologies in order to identify patterns and
relationships among multiple urban attributes.

1.

Introduction

The paper introduces an ongoing research project aiming to address
multi-dimensional and relational complexity of urban environments. In this
perspective, an application of data mining as a methodology of knowledge
discovery in urban feature analysis is proposed as a multidisciplinary approach to
urban analysis. This research is an attempt to establish a link between knowledge
discovery methodologies and automated urban feature analysis. In the scope of
the paper, methodology developed for formulation and analysis of the urban
database of a historical neighborhood of Istanbul (Beyoglu) and some of the data
mining applications are presented and discussed.
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2.

Background, Motivation and Hypotheses

Lack of explanatory urban knowledge is an issue since 1970’s in the area of urban
research. This situation is mostly associated with the conception of cities as a
simple object of design and this perspective’s deductive methods of analysis. By
the beginning of the 1960’s, as planning as a design-led practice seemed to fail to
explain how urban processes occur, many urban theorists started to criticize the
analysis of urban system from the perspective of few interrelated factors, without
considering the multi-dimensionality of the system in a deductive fashion
[1, 2, 3].
To address the multi-dimensional and relational complexity of urban
environments requires the consideration of diverse spatial, social, economic,
cultural, morphological, environmental, political etc. features of urban entities [4].
The study of urban is thus multi-dimensional, very complex and speculative in its
nature. In reference to Alexander [5], the kind of complexity found in cities
comes from the interaction and relationships between the different parts at
different scales, and over time. Hence, this research is built on the assumption of
space as a system of interrelations. Departing from classical one-dimensional
description of urban features’ attributes, by means of the computational methods,
this research looks for capturing the interrelations among those attributes. Hence,
the focus is on the relationships that exist within the order of an urban area.
Mainly, what is done is to take a fragment in time and space, and to work on this
fragment in a relational manner. This is an attempt to consider many aspects of
the urban entities in a simultaneous way by looking at their existence in respect to
each other. And this is what is basically aimed to attain by data mining. Data
Mining of multiple urban attributes is proposed as a promising alternative
methodology next to the many multidimensional methods that has been developed
during the seventies, which are extremely useful for data and decision analysis in
urban and geographical research. [6]
There are two main hypotheses behind the formulation of this research. One is
that to understand the hidden relationships and patterns of an urban system there
is a need of simultaneous consideration of a great number of independent and
dependent features, which is almost impossible to operate manually. Thus there is
a need for an automated analysis and discovery method; data mining as a
computational approach to urban analysis is therefore proposed. The other
hypothesis is that, urban system should be handled as complex as it is, meaning
that (a microscopic or detailed view) micro-scale analysis is proposed here for a
deeper understanding of the system. This approach is in opposition to the abstract,
deductive, low-level of detailed methods of urban analysis.
The main claim is that, in urban analysis, there is a need to advance from
traditional one-dimensional [7] description and classification of urban forms (e.g.
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Land-use maps, Density maps) to the consideration of the simultaneous multidimensionality of urban systems.

3.

Data Mining as a Methodology for Knowledge Discovery in Urban
Feature Analysis

Knowledge discovery approaches are designed to determine unknown patterns
and relationships within large amounts of data that could not be uncovered
through simple queries or reports. Knowledge discovery techniques are in
opposition with the confirmatory techniques of analysis which requires a priori
hypotheses that restrict the researcher and prevent the discovery of previously
unknown information [8]. Data mining popularly referred, as knowledge
discovery in databases is the automated or convenient extraction of patterns
representing knowledge implicitly stored in large databases [9]. Knowledge
Discovery refers to the overall process of discovering useful knowledge from
data, and data mining refers to a particular step in this process; application of
specific algorithms for extracting patterns from data [10]. It differs from classical
statistics as a multidisciplinary field drawing work from areas including database
technology, artificial intelligence, machine learning etc. [9]. The ultimate goal of
data mining is to provide evidence-based insight through deeper understanding of
data (in the mind of the analyst) and to produce results that can be utilized at
policy and strategy levels.
With the capacity of incorporating various variables without restricting the
analyst to a few ones and offering various approaches of analysis, data mining
seems to be a promising methodology for knowledge discovery in urban feature
analysis where a large number of diverse and interrelated factors are
simultaneously operating.
Data mining is very recently applied in architectural and urban research and it’s
a promising methodology to extract valuable information for better assistance in
urban design and decision-making. Some of these studies are works of Demsar in
2006 [11], Reffat in 2008 [12], Behnisch and Ultsch in 2008 [13, 14], Liu and
Seto in 2008, [15], Cheng and Wang in 2009, [16], Cheng and Anbaroglu in
2009, [17], Christopoulou in 2009, [18], Gil, et al., in 2009, [19].

4.

Objectives, Approach and Methodology

As stated in the Introduction, this research aims to address multi-dimensional and
relational complexity of urban environments by applying data mining as a
methodology of knowledge discovery in urban feature analysis with a particular
interest in exploring the patterns and relationships of micro-scale data in Beyoglu
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(a historical neighborhood of Istanbul). Two main research questions are
formulated :
1. What knowledge can be extracted from existing analysis maps of Beyoglu, by
the application of data mining methodologies, in terms of urban attribute’s
relations? How this knowledge can be represented ?
2. Could data mining of urban attributes can produce valuable results and assist
architects and urban planners at design, policy and strategy levels ?
Within the scope of this research, a methodology is developed for formulation
and analysis of an urban database of Beyoglu. This methodology consists of the
application of data mining as a knowledge discovery method into a GIS based
conceptual urban database built out of official real data of Beyoglu. The proposed
methodology is a framework for representing and analyzing urban entities
represented as objects with properties (attributes). It concerns the formulation of
an urban entity’s database based on both available and non-available (constructed
from available data) data, and then data mining of spatial and non-spatial
attributes of the urban entities. Location or position is the primary reference basis
for the data that is describing urban entities. Urban entities are; building floors,
buildings, building blocks, streets, geographically defined districts and
neighborhoods etc. Urban attributes are distinct properties of locations (such as
land-use, land value, slope, view and so forth) that change from one location to
another. Every basic urban entity is unique in terms of its attributes. All the
available qualitative and quantitative attributes (physical, morphological, spatial,
social-ethnic, demographic, economic, cultural-historic, political, environmental
etc.) relevant (in the mind of the analyst) and appropriate for encoding can be
coded within the computer representation of the basic urban entity.
Complexity in a diverse urban system grows out of all these qualitative and
quantitative interrelated aspects and many more. The existence of those various
features operating simultaneously results in a unique morphology of urban space.
The urban entity’s database that is built in this research is an attempt to consider
various different features of urban entities simultaneously in order to approximate
this complexity. But unfortunately to form that kind of complete data sets is not
possible due to the lack of urban data and the complexity of the urban system.
Therefore this methodology proposes to build an open urban entity database
where any data can be added, as it becomes available. In the case of this research,
a database is developed to test this methodology. This database is developed by
using official data obtained from Istanbul Metropolitan Municipality (IMM).
The power of this open system approach is in its independency from any
existing theoretical perspective of urban analysis limited by selected specific
properties of urban entities. The data to be included in the urban entity’s database
is not limited by the category in which it belongs to but the most important
limitation could be the unavailability of the high amount of diverse data. More,
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this is a data-driven approach not relying on specific theories but only relying on
the data itself. There are no a priori assumptions about the system in investigation
but this is an attempt to discover previously unknown hidden patterns and
relationships within a specific urban database. Hence, this approach also suggests
a context-specific analysis.
Proposed methodology has three main stages; Database formulation, Database
analysis and Database evaluation, illustrated in Figure 1. This structure is a
reformulation of the process to move from data to knowledge proposed by
Fayyad, Piatetsky-Shapiro and Smyth [10].

Fig. 1. Methodology of knowledge extraction from urban data by data mining.

5.

Application of the Methodology

Firstly, there is a need to clarify the reasons why Beyoglu is selected as an
application area in the scope of this research. One of the reasons of this particular
interest in Beyoglu is that, this area was recently analyzed in high level of detail
in terms of its urban features as a basis for the Master Plan of Preservation of the
Beyoglu. Urban analysis maps of the 2008 Master Plan of Preservation of
Beyoglu prepared and published by IMM are very appropriate for testing the
methodology of this research in terms of their richness in covering micro-scale
urban features. More, the reason why Beyoglu is appropriate for this research is
that it is a very good sample for a complex urban center. Beyoglu is the
contemporary center of living, commerce and leisure in Istanbul, which is known
for its heterogeneous population characteristics in terms of its inhabitants and
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daily visitors, very attractive both as an historical and contemporary city center,
very diverse in terms of land-use and population characteristics. Therefore
Beyoglu is a perfect example of an urban system where complexity of interrelated
micro-scale features of urban entities can be studied by applying data mining.
Methodology of the research applied in Beyoglu, will be introduced through its
stages in the following paragraph; Database Formulation, Database Analysis and
Database Evaluation.
5.1.

