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ABSTRACT

The advent of computer-based tools in design has meant ever larger sets of parameters can be taken
into consideration. It also means other factors associated with environmental issues can be considered
and increasingly there are legislative requirements to do so. This means increasing demands are placed
on designers to create high quality, innovative, sustainable solutions to satisfy many stakeholders.
Design by nature is a complex interdisciplinary practice. Managing complexities requires the support
of specifically created tools and methods to handle a large number of design parameters. This is
particularly true of the built environment where such parameters include the spread of buildings,
energy consumption, handling of waste, management of water and transport needs. The paper
discusses a methodology that seeks to support the decision making process and design optimization for
complex designs, demonstrating an approach for dealing with integrated assessments and optimal
design choices. It is based upon automatically studying relations between design parameters so that
interdependencies can be obtained, related parameters can be clustered and sensitivities established.
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1 INTRODUCTION

In the current climate, the issues surrounding sustainable design are those which many disciplines are
responding to with increasing vigor. Sustainable design is complex. It demands a holistic approach and
necessitates decision making and strategy integration at a very early stage of the design process. It also
demands compliance with details at a micro level. An abstract approach cannot be undertaken
especially in the circumstances with data that is inherently highly contextual and highly integrated.
The design process becomes reliant on the explicit contribution of data provided by designers with
specialist expertise which is fully comprehensive in terms of data aggregation. Increasingly, the
demand on detailed data is becoming more evident as part of the earlier stages within the design
process.

The last decade has seen an increase in design tools, supporting methodologies and frameworks for
sustainable design that are used as part of a business need for companies to be environmentally
responsible. While there are guidelines for assessment methods and policy development, there is little
readily available instruction on managing the actual complexities and sheer volume of detail at a
complex level. An example, particularly apt, can be found within the built environment sector where
current practice does not always have easy access to appropriately integrated analytical tools to inform
sustainable decision making for projects at all scales [1].

Existing tools, both qualitative and quantitative, are in many cases dependent upon the knowledge
base of the user. For this sector, but also design in general, there is often an emphasis on tools that are
more quantitative in order to support design decisions and achieve measurable design targets. Within a
multidisciplinary network, the stakeholders other than the clients themselves include the specialists
that provide and formulate the data within the design process.

1.1 Sustainable Design for the Built Environment

For the built environment, the contribution to sustainable development has a large impact as buildings,
through their operational greenhouse gas emissions, account for one third of the energy demand in
Europe [2]. In fact, there is increasing effort to research sustainable development methods and push
the boundaries of science and engineering applications in order to drastically reduce energy
consumption and greenhouse gas emissions in general.



Professionals within the planning and built environment sector are constantly required by the defining
nature of sustainability to consider and satisfy the demands of a wide range of stakeholders. Design
within this sector requires the expertise of many specialist disciplines and it has been proposed as
being ‘the most multidisciplinary practice in all of the design professions’ [3]. Within the built
environment, the issues of sustainable design compound the complexities within the discipline of
masterplanning.

1.2 Built Environment Masterplanning

Masterplanning in a non-statutory sense is the process which can be interpreted as the entire program
of activities within a particular project. Such activities include integrated service provisions ranging
from the preparation, conceptual design and detailed design through to the construction and use of a
built environment.

Masterplanning and the development of masterplans, are heavily reliant upon the expertise of
designers and the technical specialists from various disciplines who may use a combination of tools
and methods to support their own data capture for different design scenarios.

Integrated assessments are used to actively monitor and evaluate the interactions and integration of
multidisciplinary data capture. They not only give an instantaneous measure of how sustainable a
scenario may be, they also form part of a natural optimization method through iterative design and
analysis. In essence, each iteration increases the designer’s incremental knowledge of the design
problem and contributes towards an eventual optimized design proposal.

A key stage in any design optimization activity is to understand the influencing factors that may have
varying effects, large or small, on a design. Such factors, which may be considered as design
variables, have different levels of sensitivity that contribute to the overall design. Examining the
sensitivity of design variables is considered as an important activity in any optimization process and
has its place in good design practice. Sensitivity analysis of such variables is considered an important
activity in such design and has therefore formed a key part of the research reported here.

Section 2 discusses integrated resource management (IRM), an integrated assessment tool and
approach increasingly used in current masterplanning activity. Section 3 provides a design strategy
created on the foundations of IRM methodology. This involves the extraction and sensitivity analysis
of design variables as key process activities. Section 4 gives an industry case study as an example of
the applied methodology and the last section provides an evaluation and concluding remarks.

2 INTEGRATED RESOURCE MANAGEMENT

Integrated resource management (IRM) is an emerging design support tool that has the capability to
support design, planning and decision making on a complex level such as urban masterplanning which
runs alongside sustainability appraisal and assessment methods [4]. IRM itself has its roots and main
associations within the management of natural resources such as water.

