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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.  
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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. Performance-
indices 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 

TERRA-
COTTA 

TILE 

CONCRETE 
TILE 

RC L 
PANEL 

AC 
SHEETS 

GI 
SHEET 

AL 
SHEET 

None 1 1 14.49 11.75 17.17 17.48 2.43 39.12 

2 2 94.57 94.29 95.56 94.54 93.14 103.45 

3 3 100.73 100.53 101.56 100.64 99.69 108.17 

4 4 117.13 117.09 115.78 116.74 116.56 120.35 

5 5 114.56 114.50 112.98 114.13 113.86 118.39 

Timber 

6 6 120.83 120.81 119.75 120.53 120.45 123.16 

7 2 91.24 90.88 87.10 90.43 88.65 100.50 

8 3 98.78 98.55 95.15 98.03 96.87 106.45 

9 4 117.39 117.35 114.97 116.96 116.76 120.89 

10 5 114.47 114.41 111.86 113.97 113.67 118.64 

Plywood 

11 6 121.52 121.50 119.35 121.20 121.10 123.70 

12 2 106.88 106.74 103.53 106.23 105.51 112.67 

13 3 110.21 110.10 107.16 109.61 109.08 115.25 

14 4 117.37 117.34 118.33 120.25 120.12 123.29 

15 5 115.24 115.20 116.36 118.35 118.17 121.86 

Gypsum 

16 6 120.69 120.67 121.42 123.23 123.17 125.21 

17 2 96.15 95.90 97.26 101.44 100.28 108.84 

18 3 101.65 101.48 102.63 106.31 105.56 112.63 

19 4 116.78 116.75 117.80 116.40 116.22 120.12 

20 5 114.27 114.21 115.18 113.82 113.57 118.20 

Particle 
board 

21 6 120.50 120.48 121.26 120.20 120.11 122.93 

22 2 93.01 92.64 88.72 93.12 91.23 102.51 

23 3 100.89 100.64 96.63 100.44 99.34 108.15 

24 4 115.00 114.95 116.13 118.13 117.95 121.70 

25 5 111.88 111.82 113.18 115.36 115.08 119.60 

Hard 
board 

26 6 119.38 119.36 120.21 122.06 121.97 124.51 
Note: TPI* rating is based on roof shape factor of 0.2, RC – reinforced concrete, AC – asbestos cement  
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PROPERTIES OF MATERIALS 

Cladding Thickness (mm) Ceiling Thickness (mm) 
Terra_cotta 15 Timber 20 

Concrete tile 15 Plywood 6.4 

Reinforced Concrete L panel 30 Gypsumboard 12.5 

Asbestos Cement sheet 6.25 Particle board 18 

Galvanized Iron sheet 3.2 Hardboard 12.5 

Aluminium sheet 3.2   

 
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 ALT. 
NO. 

TEMPLATE 
CODE 

CONC. 
TILE 

TERRA-
COTTA 

TILE 

TIMBER 
SHINGLE 

AC 
SHEETS 

GI 
SHEET 

None 1 1 14.32 10.84 50.56 14.63 16.24 

2 2 83.27 83.87 89.72 83.94 87.22 

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 

Plaster 
board 

6 6 109.2 109.26 111.62 111.23 112.13 

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 

Plywood 

11 6 111.37 111.42 111. 52 111.13 111.98 

12 2 80 80.75 87.21 80.58 84.1 

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 

Timber 
board 

16 6 111.12 111.17 111.28 110.87 111.77 

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 

Polystyrene 

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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Fig. 5. Prioritized performance (TPI*) of alternative  

roofs in Trivandrum (India). 
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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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