Database formulation

In this first stage, micro-scale urban data of Beyoglu is extracted from the various
urban analysis maps of 2008 Master Plan of Preservation of Beyoglu provided by
IMM. Available data of the historical neighborhood of Istanbul covers several
scales (from district to block, street, building and building floor) and different
forms of classification themes including density, land-use, land value, ownership,
material, physical conditions, road attributes, geological attributes and mobility
infrastructure and more. Unfortunately, urban analysis maps obtained from IMM,
do not contain any social and demographic data associated with the building stock
in Beyoglu. Also this type of micro-scale data is usually not accessible due to the
security reasons. Still in the lack of this type of data, we propose an incremental
system which could incorporate it later on as it becomes available. So far, in total,
there are 30 attributes processed in the form of data table, ready for data mining.
As seen in Figure 1 above, the raw data is gathered in the form of maps (one
map for each attribute in pdf format). Every map is separately transformed from
image to a drawing file (dwg) with layers, in a vector editor graphics application.
Next all these drawing files are separately cleaned in a CAD application by
erasing the irrelevant entities. Then all these drawing files are one by one taken in
a GIS application where they are joined into one file, all the attributes in the form
of layers. This file contains all the data coming from each map of analysis.
Available quantitative and qualitative data is associated with the geographical
space with the help of a GIS platform and represented both as a cartographic map
and as an urban database. In GIS, 2D Polygon geometry represents urban entities
which are basically individual buildings. There are 11,985 buildings, 700 building
blocks, 30 neighborhoods in the Beyoglu preservation area (approx. 3,500,000
m2), included in the urban database. The attributes of these buildings, building
blocks and neighborhoods are represented in the attribute table available in GIS.
As seen in Table 1, there are 30 types of urban feature’s attributes have been
processed so far. 27 attributes gathered from the Master Plan Analysis maps and 3
attributes calculated in GIS are processed in the form of data table;
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Table 2. Classification of processed urban feature attributes.
ATTRIBUTES
Att.1

Land Use_Ground Floor

Att.16

Land Use_2nd Penthouse

Att.2

Land Use_1st Floor

Att.17

Land Use_3rd Penthouse

Att.3

Land Use_2nd Floor

Att.18

Neigborhood Name

Att.4

Land Use_3rd Floor

Att.19

Density (Person/Ha)

Att.5

Land Use_4th Floor

Att.20

Presence in the Bosphorus
Silhouette

Att.6

Land Use_5th Floor

Att.21

Building Maintenance Conditions

Att.7

Land Use_6th Floor

Att.22

Building Construction Style

Att.8

Land Use_7th Floor

Att.23

Empty floor ratio

Att.9

Land Use_8th Floor

Att.24

Ownership

Att.10

Land Use_9th Floor

Att.25

Density of Registred Buildings

Att.11

Land Use_10th Floor

Att.26

Factor of Constructable Land
(k.a.k.s)

Att.12

Land Use_1st Basement
Floor

Att.27

Registred Places for Preservation

Att.13

Land Use_2nd Basement
Floor

Att.28

Ground floor surface area

Att.14

Land Use_3rd Basement
Floor

Att.29

Distance to Galatasaray

Att.15

Land Use_1st Penthouse

Att.30

Distance to Taksim

In Table 2, there is a selection among thirty urban features’ attributes which are
experimented with, in the following section.

339

A. SOKMENOGLU, G. CAGDAS and S. SARIYILDIZ

Table 3. Selected urban feature attributes, urban entity levels, values.

5.2.

ATTRIBUTE

URBAN
ENTITY
LEVEL

VALUES

VALUE
TYPE

Att.1

Land
Use_Gr
ound
Floor

Building
Floor

{Residential, Business-Shopping, Social
Infrastructure, Technical Infrastructure,
Accomodation, Open Space, Empty,
Other}

8 nominal
categories

Att.2

Land
Use_1st
Floor

Building
Floor

{Residential, Business-Shopping, Social
Infrastructure, Technical Infrastructure,
Accomodation, Open Space, Empty,
Other}

8 nominal
categories

Att.18

Neigbor
hood
Name

Neigborho
od

{ArapCamii, Asmalimescit, Bedrettin,
Bereketzade, Bostan, Bulbul,
Catmalimescit, Cihangir, Cukur,
Emekyemez, Evliya Celebi, Firuzaga,
Gumussuyu, Hacimimi, Huseyinaga,
Kalyoncu Kullugu, Kamer Hatun, Katip
Musafa, Kemankes, Kilicali Pasa,
Kocatepe, Kuloglu, Mueyyetzade,
Omeravni, Purtelas, Sahkulu,
Sehitmuhtar, Sururi, Tomtom,
YahyaKahya }

30
nominal
categories

Att.19

Density
(Person/
Ha)

Building
Block

{0-100, 100-200, 200-300, 300-500, 500750, 750-1000, 1000-1500, 1500-2000,
2000+, non person living}

10
nominal
categories

Att.28

Ground
floor
surface
area

Building

{0-34 m2, 35-48 m2, 49-61 m2, 6281m2, 82-114 m2, 115-187 m2, 18717928 m2} (Quantile Classification
Method)

7 numeric
categories

Att.29

Distance
to
Galatasa
ray

Building

{0-293 m., 294- 451 m., 452-588 m., 588721 m., 722-872 m., 873-1048 m., 10491508 m.} (Natural Breaks, Jenks
Classification Method)

7 numeric
categories

Att.30

Distance
to
Taksim

Building

{ 0-450 m., 451-693 m., 694-919m., 9201178, 1179-1453m., 1454-1728m., 17292071m.} (Natural Breaks, Jenks
Classification Method)

7 numeric
categories

Database analysis by data mining and Evaluation of the results

Beyoglu urban database is analyzed by Rapid Miner [20] open-source software.
The analysis is done to answer these generic questions;
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•

Are there significant recurrence patterns of attributes of the land ?

•

(Identification of groups, clusters, strata, or dimensions in data that display no
obvious structure).

•

How dependent and independent are these attributes ? (Identification of
associations and links among attributes, factors that are related to each other).

How influential are these attributes on a particular urban phenomenon ?
(Identification of factors that are related to a particular outcome of interest
(root-cause analysis).
The research process is still continuing, therefore there are so far some
experiments regarding the phase of data mining. According to the nature of
database and nature of the questions that are formulated, Naïve Bayesian Method
of Classification was applied to investigate possible relationships among some of
the features of buildings in Beyoglu. Bayesian classifiers are statistical classifiers
predicting the membership probabilities such as the probability that a given
sample belongs to a particular class [9]. An experiment on ground floor land use
value prediction will be briefly introduced here. This is a series of test for
predicting the land use value of ground floor (Att.1) of the buildings by using the
land use value of first floor (Att.2), density of person (Att.19) living in the
building and neighborhood (Att.18) where the building is located, distance to
Taksim (Att.30), distance to Galatasaray (Att.29), building surface area (Att.28).
Below in Fig 2, there is a Rapid Miner screenshot illustrating the process of data
mining consisting of applying a Naïve Bayesian learning operator and a
cross-validation in order to estimate the performance of the learning operator.
•

Fig. 2. Process of data mining in Rapid Miner.
5.2.1.

Test #1 for Ground Floor Land Use Value Prediction

First test is to predict Att.1 by Att.2. Results of this process can be seen in
Figure 3, in the form of accuracy table, given by Rapid Miner software.
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Fig. 3. Accuracy table for test#1

As seen in the table, the overall accuracy of prediction is 74.63 % which is
significant in terms of claiming a dependency relationship between the land-use
values of ground floor and first floors of the buildings in Beyoglu, in general. In
case of residential use of ground floor for instance, the model predicts 3689 of the
residential as residential and 179 of the residential as false, which gives a 95.37%
class recall. More, the model predicts 149 of the accommodation as
accommodation and 4 of the accommodation as false which gives a 97.39% class
recall. The model is successful in predicting the land-use values in case of other
uses (96.90%), residential (95.37%), accommodation (97.39%), empty (79.32%)
and open spaces (99.29%) uses. On the other hand, the model do not return
significant results in case of business-shopping (58.19%), sociocultural
infrastructure (40.83%) and technical infrastructure (25.64%). This means that, to
some extend in general, land use value of first floor of the building is influential
on determining the land use value of the ground floor. This hypothesis is
especially valid in case of other uses, residential, accommodation, empty and
open spaces uses.
5.2.2.

Test #2 for Ground Floor Land Use Value Prediction

Second test is to predict Att.1 by Att.19. Results of this process can be seen in
Fig. 4, in the form of accuracy table, given by Rapid Miner software.

Fig. 4. Accuracy table for test#2.
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As seen in the table, the overall accuracy of prediction is only 57.02 % which is
not significant enough in terms of claiming a dependency relationship between
the land-use values of ground floor and density of person living in the building, in
general. However, only in case of residential use of ground floor, the model
predicts 3.401 of the residential as residential and 467 of the residential as false,
which gives a 87.93% class recall. The model is only successful in predicting the
land-use value of ground floor in case of residential use. On the other hand, the
model do not return significant results in case of business-shopping (66.43%).
And with the rest of the cases, model fails to correctly predict the land use value
of the ground floor. This means that, the density of person living in the building is
influential on determining the land use value of the ground floor only in case of
residential use.
5.2.3.

Test #3 for Ground Floor Land Use Value Prediction

Third test is to predict Att.1 by Att.18. Results of this process can be seen in
Figure 5, in the form of accuracy table, given by Rapid Miner software.

Fig. 5 Accuracy table for test#3.

As seen in the table, the overall accuracy of prediction is only 55.43 % which is
not significant enough in terms of claiming a dependency relationship between
the land-use values of ground floor and neighborhood where the building is
located, in general. However, again, only in case of residential use of ground
floor, the model predicts 3128 of the residential as residential and 740 of the
residential as false, which gives a 80.87% class recall. The model is only
successful in predicting the land-use value of ground floor in case of residential.
On the other hand, the model do not return significant results in case of businessshopping (69. 30%). And with the other cases, model fails to correctly predict the
land use value of the ground floor. This means that, neighborhood where the
building is located is influential on determining the land use value of the ground
floor only in case of residential use.
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5.2.4.