2.1 Masterplanning Design and Assessment Frameworks for IRM

Within masterplanning, sustainability assessment frameworks are created and increasingly legislated
in order to support effective sustainable design. These design and assessment frameworks often make
use of metrics or performance indicators in order to assess, compare and guide improvement of design
proposals and design solutions [5]. Since masterplanning is a multidisciplinary activity, many
disciplines will contribute their own data to the metrics and performance indicators that are developed
within such frameworks. These are also often considered as a fundamental preceding activity in the
development of IRM tools.

The key motivation for an IRM tool is to aggregate information from the different technical design
streams into one common data model for easier accessibility and assessment. As a standalone tool, this
then enables the different disciplines to produce an augmented but more importantly an integrated set
of metrics for assessing masterplans for a built environment. For illustration, an assessment framework
and accompanying IRM model for the masterplan of an urban development may consider, contain and
represent data obtained from several disciplines. These may include those that specialize in carbon and
environmental footprinting, energy strategists, water management, the handling of waste,
transportation requirements, materials used in construction, the social mix of communities, and the
quantity and mix of landuse.



Owing to the nature of masterplanning, there is a constant challenge between the different disciplines
involved to integrate their individual design strategies. Designers and planners must consistently
acknowledge and resolve the issues or conflicts that occur when accounting for complex
interrelationships between design parameters of different disciplines and resource streams. In such a
multidisciplinary activity this has previously been difficult to do. Such complex and increasingly
numerous interrelations of design inputs often lack transparency and there often exists a complex
cascade of data effects, thus pointing to the need for better data management and modeling tools [1, 6].

2.2 IRM Models

An IRM model developed by engineering and design consultancy firm Arup, as a quantitative urban
metabolism tool for use in eco-city masterplanning, is considered and adapted for study. The model
and tool itself, allows neighborhood, city or regional plans and policies to be developed and prioritized
in the context of the relevant integrated resource streams [1]. Figure 1 shows a generic example of
some common inputs and outputs, and some of the technical disciplines that provide captured data
along with examples of graphical outputs. Key data and metrics used within any typical IRM model
forms a mass of design input variables which can be interpreted via many different outputs. Any
specific outputs may be interpreted as a key performance indicator (KPI) in which a KPI’s value can
be treated as a design parameter and therefore forms one or part of the overall design objectives.
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Figure 1. An Overview of the IRM Data Flows within a Model [1]

In general, many design activities and created models evaluate and provide the necessary integrated
assessments for design scenarios and strategies. These evaluations are based on the declared objectives
and parameters which are interpreted, in many cases, through a series of calculations using both
captured data and databases of information. A large number of associated variables (in the order of
thousands) are handled within such a process.



IRM models are in commercial use due to their capabilities to explore synergies, feedback loops and
trade-offs for different design proposals. Since complexities exist within the relationships of the many
design variables, there also exists a need to efficiently manage the large volume of data in order to
produce optimum strategies and scenarios for masterplan options. This can be done using extraction of
model data and sensitivity analysis which forms the foundation activities of the created methodology
discussed in the next section.

3 EXTRACTION AND ANALYSIS METHODOLOGY FOR DESIGN SUPPORT
A methodology to support the use of IRM models and the decision making process for masterplanning
built environments is now described. It is intended that this methodology exist alongside current
supporting models and has the capability to become an integral part of sustainability assessments and
other associated appraisals.

Within this, the extraction and analysis methodology (EAM) has been created with the aspiration of
enabling designers or, more specifically in this paper, the planners within the built environment to
better understand and manage the complexity within their assessment models. It also enables a more
efficient and focused approach to design and optimization. The methodology and the defining
activities are summarized in Figure 2 and explored in the following sections.
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Figure 2. Extraction and Analysis Methodology (EAM) Overview

3.1 ‘Obtain’ and ‘Define’

In many disciplines, some form of integrated assessment model is created in order to evaluate
particular aspects for a design or part thereof. These may be potential solutions, different cases or
scenarios and initial conditions or design boundaries. Such models are then used as part of solution
search and discovery and design optimization. This activity of integrated assessment has become the
foundation of the methodology. IRM models are an example of an integrated assessment tool created
to assess and develop masterplan strategies and scenarios for implementation. Such a model holds a
large volume of highly integrated and complex data.

Obtaining an assessment model, necessary data and the key design objectives falls under the activities
of “‘obtain’ and ‘define’. In the early stages of the methodology, it is important to explicitly confirm
either the optimization objectives and/or the output KPIs of interest in order to correctly focus the
activities within the latter stages of the process. In fact, the majority of which, are commonly defined
and described within the accompanying design and assessment framework generally laid out in the
early stages of design effort.