Test #4 for Ground Floor Land Use Value Prediction

Fourth test of the first experiment is to predict Att.1 by processing Att.2, Att.18
and Att.19 simultaneously. Results of this process can be seen in Figure 6, in the
form of accuracy table, given by Rapid Miner software.

Fig. 6 Accuracy table for test#4.

As seen in the table, the overall accuracy of prediction is 74.70 % (a very
insignificant increase comparing the first test’s results returning 74.63%) which is
significant in terms of claiming a dependency relationship between the land-use
values of ground floor, land use value of the first floor, density of person living in
the building and neighborhood where the building is located, in Beyoglu, in
general. However as the tests of these latter attributes were done separately, we
have seen that it is mainly the effect of Att.2 that the general prediction accuracy
is that high. Hence, we can claim that in case of a general dependency, Att.2 is the
most influential attribute in determining Att.1. On the other hand, Att.18 and
Att.19 have an impact of increasing the general prediction accuracy level by
increasing the cases of low accuracy predictions such as business-shopping use
(test#1: 58.19%, test#2:66.43%, test#3:69.30%, test#4:65.16%) and decreasing
the cases of high accuracy predictions such as other, residential, accommodation
and open space uses. Another significant point is that residential use of the ground
floor is highly predictable by each of the attributes 2, 18 and 19 separately.
5.2.5.

Test #5 for Ground Floor Land Use Value Prediction

Fifth test is to predict Att.1 by Att.30 which is the Euclidian distance of each
building’s center of geometry to Taksim, the major transportation node in
Beyoglu district. Att. 30, different than the previous attributes gathered from the
Urban analysis maps of the 2008 Master Plan of Preservation of Beyoglu, such as
Att.2, 18 and 19, is calculated in GIS environment by using the Hawths Analysis
Tools [21], an external extension of ArcGIS. After obtaining distances in meters,
Natural Breaks classification is conducted in ArcGIS, using Jenks Optimization
algorithm, and seven class of distance is obtained. Results of this process can be
seen in Figure 7, in the form of accuracy table, given by Rapid Miner software.
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Fig. 7 Accuracy table for test#5.

As seen in the table, the overall accuracy of prediction is 45.54 % which is not
significant enough in terms of claiming a dependency relationship between the
land-use values of ground floor and distance of buildings to Taksim, in general.
Not significant enough but still quite remarkably, in case of residential and
business-shopping uses, there is an accuracy prediction over 60%. With the other
cases, model completely fails to correctly predict the land use value of the ground
floor. This means that, in general, distance of buildings to Taksim, is not
influential on determining the land use value of the ground floor.
5.2.6.

Test #6 for Ground Floor Land Use Value Prediction

Sixth test is to predict Att.1 by Att.29, which is the Euclidian distance of each
building’s center of geometry to Galatasaray, an important node for pedestrian
transportation, which is located at the heart of Beyoglu district. Att. 29 is also
calculated by using the Hawths Analysis Tools [21]. Natural Breaks classification
is again conducted in ArcGIS to classify obtained distances in seven categories.
Results of this process can be seen in Figure 8, in the form of accuracy table,
given by Rapid Miner software.

Fig. 8. Accuracy table for test#6.

As seen in the table, the overall accuracy of prediction is 49.75 %, which is not
significant enough in terms of claiming a dependency relationship between the
land-use values of ground floor and distance of buildings to Galatasaray, in
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general. Not significant enough but still quite remarkably, in case of residential
and business-shopping uses, there is an accuracy prediction over 60%. With the
other cases, model completely fails to correctly predict the land use value of the
ground floor. This means that, in general, distance of buildings to Galatasaray, is
not influential on determining the land use value of the ground floor.
5.2.7.

Test #7 for Ground Floor Land Use Value Prediction

Final test is to predict Att.1 by Att.28, which is the surface area of each building
in square meters. Att.28 is calculated by using the GIS function for polygon
geometry calculation. Quantile classification is conducted in ArcGIS to classify
obtained values in seven categories. Results of this process can be seen in
Figure 9, in the form of accuracy table, given by Rapid Miner software.

Fig. 9.Accuracy table for test#7.

As seen in the table, the overall accuracy of prediction is 43.94 %, which is not
significant enough in terms of claiming a dependency relationship between the
land-use values of ground floor and surface area of buildings, in general. Quite
significant, in case of business-shopping uses, there is an accuracy prediction of
74.50%. With the other cases, model fails to correctly predict the land use value
of the ground floor. This means that, in general, surface area of buildings, is not
influential on determining the land use value of the ground floor, except in case of
business-shopping use.
To conclude on the experiment of predicting land use value of ground floor
by a series of attributes given above, most significant results are briefly given
below :
•

To a large extend in general, land use value of first floor is the most
influential attribute among others, on determining the land use value of the
ground floor.

•

Neighborhood of the building and density of person living in the building are
not influential on determining the land use value of the ground floor in cases
other than residential use.
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•

Residential value of the ground floor is highly predictable by land use value
of first floor, by neighborhood of the building and by density of person living
in the building.

•

Distance to Taksim and Galatasaray are both not influential on determining
the land use value of the ground floor, although in residential and businessshopping cases it can be claimed that there is a small degree of dependency;

•

Surface area of the building is not influential on determining land use value of
the ground floor, except in case of business-shopping use, to some remarkable
degree there is a dependency relationship among those features of the
buildings.

Definitely, these hypotheses must be verified by means of other methods in
order to test their validity. But after necessary validations, as will be underlined in
Conclusion chapter, this kind of hypotheses based on relational particularities of
specific urban environments could constitute a valuable site-specific background
for urban design projects.

6.

Conclusion

To conclude, in the paper, the framework and some of the applications of a
research aiming to design an urban database based on micro-scale urban data of a
historical neighborhood of Istanbul for further analysis by data mining, is
presented. Data mining in the context of urban data is introduced as a computer
based, data-driven, context-specific approach for supporting analysis of urban
systems without relying on any existing theories [4]. This type of research allows
identifying the patterns and relationships among a great number of independent
and dependent urban attributes instead of limiting to a few ones.
Methodology and approach specifically developed in this research can produce
knowledge about relations among various aspects of urban features and this type
of explanatory knowledge can assist architects and urban planners at design,
policy and strategy levels, by providing site-specific insight through deeper
understanding of urban data. The hypotheses that are listed at the end of the
previous chapter have certainly a great potential of revealing a site-specific
insight about the nature of relations among the attributes of urban entities. More,
in the subsequent research, by expanding the variety of data (including economic,
social, demographic and cultural types of data), verified hypotheses derived from
data analysis could be converted into urban design strategies.
This kind of relational knowledge is very important for urban designers, in
order to acknowledge the characteristics of an environment, and evaluate their
design’s ability of adaptation to this particular environment. Usually, one of the
most important failures of urban design is to ignore site-specific particularities of
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urban spaces. On those cases, most of the times, urban design projects result with
unintended consequences such as the failure of design interventions in adapting to
their environments. The conflict of design projects with the existing interrelations
of an urban environment can be minimized within the light of relational
knowledge that will be gathered from this particular environment.
Further work, will be to elaborate the process of data mining by experimenting
with more attributes (expanding the variety of data) and different types of analysis
methods available in Rapid Miner.
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Abstract. In high rise, high density tropical cities, we expect the urban fabric to
heavily alter the natural wind pattern of the city. The thermal comfort of the
inhabitants will be affected if the desired ventilation performance is not achieved.
In addition, the accumulation of pollutants and heat will affect the quality of life
in the city, causing health problems and also resulting in greater energy
consumption for cooling. This exploratory paper presents a comparison of four
tropical high density residential precincts to analyze their natural ventilation
performance using the Computational Fluid Dynamics approach. The
methodological tools used in the process systematically demonstrate the work
process flow and outcomes that can be achieved. In addition, the paper explores
how collaborative design can take place in the CFD work environment to cover
different typologies and wind directions. The investigation is helpful to show how
CFD simulation can be more closely integrated with the design process and
enabling more design firms to use it in their increasingly larger projects.

1.

Introduction

With increasing rate of urbanization, cities in the world will continue to
experience large population increases, and many high density cities like
Singapore and Hong Kong have to be built to even higher densities. Where urban
land is a constraint, high-rise and compact urban forms become inevitable
solutions. In such situations, the natural wind flow patterns in the local areas can
be significant altered. This interaction between the urban areas and the
CAAD Futures 2011 : Designing Together, ULg, 2011
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atmospheric conditions has received much attention in urban climate research in
the last decade [1, 2, 3]. Alteration of the micro-climate caused by rough urban
forms is generally not desirable since wind flow helps to maintain the thermal
comfort of the residents as heat and pollutants are being channeled out of the city,
and help mitigate the Urban Heat Island effect [4]. In the tropical context, wind
flow is particularly crucial to maintain people's thermal comfort given that the
ambient air temperature is generally high from the full exposure of the sun for
almost the entire year. Other climatic factors affecting thermal comfort apart from
wind speed are temperature, relative humidity and mean radiant temperature.
Studies have shown that wind flow plays the most significant part in maintaining
human comfort despite under full exposure to direct sunlight. Hence, wind flow
analysis is crucial in sustainability studies to attain the objective of making the
building or precinct design more energy efficient through reducing people’s
dependence on mechanical ventilation to compensate for inadequate wind flow.
Computational Fluid Dynamics (CFD) has been increasingly used in the field
of architecture, urban design and urban planning to understand the patterns of
wind flow through the built environment, apart from traditional wind tunnel tests
and on-site measurements. It is one of the various disciplines involved in urban
climatology [5]. The availability of more powerful hardware for mainstream
computer users as well as the lowered costs of these computers made CFD more
accessible for adoption in the design professions today. It is also a faster, cheaper
and easier approach compared to traditional methods. This means greater
integration of CFD into the design process, especially to analyze the impact of the
design on the current site conditions and annual wind patterns will help make the
new designs more responsive to the natural ventilation on site. For today's larger
scale of design project development, the collaborative design approach is also
important to integrate the entire team into the workflow processes. This approach
saves time and costs as repetitive work is avoided.
The interest of this paper is to analyze the high density building typologies to
comparatively analyze their respective responses to the local wind flow pattern. A
typology may be considered desirable when the wind flow can penetrate the site
with minimal obstructions, and also in the process, it does not create stagnant
spaces, generating vortices and turbulences. As the study aims at comparative
analysis of various local high density typologies, the discussion can assist in
planners and architects in identifying the most promising typologies in terms of
their response to the wind, and further study the contributing design factors. The
discussion also alludes to how CFD simulation can be executed in the
collaborative design manner for greater work efficiency.
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2.

Related works

There has been extensive research done in terms of form, morphology and
typology studies and how they affect natural ventilation. However, most of the
research is on generic forms and idealized arrangements of the urban geometries.
Many of these studies, apart from providing better understanding on wind pattern
affected by urban form, also look at how they affect heat and pollutant dispersal.
They are mostly done in the CFD domain with validation from wind tunnel tests,
which have shown general agreement with the simulation results [6]. There has
also been research [7] which integrates form generation with CFD analysis
results.
Another interesting study explored the terms "city breathability" and "pollutant
dilution" within several urban forms [8] by investigating the mean age of air. It
explored the behaviour of the wind flow by categorizing the city into three forms :
sparse, compact and very compact forms. The impact of the appearance of
recirculation zones in the different urban forms show how breathable a city is – if
there is sufficient wind flow through the city. Another study on high-rise compact
urban areas was done to identify obstacles and pathways to the approaching wind
[9], and wider streets and smaller building area density were found to provide
more wind pathways and larger flow rates along street networks. As flow rates
along the street may quickly decrease due to strong resistances by high-rise
buildings, the suggested design response was that total street length should be
limited or ventilation in downstream regions will be badly curtailed. Secondary
streets always suffer worse ventilation outcomes than the main streets, and this
problem can be mitigated by having variation of building heights.
In terms of city level exploration, a study looked at the relationship between
pollutant dispersion and urban morphology [10]. Three city forms are used,
namely sharp-edged round city model, smooth-edged round city model and sharpedged square city model. The overall city form, the configuration of streets, the
upstream wind directions are all shown to be crucial urban morphological
parameters in affecting urban pollutant dispersal.
Studies have also shown that having a variation of building height will
ameliorate the UHI effect, for example, in the case of Singapore [11], these
include introducing high-rise towers at intervals, maintaining height-to-width
ratio of 0.6 to 0.7 to give maximum velocity at the center of the urban canyon as
well as testing parallel and perpendicular flow of wind against the canyon. This is
especially effective when the wind flow is parallel and perpendicular to the
canyon [12]. Another study demonstrates that better overall performance could be
obtained by varying the skylines which improve around 20-30% for daylight and
35-70% for air ventilation [13].
In a study in Hong Kong, two performance indicators; velocity ratio and
retention time of pollutants at the street level, are used to quantify the air
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ventilation impacts [14]. Results show that velocity ratio at 2m above ground was
reduced by 40% and retention time of pollutants increased 80% inside the street
canyon as high-rise buildings with 4 times height of the street canyon were
aligned as a wall upstream. The recommendation is to avoid such shield effect to
allow the wind velocity to channel through the city.
A study is done on the effect of building grouping pattern on the wind
environment in the outdoor spaces and the resulting ventilation potential of these
buildings [15]. It has been found that grouping pattern of buildings as well as
their orientation with respect to wind has a dramatic effect on the resulting
airflow behaviour and pressure fields. Configurations that contain a central space
articulated by buildings and oriented towards the prevailing wind can offer better
exposure to air currents and better containment of wind. Apart from thermal
comfort, minimizing energy consumption is another crucial factor for more
sustainable cities, and a study was conducted to explore forms which minimize
solar energy falling on roofs and on the ground of surrounding buildings and
increasing airflow between buildings [16]. As a recommendation, the study
proposed a typology named Residential Solar Block (RSB) which has a form that
aims at achieving energy efficiency and is far more superior than the linear urban
form and block urban forms used for comparison in the study.

3.

Method

This research paper links Rhinoceros 4.0, a CAD software with ANSYS
Workbench 12.1, an integrated platform of various analysis systems, including
fluid flow. The user can visualize the results in the virtual reality (VR)
environment in CEI Ensight at the end. The entire workflow is shown in Figure 1.
This study uses FLUENT 12.1 under the Workbench platform for CFD wind flow
simulation. The more robust and accurate 3D CAD format, STEP.stp is exported
from Rhinoceros to be imported into the Workbench platform.
In the Workbench platform, there are three stages – pre-processing
(DesignModeler and Meshing), processing (FLUENT CFD) and post-processing
(CFD Post). The Workbench platform is also the location where collaborative
design can take place, as this is where most of the design exploration and
different parameter outcomes analyses are possible. This is because of the nature
of the procedural process in Workbench where interventions can happen at any
level of the entire workflow.
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Rhinoceros
3D model
(STEP)

Design
Modeler

Meshing

CFD
Post

FLUENT
CFD

CEI
Ensight

ANSYS Workbench

Fig. 1. The workflow from CAD to CFD to VR.

The urban environment to be simulated in the study has two predominant wind
directions of north-east and south-west, which are basically the two major
monsoon seasons of the year. The annual average wind speed used is 2.9m/s
(north-east) and 2.3m/s (south-west). The domain for the wind flow simulation
must be at least 3 times the size of the characteristic lengths of the precinct, up to
5 to 10 times as shown in Figure 2. A cylinder is chosen as the domain shape for
the wind flow simulation as it is easier to change the wind direction using this.
Ideally, the facades should align to both north and south directions to take full
advantage of the predominant wind directions. This is actually a good practice
since avoiding any major facades facing the east and west directions will
overcome direct sunlight exposure.
FRONT ELEVATION

10X
5X

10X
3X
5X
3X
PLAN

Fig. 2. The cylinder flow domain for the wind flow simulation.

As for meshing, the mesh density should be in the range of 0.5 to 1m near
buildings and at ground level to 10m at far field as shown in Figure 3 [17]. This
will give a more detail visualization of the wind flow around the precinct and far
less attention to the cylinder’s periphery. Tetrahedral meshing is used in this
study with the commonly used realizable K-epsilon turbulent model. The
turbulent viscosity model is obtained by solving two additional transport
equations. Basically it solves transport equations for the turbulent energy, k and
its dissipation, ε [18].
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Fig. 3. The precinct with finer tetrahedral meshing at the centre to a gradual coarser
meshing to the edge of the cylinder.

In the Workbench platform itself, because of its procedural workflow nature,
the opportunity to do collaborative design is possible. This is important as there is
a requirement for ventilation assessment of the design projects nowadays to
demonstrate the ventilation performance from all wind directions. Therefore, the
tasks can be broken down to parts to be done by the team members in parallel. As
illustrated in Figure 4, a precinct for wind flow simulation can be divided into 8
parts for 8 different wind direction analyses. 8 different technicians can connect
to a single 3D model and be responsible to simulate the wind flow analysis of
each wind direction. Another technician can take results from each wind direction
and compare them side by side for further analysis. Further, another team of
professionals responsible for another design can bring their design to the table and
compare with the first team’s design. Finally, parametric studies can be done for
every precinct to explore the different ventilation performance by changing
different parameters like height and orientation. These combinations are endless
so the scale of collaboration can be as broad as possible.
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Fig. 4. The procedural workflow in Workbench divided into 8 wind directions.

4.

Results

Four local high density typologies at urban precinct levels are used for this
comparison study. All of them have multi-storey car parks at 4 storeys high.
Figure 5 shows the plan and elevation of the precincts.

Precinct 01

Precinct 02

Precinct 03

Precinct 04

Fig. 5. The plan and perspective of the four high density precincts.

These precincts place the multi-storey car park at the centre to the corners of
the site to achieve different configurations. From initial plan observation, Precinct
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01 is the only typology that opens up clear paths aligning to the predominant
north-east and south-west wind directions as well as having higher permeability
into the precinct. On the other hand, Precinct03 will be the opposite in that it is
shielding the courtyard space heavily. The only potential wind directions to enter
the courtyard are the north-west and south-east directions, which are rare. This
implies that it is expected to perform the worst among the four precincts. These
observations were validated in the simulation exercise. All precincts have blocks
around 16-18 storeys of height so the factor of height is not a major issue that will
affect ventilation performance.
For the north-east wind direction as shown in Figure 6, we may summarize that
putting the lower multi-storey car park at the corner is considered good only when
the wind can blow directly over it in the same manner as in Precinct01.

Fig. 6. The north-east wind velocity vector on plan view.

Although the north-eastern block shields almost 50% of the site from the northeast wind, there is at least a clear opening for cross ventilation through the
precinct. Precinct02 has very thick point blocks which shield majority of the wind
from entering the centre of the precinct although there is a very small gap.
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Precinct03 is the worst precinct in terms of getting the wind flow through the site
with heavy shielding of the prevailing wind. Most of the wind flow has to go in
from the lower multi-storey car park at the sides. Precinct04 is the best typology
for the two predominant wind directions as there is a generous gap for both wind
directions to enter the courtyard.
Figure 7 shows the north-east wind velocity vector on isometric view. It
actually gives a very good indicator of how the wind behaves in 3D, showing
clearly the blue zones where obstructions occur and create turbulence. It is not
surprising to see the large amount of blue zones in Precinct03 just like in the plan
view.

Fig. 7. The north-east wind velocity vector on isometric view.

For the south-west wind direction as shown in Figure 8, there is apparently no
problem of cross ventilation in Precinct01 as most of the blocks are aligned to
allow wind to enter the precinct except for the north-eastern block which is being
shielded once again. For Precinct02, the performance is slightly better than the
north-east wind as there is a huge gap that allows the wind to channel through.
For both wind directions, Precinct04 has the least chances of generating
turbulence and vortices as there are less convoluted facades facing the wind
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directions. All the rest have that issue, especially Precinct03. Turbulences and
vortices are not ideal occurrences in the built environment as apart from creating
dead spaces, they are also slowing down the wind velocity entering a precinct,
which in the case of Precinct03 case has caused the centre of the precinct to be
lacking of wind velocity vectors.

Fig. 8. The south-west wind velocity vector on plan view.
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Figure 9 shows the south-west wind velocity vector in isometric view. Just like
the plan view and identical to Figure 7, it shows a lot of blue zones, which means
a lot of turbulence occuring in the obstructed areas. This is definitely not ideal for
cross ventilation through the site as it acts like a wall or barrier to block off
potential wind flow.

Fig. 9. The south-west wind velocity vector on isometric view.

The above visual observations demonstrate that precinct typology can be more
sensitively configured to allow more wind path for both the north-east and
south-west wind to order for the cross ventilation to occur in the precinct.
Precinct03 is having the most obstructions facing the predominant wind
directions. The observation would point to the need to minimize direct
obstructions in typology design by different orientations and arrangements in the
context of tropical hot and humid regions as it will lower down the wind speed.
The results are only preliminary findings and further comparative analysis need
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be done after this by taking into account other issues to be discussed later in
future works below.
Table 1 shows each precinct’s average velocity magnitude for both the NE
(North East) and SW (South West) wind directions but taking the elevations of
pedestrian (2m) and roof garden of the multi-storey carpark (14m). From the
results, it is evident that Precinct004 is the overall best performer by looking at
these two levels with higher average wind speed. This can be attributed to the
generous spacing between the blocks as well as the clear openings for both
predominant wind directions to enter the precinct.
Table 1. Each precinct’s average velocity at 2m and 14m elevations.
TYPOLOGY

2M
AVERAGE
VELOCITY
(M/S) NE

14M
AVERAGE
VELOCITY
(M/S) NE

2M
AVERAGE
VELOCITY
(M/S) SW

14M
AVERAGE
VELOCITY
(M/S) SW

Precinct001

0.428

1.267

0.336

0.988

Precinct002

0.417

1.134

0.340

0.915

Precinct003

0.382

1.003

0.311

0.794

Precinct004

0.501

1.596

0.393

1.262

5.

Conclusion and future works

This paper is an initial exploration of precinct typology comparison in wind
studies using CFD. It mainly tests the methodological tools and approach to the
particular simulation exercise. The results are visual and indicative, and more
detailed analysis would be necessary using other matrices.
Our future work will include looking at relationships between wind flow
geometric variables and ventilation performance indicators. There are many
ventilation performance indicators that could be explored which include the
pressure coefficient, drag coefficient and wind velocity ratio. As for geometric
variables, they include frontal area density, building height to width ratio and
permeability. The pressure coefficient is a good indicator to detect potential cross
ventilation through the typology when there is a difference in pressure
distribution. The drag coefficient can quantify the resistance of the built
environment towards the wind. The wind velocity ratio [19, 20, 21] is a
measurement of how much wind velocity actually made it to the streets and
podiums in the outdoor environment. It is a ratio of the wind velocity at the street
level over the wind velocity above the urban fabric. The frontal area density [22],
which is used to indicate the roughness of the urban fabric and to identify corridor
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paths, could also be a good geometric indicator for each precinct to understand
the average façade areas that are blocking the wind from every direction. Overall,
it may be necessary to selectively find the relationships as this could give a quick
estimation of the ventilation performance of a design before conducting CFD
simulations. This will be helpful to aid the initial conceptual design process of the
architects and urban designers.
In terms of further research, other turbulent models such as large or detached
eddy simulation (LES or DES) could be employed for more accurate wind flow
simulation, but it will be far more time consuming. Apart from that, integrating
the wind flow and thermal simulation could potentially present a better
understanding of the overall picture of how heat transfer occurs in the urban
environment, as the direct radiation from the sun causes atmosphere temperature
differences which in turn give rise to pressure differences that affect natural
ventilation.
In addition, in comparing typologies, it may be necessary to decide on the
extent to which crucial building element features should be considered when
doing typology studies. These may include double volume spaces, bridges, void
decks, buildings on columns, roof profiles, balconies, air-conditioning
condensers, façade materials and even the presence of vegetation in the precincts.
All these potentially have effect on how wind flow will behave in the precinct,
and it may be necessary to consider how to standardize all these features before
comparisons can be made across the board.
Finally, a normalization process [23] has to be in place to surround the precinct
of interest with identical copies of similar density and height, as shown in
Figure 10. The purpose is to control the uneven impacts of the surroundings of the
real site so a theoretical homogenous context to evaluate the theoretical
ventilation performance of a precinct can be done. This normalization process
could include adding more identical copies in both X and Y axes to a stage where
the wind flow pattern is consistent before we take the wind velocity readings of
the precinct of interest in the center. This could be done for 8 orientations so we
can assess its true average performance as well as the best and worst orientations
for the local wind pattern.
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Fig. 10. The precinct of interest in the centre to be surrounded by normalized
identical copies to create a fairer context of similar height and density.

In conclusion, given that designing in response to wind is extremely important
in tropical dense environments; various methodological tools should be explored
to draw the appropriate relationships that can aid design and planning decisions.
The paper is doing preliminary explorations of typology ventilation performance
comparison using CFD and its further use can be refined through more detailed
studies with support from other matrices.
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Abstract. Since 2006, half of the world’s population lives in cities. In the age of
climate change, designing for quality environmental living conditions and
sustainability is a topical concern. However, on the one hand, designers and city
planners operate with their three dimensional city morphological data such as
building shapes and volumes, forms and their spacings, and functional attributes
and definition signatures. On the other hand, urban climatologists operate with
their numbers and equations, quantities and signals, and normals and anomalies.
Traditionally the two camps do not meet. It is a challenge to develop design tools
that they can work together. Map based information system based on
computational geographic information system (GIS) that is properly structured
and represented offers a common language, so to speak, for the two professional
groups to work together. Urban climatic map is a spatial and graphical tool with
information embedded in defined layers that are collated so that planners and
urban climatologists can dialogue over design issues. With various planning and
meteorological data coded in defined grid resolutions onto the GIS map system,
data can be synergized and collated for various understandings. This papers
explains the formulation of Hong Kong’s GIS based Urban Climatic Map as an
example of how the map works in practice. Using the map, zonal and district
based planning decisions can be made by planners and urban climatologists that
lead to new designs and policy changes.

1.

Towards sustainable design in the age of rapid urbanization

Since 2006, more than half of the world population is living in cities. There are
also more than 400 cities with populations in excess of 1 million. The conversion
CAAD Futures 2011 : Designing Together, ULg, 2011
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rate of rural areas into concrete-sealed land is increasing. There are reasons for
urban living. High density designs conserve valuable land resources, reduce
transport distance, and make public transport more viable [1]. There are
downsides and concerns [2], such as the stress of crowed living and "high density,
low diversity" [3, 4]. Designs that take urban climate into consideration are
important agenda for planners and urban climatologists.
Cities suffer from large conglomerates of urban land mass with high thermal
capacity and urban heat island intensity [5]. In addition, they have higher ground
roughness and poorer urban ventilation [6]. High anthropogenic heat and
pollution emissions are also problems under weak synoptic wind conditions [7]
[8]. Cities, by their own urban morphological nature, have tall and bulky
buildings, which lead to high frontal area density, high building-height-to-streetwidth ratio, restricted sky view factors, and low solar access [9]. They are also
lacking in open and green spaces. Buildings create an urban climate that affects
human comfort and environmental health [10]. Generally, the use of climatic
knowledge in planning is lacking [11, 12]. Planners either do not pay sufficient
attention to this increasingly important issue. Understanding this lack of
integration between urban climatic and planning knowledge is important [13, 14]
[15, 16].
Many large cities are located in the tropical and subtropical Southeast Asia,
which have hot and humid climatic conditions [17]. Heat-stress-related mortality
and morbidity is on the rise [18, 19, 20]. Given the inevitable event of global
warming and extreme weather, health implications of increasing urban heat stress
in cities is of topical concern [21, 22]. Heat waves are becoming more frequent,
longer in duration, and higher in intensity. Noting the inevitable implications of
urban climatic issues on health and comfort, the sustainable movement for
planning has gathered momentum in recent years. The political will is present;
only the methods remain to be a concern for the planners.

2.

The missing link

Landsberg, in the preface of his book, The Urban Climate, wishes that the text
"will not only be useful for boundary layer meteorologists, but also for city
planners and developers … " [23]. Unfortunately, 30 years on, the number of
planners who are familiar with even the title of the book, let alone the content of
urban climate knowledge essential to planning-related decision making, remains
small. Eliasson observes that, although planners may claim an interest in urban
climate, the use of climate knowledge in their work is unsystematic and has a low
impact on the planning process.
Echoing Eliasson in the 2009 World Climate Conference 3, Grimmond and
Mills presented two papers that gather the views of over twenty international co-
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authors [24, 25]. The authors argue that there is a "technical" need for information
especially for fast-growing cities and mega cities in the tropics and sub-tropics.
There are also the "communication" needs. This demands from urban
climatologists an appreciation of the kind of urban climatic information that must
be tailored. Hence, avoiding information overload is crucial as it has the
inevitable side effect of causing planners to believe, as Eliasson observes in her
study, that they are not well-equipped.

3.

Disserting the missing link with reflective practice

To further understand the missing link, an investigation protocol commonly
known in the design field as "reflective practice" can be used. The concept was
introduced by Donald Schön [26, 27], and is based on an older conceptual
protocol known as the Mediation of Marcus Aurelius [28]. A planner himself, he
understands the thinking process of professionals especially under new and
uncharted circumstances. He realizes that professionals seldom follow technical
rationality as the grounds of professional knowledge. Bryant appropriately sums
up the crisis Schön identifies: Technical-rationality is a positivist epistemology of
practice [29]. It is "the dominant paradigm which has failed to resolve the
dilemma of rigor versus relevance confronting professionals". Schön notes that
design professionals work by referring to a repertoire of metaphors and images
that allow for different ways of framing a situation. The repertoire of known
metaphors and images provides what Schön sees as the “stable state,” which
practitioners seldom cross. Unless new information can be framed within the
repertoire, the information is more likely to be overlooked [30]. That is to say,
data not presented in the familiar map format using a typical planning software
would be difficult for planners.

4.

From meteorological observations to urban planning

The starting point of all urban climatic understanding of planning begins with
meteorological information from local observatories (e.g., air temperature,
rainfall, wind speed, and relative humidity). Data of weather stations with long
periods of observation provide climatic information for a specific area, and are
essential that it is simplified for planners. When assessing climatic information,
the key words for planners are "prevailing" and "critical"; these translate to “how
often” and “how important” respectively. The "how often" aspect of information
is normally well presented in tables and diagrams; unfortunately, the "how
important" aspect of the information is typically missing. Rather than knowing
the average air temperature in the month of July, understanding the human-bio369
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meteorological implications is more important to planners. Hence, overlaying
basic climatic data with human-bio-meteorological information (Figure 1) is far
more useful for planners [31].
The consequences of urban climatic conditions that fall outside the human-biometeorological threshold should be stated and explained to planners when climate
information is presented. Most importantly, to avoid overload, information should
be presented in a simple and sequential manner to fit the hierarchal process of
planning decision making.

Fig. 1 : Comfort temperature chart for naturally
ventilated buildings in Hong Kong

Planners in Hong Kong have learned that "critically", every 1°C beyond the
threshold can mean an increase of four times the incidence of heat-stress-related
mortality. Designing the city to limit daytime maximum heat island to within 2°C,
while simultaneously maximizing urban wind to the order of 1 m/s is crucial. By
themselves, these simple objectives allow planners and politicians to realize the
goal. This is the situational metaphor, as identified earlier, which design
professionals need. In this case, criticality of the images includes heat-related
mortality issues. Furthermore, planners in Hong Kong should also focus on the
"prevailing" issues in terms of timing (i.e., the months of June to August).
During the working process with planners, climatic terms, such as air
temperature, wind speed, and so on, have little meaning in terms of planner
mental metaphors and images. These have to be constantly brought back to
concerns of criticality that have social and economical implications. Otherwise,
little of the meteorological data would make sense to planners.
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5.

Towards a map based information system

The climate of the city (urban climate) is different from the ambient climate due
to human habitation. The key parameters are summarized in Figure 2. For
planners, the land cover, the size and structure of the city, the anthropogenic heat
and the number of habitants are of planning interest. Among them, the structure
of the city is of the prime concern.

Fig. 2 : Parameters contributing to the urban climate of a city

Urban Climatic Map (UC-Map) is a computational information tool that
presents features of urban climate relevant for planning so that planners could
easily find useful urban climatic information and make correct decision during the
planning process (Figure 3) [32, 33]. Based on the evaluation of available data,
Thermal Load, Dynamic Potential and Wind Information are considered,
synergized, and spatially mapped using a GIS platform [34]. This process
resolved complex meteorological phenomenon into simple diagrams representing
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the critical and prevailing conditions of planning relevance. The process creates
the Analysis Map.

Fig. 3. The Analysis Map (left) and the Planning Recommendation
Map (right) of the City of Kassel, Germany.

The urban climate of the city could be characterized with a balanced
consideration of positive and negative Thermal Load effects and Dynamic
Potential – both due to the urban morphology and surface characteristics. To
represent the positive and negative effects, a number of layers of data are
assembled (Figure 4). These layers of data form the basis for the eventual
production of the Analysis Map. For each layer, the parameter is classified. The
classification values are basically a numerical assignment (positively and
negatively) of the parameter’s likely effects on the Physiological Equivalent
Temperature (PET) value [35]. When the classification values are collectively
considered, the Analysis Map could be generated (Figure 5). In addition to the
raster based Analysis Map, Wind Information can be added to the final Analysis
Map. This allows air paths and air mass exchanges to be identified. The collated
and synergized information contained in the final Analysis Map will then be used
for drafting the Planning Recommendation Map later.
Based on the translation of the useful climatic information from the Analysis
Map and planners’ input, the Planning Recommendation Map could be
developed; the map resolves climatic understandings into guidelines and planning
recommendations. The UC-Map could be used to guide planning actions and
decision making.
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Fig. 4. The information layer structure of an UC-Map. Planning, topography,
land use and observatory data ate commonly needed to be collated.

Fig. 5. Information layers and climatic classifications of an UC-Map
Sophisticated meteorological information have been resolved into
simple classifications based on the PET formulation.
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For the Hong Kong UC-Map, six layers of input information are collated
(Figure 6). They are Building Volume, Topography, Greenery, Building Ground
Coverage, Natural landscape and Roughness, and proximity to Openness. Each
one of the layers are evaluated based on their respective contribution to Thermal
Load (TL) and Dynamic Potential (DP) of the urban environment. The TL and DP
layers are combined based on the use of PET formulation. This basically means
that every 1 degree C rises in temperature due to Thermal Load can be mitigated
(or negated) with half a m/s of wind availability.

Fig. 6. Lagering structure of Hong Kong UC-Map. Classified information
layers are collated into the thermal load and the dynamic potential
understanding, which are then combined to become the UC-Map.

The resultant operation of the layers to create the Analysis Map are simple
addition and subtraction of classifications (Figure 7). This allow simple mental
manipulation when planners need to combine the layers in different ways. The
GIS based computational system allows this to be done very quickly. The creation
of the Analysis Map is mostly done by urban climatologists. Planners input are
the urban morphological data they common used. For example, for wind
roughness calculation, the frontal area density (FAD) of the urban fabric needs to
be calculated, however, this will be beyond the planners. Hence, scientific efforts
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are needed to resolve the more readily available building ground coverage (GC)
percentage as a proxy [36].

Fig. 7. Hong Kong UC-Map with the eight climatic classifications
(right colour bar) and explanations (text on the right hand side of the map).

6.

Data interrogation : Working between planners and urban
climatologists

Once the Analysis map is formulated representing the prevailing condition of the
urban environment with the classification denoting the criticality of the situation
with the colour bar, the information can be the basis of discussion between
planners and urban climatologists.
In Hong Kong, five levels of planning actions can be developed by planners
and they can be practically implemented. Working together, planners and urban
climatologists then resolve the eight Analysis Classes to the Five planning Zones
(Figure 8). The process is not straightly speaking "scientific", it is based on
discussion and evaluation as there is always needs to balance factors based on the
value systems and aspiration of the citizen. It is also necessary to optimize
practicality, planning pressures and political agendas. The GIS based
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computational tool with the easy add/minus function allows the process to be
interactive. Options can be quickly accessed visually and spatially with the map.
That is to say, with the map tool, the dialogue with planners is within the
"repertoire of known metaphors and images" of planning and design operation.

Fig. 8. Data translation from the Analysis Map to the Planning Recommendation Map.
The process is the collaborative result between planners and urban climatologists.

The resultant Planning Recommendation map will be the day to day working
tool of the planners (Figure 9).

Fig. 9. Hong Kong Planning Recommendation Map simplified from
the Analysis map and with the territorial wind information super-imposed.
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Complex wind information that is resolved is overlaid onto the planning
Recommendation Map. The map is used by Hong Kong planners mostly at the
Outline Zoning Plan (1:5000) scale of planning decision making (Figure 10).

Fig. 10. The Planning framework and how the UC-Map fits into
the planning decision making process.

7.

Planning decision making and implementation

Coupled with the Planning Recommendation Map embeds the key planning
actions and their strategic reasons (Figure 11). Since the map is originally created
based on the urban morphological parameters that have planning action
implication, it is relatively easy for planners to test different scenarios. For
example, planners can evaluate the negative effects of building volume increase
to the Thermal Load of the urban environment (Figure 12). In this example, the
resultant RED coloured zones needs to be mitigated [37]. Referring the Figure 11
planning action and the layering information structure of the map, various levels
of mitigation strategies, be it greening or the use of air paths, can be tested and
evaluated.

377

E. NG and C. REN

Fig. 11. Planning objectives, strategies, planning actions,
planning time and spatial scales.

Fig. 12. Scenario testing is simple due to the layering structure
of the UC-Map layers as sophisticated meteorological data has been
evaluated into simple +/- classifications.
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With such a simple operation tool as a working platform. Optimised solutions
can be identified. The resultant planning decision can be visualised based on the
embedded building geometry of the GIS tool (Figure 13).

Fig. 13. A rendering of the cityscape after
the recommendations are implemented.

8.

Conclusion

The paper describes the development of computational tool that allows planners
to work together with urban climatologists. The procedure allows complex
information to be coded, layered and presented in a working language that
planners are familiar with. Information overload is avoid. The prevailing and
critical conditions are represented. The system also allows for easy manipulation.
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Abstract. Solar radiation penetrating a window Increases cooling loads and
energy use, especially in hot climates. Most energy efficiency CAAD tools help
designers to optimize a shading device protecting a given window, usually a
rectangle. It is hard to protect some window parts, such as lower corners.
Enlarging shading device to protect them Increases lighting and heating loads, as
well as their complexity, visual impact and cost.
Changing the shape of the window by cutting these corners may reduce the size of
the shading device considerably, which opens way to a different – or even a
reversed - approach : "Designing the window to fit a shading device instead of
designing the shading device to fit a window !".
This approach has several potential applications. The building form itself
sometimes works implicitly as a shading device. For example, a building of U
shape plan shades parts of its walls, the window can be designed to fit the shadow
pattern caused by the building, changes in the building profile gives similar
shadow. Conceptually, this approach makes energy efficiency a form giving
attribute, helping to create innovative facades, while giving an energy efficient
configuration of window and shading device. CAAD tools can help designers
adopt this approach, by proposing the window shape that suits an arbitrary
shading device.
This paper validates the approach and introduces a method for developing a
software module to be integrated with current CAAD tools; handling complexity
of solar geometry and intensity, and the geometry of the window and shading
device.

CAAD Futures 2011 : Designing Together, ULg, 2011
© P. Leclercq, A. Heylighen and G. Martin (eds)
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1.

Introduction

Solar radiation passing through a window contributes significantly to cooling
loads and energy consumption, especially in hot climates. Most CAAD tools that
handle energy efficiency aim to help designers in defining the optimal
configuration of the shading device that protects a window of a certain shape,
which is typically rectangular. However, some parts of the typical rectangular
windows (e.g. the lower corners) become hard to protect unless the shading
device becomes very large. This, in turn, results in unnecessary over-shading of
the other parts of the window, increasing lighting and heating loads. As well as
the complexity, visual impact and cost of the shading device.
Earlier shading design methods adopted an analytic/graphic approach. Olgyay
[1] used a graphical method that utilized sun path diagrams in defining the
optimal shape of shading devices. It is based on evaluating the climate of the
location to predict thermal comfort and to define the under heated periods
requiring solar penetration. The shading device is configured to shade the window
during the rest of the year. This design approach was further developed by several
researchers.
Computer modeling and simulation tools helped introduce sophisticated design
methods and allowed the evaluation of complex shading device configurations.
Examples of this approach include the work of McCluney [3], Etzion [4], Grau
and Johnsen [5], and Maradaljevic [6]. Search methods were used to derive the
optimum shading device by exhaustive trials of a large set of alternative designs,
evaluating their effect on energy use and comfort conditions of the shaded spaces.
These methods usually address the efficiency of the shading device for a certain
case. It searches for the optimum shading device configuration that fits a certain
window shape of in a certain geographic location. However, this provides little
guidance to the designer in proposing optimum shading device configurations that
suit other cases.
Use of the cut off dates along the sun path for defining the configuration of the
shading devices was explored by many researchers. A form generating method
that uses computer simulation for generating the optimal shading device
configuration was introduced by Arumi-Noe [7]. A method for constructing a
shading device that suits any polygonal window was explored. It used the solar
path of a winter design day to create a "solar funnel" that was later clipped with
the solar path of summer design day to identify the shading device edge
configuration.
Andrew March [8] proposed a design method for shaping the shading device
based on defining a certain cut-off date on which complete shading is required.
This can be either the first or the last day of the year. The sun path was tracked
onto the shading plane throughout the day for each of the corner points of the
window. Integrating this method with the Ecotect software provided the ability to
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generate optimized shading devices. Given a rectangular shape of a window, it
was possible to derive the exact shape of the shading device required to
completely shade the window up until a specified date and time. The edge of the
clipped funnel represented the minimal shading device required to satisfy both
winter and summer conditions. This gave the designer an identification of the
scale and extent of the shading element required. Figures 1 and 2 illustrate the often complex - shading device configurations that were generated by use of cutoff date and cut-off time approach.
Kaftan [9] introduced "The Cellular Shading Method" which divided a shading
device into finite cells, shading importance of each cell was calculated, indicating
the degree of importance of each cell in providing shading or solar penetration
during a certain period (season, year, etc.). This enabled the designers to refine
the design of the shading devices. It was later integrated with the Ecotect to
provide easy application [10].

Fig. 1. Sun path tracked throughout the day for each of the window corner
points, to reach the shape required to shade the window in the specified
cut-off date, by Intersecting solar path funnels with the shading device [2].

Fig. 2. Examples of optimized shading devices generated by Ecotect
to provide complete shade in a specific Time and date [3].

It is apparent that the literature on this topic predominantly concentrated on the
design of a shading device that fits a predefined shape of the window - usually a
rectangular shaped window - to prevent summer sun and allow winter sun. The
methods generated efficient shading devices with complicated configurations,
which may generate excessive shading that obstructed view from the window and
the diffuse radiation required for daylighting. A more efficient approach could lie
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in reversing the design logic where the window would be formed to suit the
shading pattern of a shading device.
The proposed approach could prove useful to architectural design as it allows
architects to perceive the shading systems as integral parts of the building design,
not as additions to the building after the window and façade designs were shaped.
It is common to design the window then to design a shading device that fits it, but
it is also possible to start by the shading device then design a window to fit it. Or
even using an iterative approach where several rounds of design window optimize shade - optimize window. Take place to reach an optimal configuration
achieving the energy conservation objectives, including minimizing solar
penetration during overheated periods, maximizing solar radiation during
under-heated periods and maximizing the visible diffuse radiation for daylighting.

2.

Objective

The objective of this paper is to explore the potential of using simulation software
such as Ecotect in defining the optimum shape of windows that suit certain
shading systems. Conceptually, this approach makes energy efficiency a form
giving attribute, helping to create innovative building facades, while giving an
energy efficient configuration for both window and its shading device.

3.

The shaded-points window design method

The suggested method is rather reversed; the designer starts by the shading
device, then designs the optimal window that suits that shading. This paper
introduces this concept, and demonstrates how and when it could be
implemented, and its benefits.
The method is based on identifying the shadow pattern resulting from use of
the shading device on a building surface where a window could be located. The
shadow pattern is drawn in overlays, each representing one of the time steps of
the shading period. The amount of solar Insolation reaching any point of the
surface for each time step is calculated. The total energy reaching each point
throughout the shading period is determined by adding the values calculated for
each of the overlays. This defines the amount of energy that will potentially add
to the cooling loads if it passes into the space through the window. The points
having minimal overall exposure to solar Insolation could be considered more
"shaded" in comparison with the points that have higher exposure. This could be
used to define the maximum accepted energy the designer would allow his
window to receive. It also differentiates between shaded points (that would be
part of the window) and exposed points (that should remain opaque). The
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boundary between the shaded points and the exposed points defines the edge of
the "shadable area" in which the window is better located.
The proposed method could be summarized as follows :
•

Model the surface where the window will be located.

•

Model the shading device, or the building part that acts as a shading device
(Figure 3-a).

•

Model any adjacent buildings that have a significant shading effect on the
surface.

•

Define the shading period (the times when shade is needed).

•

Draw the shadow pattern resulting from use of the shading device on the
surface for each time step of a typical day that represents each of the shading
period months (Figures 3-b, 3-c, 3-d and 3-e).

•

Overlay all these shadow patterns to arrive at an overall shadow density for
the whole year (Figures 3-f).

•

Subdivide the surface into finite elements having a suitable size, either by
intersecting the shadow patterns generated in each time step or by using an
analysis grid.

•

For each finite element define the solar radiation reaching the point, the
intensity of the direct component multiplied by a Boolean indicator of
shading, cosine of the angle of incidence and transmittance of glass to this
angle, in addition to a diffuse component multiplied by sky view factor.

•

Accumulate all energy reaching each finite element during the shading
period.

•

Assign the incident solar energy values of the elements in an Array
representing the analysis grid nodes – or an appropriate data structure if
intersecting polygons are used - and plot these values on a graph.

•

Draw the contour lines representing iso-values of solar energy intensity,
either in absolute values in KW/Hr or relative values (percentage of the
maximum energy reaching the exposed elements).

•

Define the energy or shading percentage limits accepted for the window, the
consequent contour line will be the binding envelope of the window.

•

Draw the window outline according to the boundaries of the contour line to
create the shaded window.

•

Calculate the sum of energy passing through the Window – or the average
shading percentage - to confirm that the design falls within the accepted
limits.
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Fig. 3. The shadow patterns resulting from a shading device located
on a south facing facade in Cairo, Egypt (30oN, 31oE).

4.

Quantitative performance of the window-shade configuration

This section proves the validity of the concept by applying it a case study of a
horizontal overhang fixed on a south facing façade of a sample building located in
an arid desert location (Cairo, Egypt Lat30oN- Long31oE) which is cooling
dominated. Shading is required for 9 months / year; from 21st February to 21st
October [2].
The Ecotect software was used as the primary tool for calculation and
visualization. It includes most of the features required for applying the
shaded-points method proposed in this study. Also, it gives access to numerical
data of total solar energy reaching each node of the analysis grid in the design
surface during the defined shading period.
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Fig. 4. Combined shadow pattern of a horizontal shading device.

Fig. 5. Relative Exposure (RE) of each node in the Analysis grid.
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Figure 4 illustrates the combined shadow pattern, while Figure 5 includes the
relative numerical values associated with this shadow pattern. The values
represent Relative Exposure (RE), which is the ratio between actual total direct
radiation on the node and the maximum total direct radiation reaching the
exposed points of the surface. The maximum total direct radiation on the south
wall was 868kW.hr/m2. Several points of the area directly beneath the shading
device were in total shade. Their grid nodes had an incident Insolation of Zero or
8kW.hr/m2 (<1% of the maximum total direct radiation).
The first contour line defines the area with RE of 0-10%, which gives an
impression that 10% of the maximum radiations reaches this area, but actually
most nodes in that area received negligible amounts of radiation.
By calculating a weighted average of the radiation reaching the area proved
that the average RE was only 2.1% of the maximum value. The second contour
line which marked the maximum RE of 20% enclosed an area with an average RE
of 5.3%.
All the points having RE values between 0 and 50% were counted and a
weighted average curve was plotted against the maximum value (Figure 6) exact
average RE for selected maximum RE values are listed in Table 1.
The proposed algorithm proposes the form, calculates the Average RE,
modifies the boundaries if it exceeds the RE average limit defined by user.

Fig 6. Average Relative Exposure corresponding to maximum RE,
fitted to second order polynomial curve.
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Table 1. Average relative exposure corresponding to maximum RE.

5.

MAX %

0

1

2

3

4

5

6

7

8

9

AVG %

0

0.2

0.4

0.6

0.8

0.9

1.3

1.6

1.6

1.9

MAX %

10

15

20

25

30

35

40

45

50

AVG %

2.1

4.0

5.3

7.2

10

12

14

18

21

The form of the window-shade configuration

The form of the window is defined by many factors. Energy conservation is one
of them. The proposed method inspires the designer to define a form influenced
by the shading efficiency not forced by it. Design modulation, style, use of spaces
and the construction techniques or materials are some of that factors that are
typically considered by the architect in designing the window; thus, flexibility is
extremely important.
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Fig. 7. Possible window design configurations.

The proposed method facilitates adopting a wide range of window
configurations that would fit within the boundaries of the overall shade pattern
(Figure 7-a). They could take one of the following configurations :
1. The exact path of the specified contour line: the boundary becomes a curve
(arc, parabola, etc.). A Bezier curve is usually flexible enough to represent
any form of contour line, the designer can define the number of vertices and
control points or the software tool may use its defaults (Figure 7-b).
2. A polygonal shape that approximates the original curve, vertices can be
defined by the pane width or the design module, or the number of vertices
(Figure 7-c and 7-d).
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3. A stepped form of rectangular panes, number of steps, min. step dimension
and the relation between steps and contour line can be defined by the designer
(Figure 7-f).
4. A rectangular window within the boundaries of the contour line, or
intersecting it with definite performance constrains (Figure 7-g).
5. A rectangular window larger than the boundaries of the contour line, in which
the contour line divides the window into 2 portions : within the shading
contour line low cost clear glass is used, outside the contour line protection
shall be provided to the glass, either a dark or reflective glass is used, or solar
screens may protect these portions, (Figure 7-h). This solution could be easily
adopted in the retrofit of existing buildings that have inefficient or unplanned
shading devices.
The above window configurations follow a 20% maximum RE contour line.
The window with Bezier curve has exactly average RE of 5.3. Other geometrical
approximations vary between 4% and 5.3%.
The Selection between these forms will depend on several architectural Issues
such as aesthetics of facades, For example, if the designer uses a curvy building
form, the parabolic alternative Figure 7-b would be matching. If the building form
is rectilinear, a rectangular window inside the boundaries (Figure 7-f,g) can be
used. interior planning and detailing constraints may not encourage a window
with a curved sill, in such a case, a polygonal approximation can solve some of
the problems (Figure 7-c,d), or a rectangular window can be used. Shading the
window allows the use of clear glass which gives a better visual relationship
between interior and exterior, and allows better daylighting, with a lower glazing
cost.
Architects may find rectangular windows easier to Handle for several reasons,
the reversed Approach can still be applied even on rectangular windows larger
than the parabolic shaded area, using a clear glass pane in the shaded parabolic
area allows better view and daylighting, while the exposed parts (lower corners)
may be of a dark or reflective glass to reduce solar penetration, or they may be
protected by solar screens, still allowing more daylighting (Figure 7-h), the
possible combinations are infinite, and open to designers creativity.
This approach could be further explored by changing the angle of rotation and
shape of the shading device in parallel with designing the shape of the window.
This allows for innovative forms and more improved energy performance. An
example is illustrated in Figure 8, where a simple square horizontal overhang
draws a large skewed parabolic form on the 10% RE contour line, which the
window can follow generating non familiar form of window. The shallower
overhang generates a chamfered rectangle window. Rotating the square overhang
30 degrees gives a wider window, while the shallow rotated over hang gives a
rotated window.
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Fig. 8. Innovative window configurations resulting from simultaneous
design of the shading device and the window.

The angle of rotation could be complemented by changing the proportion of the
overhang shading device. Figure 9 illustrates the various shade patterns, and thus
window configurations that could result.
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Fig. 9. Change of window shape as a result of changing the angle
of rotation and proportion of the overhang.
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U shaped building facing south creates a shading pattern. Figure 10, locating
the windows in the shaded areas reduces energy passing through windows.
Figure 10-b represents the RE pattern. Figure 10-c proposes the preferred
fenestration. Addition of an overhang in the exposed middle area creates shadow
for a potential window which follows the shadow pattern to look compatible with
the form of other windows (Figure 10-d,e).

Fig. 10. The utilization of building edges and shading
devices and window form generators.

6.

Implementation potential

The proposed method could be applied manually using any conventional CAD or
3D modeling software depending on guided integration of existing features of
modeling solar geometry and visualization. Image processing software could
handle the overlaying process and calculating intensities and generating contour
lines.
The designers would take their decisions visually with minimal
calculations. Complex forms could be handled this way during the conceptual
design phase.
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The concept would be better applied if energy conscious software such as
Ecotect is used, where calculations of shading could be conducted and visualized
for a wide range of building forms and shading devices could also be reported in
numerical forms for more processing.
The proposed method would be better applied in through an automated solution
by developing an intelligent module that can work independently or preferably
added as a plug in to Ecotect or similar software. The module could automatically
or interactively develop the design of the window according to the shadow
intensity, and inserts that window into the model. If the designer’s primary
concept is green architecture where the dominant form-giving attribute is energy
conservation, the tool could automatically define the optimum window shape by
following the energy contour lines. If the designer wants to integrate some other
design aspects, he could then make some compromises. The tool would then be
flexible to allow alternative near-optimal forms, and interactively quantify the
energy loads resulting from using these forms.

7.

Ongoing developments and future research

The concepts needs more refinement, performance assessment of sample building
in this paper concentrated on quantifying shading during the overheated period,
this is usually the most critical aspect in desert climates which are cooling
dominated. However, generalization to moderate climates requires careful
assessment of the reduction in solar radiation during the under heated period. The
impact on daylighting could be included. It is understood that the method is
meant to define potentially efficient forms during the conceptual and schematic
design phases. Use of the energy simulation tools such as the Energy Plus for
simulation of the overall energy performance could prove useful in validating the
proposed design method. Finally, development of the detailed algorithms of the
software tool is currently underway.

8.

Conclusion

The paper addressed a new approach for designing building facades. .It proposed
a reversed approach : "Designing the window to fit a shading device instead of
designing the shading device to fit the window !".
In order to achieve this objective the Shaded-Points Method was proposed. It has
several advantages. These are :
1. It facilitates the achievement of required shading by use of smaller and
simpler shading devices. These would sufficient for protecting the window
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from overheating, hence allowing better winter solar exposure and improved
diffuse radiation required for daylighting. It also improves the external view
of windows.
2. It gives the designer a chance to reach new limits of performance by
designing the 2 elements of the shaded window system instead of assuming
an inefficient window form and forcing the shading device to solve the
problems created by the window form.
3. It utilizes the actual building forms for improving the energy conservation by
selecting right places and forms for windows in the parts that are self shaded
by the building edges.
4. It facilitates to new creative forms for windows that can help label and
symbolize the energy saving architecture.
5. It defines the parts of the windows that faces problems in the retrofit of
existing buildings, and solves it using smaller and less costly solutions.
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