In the case of the research reported here, a complete assessment model was obtained and adapted as
part of an industry case study. However, it is conceivable that an assessment model may be created as
opposed to obtained. The stages of ‘extract’ and “analyze’ which are discussed further in the following
sections contribute to the ‘optimize’ activity which allows the ‘facilitator’ of EAM to focus their
design effort or optimization with confidence.

3.2 ‘Extract’

The aim of extraction within the methodology is to disseminate understanding of specific aspects of an
assessment model relevant to a specific optimization objective, output KPI or general area of interest.
At the same time, this enables data handling at a more manageable level. From the assessment model,
the output KPI then has its formula extracted, i.e. the path of its calculation. The extraction tool
evaluates the interaction of every variable contributing to the output being investigated. The
connections between all variables can then be displayed graphically as a network diagram using a
custom viewer, developed for the GraphML format, in many different layout forms which each has its
own benefit depending on what is required. Using the custom viewer allows insight into the
complexity in terms of the sheer volume of variables, their context, and the detail of their
interconnections.

The tool developed for the extraction activity not only provides an interactive and instantaneous means
for visually investigating the scope of interconnections between variables across boundaries of
different disciplines, there is also a series of metrics that are calculated. These metrics have been built
into the extraction tool in order to further contribute to the advantages of design illumination and focus
of design effort discussed further in Section 3.3. The extraction metrics are listed below.

e Variable count and distribution — metrics that detail the total variables contributing to the KPI
under investigation and the distribution of variables with respect to the disciplines of their origin.
It also details the variables that are most frequently used in any calculation paths.

e Independent variable count and distribution — metrics that detail the total independent
variables and the distribution of these with respect to the disciplines of their origin. Such
variables are explicitly not obtained from calculations within the assessment model itself and are
strictly inputs only. The most frequently used independent variables are also reported.

e Reference count and distribution — metrics that detail the total connections made between
variables and the average number of references made with respect to the disciplines of their
origin within the assessment model.

The counts and distributions for variables, independent variables and references provide insight into
the complexity of the assessment model and the distribution of data. This is not only with respect to
the KPI in question but also to the disciplines involved. For example, it is possible to look at the
distribution and origin of variables that extend from the mix of landuse and how they might interact
and effect water management, handling waste and energy strategy solutions.

In addition to these evaluated metrics, the connections between different disciplines are examined and
detailed through a summary matrix which provides insights into interdisciplinary influences and how
they interact. Three different summaries can be provided.

o A direct reference matrix — this details the references made between each variable from one
discipline and all other relevant disciplines. This demonstrates the disciplines that are connected
and the frequency of such connections.

e An independent direct reference matrix — this details the references only made between each
independent variable from one discipline and all other relevant disciplines. This demonstrates the
disciplines that are connected and the frequency for independent variables only.

e An indirect reference matrix — this details the indirect references made between each variable
from one discipline and all other relevant disciplines. This demonstrates the extent of variable
interaction, potential locations for effects of changes and the complexity within the entire model.

The next stage of the methodology uses a sensitivity analysis tool. Although the extraction and the
metrics provide key insights and valuable information to widen the knowledge base of the planners,
the sensitivity analysis requires only information based on the independent variables.



3.3 ‘Analyze’

Sensitivity analysis is an activity employed in numerous mathematical and scientific fields and has
significant benefits in interpreting and managing large and complex data networks. For the built
environment, sensitivity analysis can reduce the corresponding volume of data and design effort for
‘robust assessments of impact’ [7].

The primary function of such an analysis is to determine how a model’s specific output responds to
changes to input variables. It is therefore possible to determine which variables hold more dominance
when interpreted as design parameters and ultimately their contribution to one or more design
objectives. Carried out as a series of experimental runs, variables are altered under specific conditions.
The design of such sets of experimental runs relates to the area of Design of Experiments (DoE) [8].
There exist numerous types of experimental design which vary in efficiency and the insight provided
when investigating the sensitivity of a model. These can be grouped under two main approaches. In
the first instance, single variance analysis involves the variation of an individual variable for
evaluation against a single output. In the second instance, multiple variance analysis involves the
variations of several variables for evaluation against one or more outputs. This paper deals with
multiple variance analysis.

Sensitivity analysis itself carries a certain amount of subjective influence dependent on the chosen
methodology applied and the explicit data values specified to populate a model. Within complex
models such as the IRM, boundaries and limitations exist which are often only tacitly understood.
These must be acknowledged and interpreted for sensitivity analysis in terms of upper and lower limits
of variation that can be described as confidence intervals [9].

Regardless of the design of experiment, sensitivity analysis provides scope for design space
exploration and scenario or solution refinement contributing to good general design methodology.
There are four key advantages to carrying out a sensitivity analysis.

e  Designer illumination — sensitivity analysis has the ability to show both variable dominance and
interaction. This indicates which outputs are most sensitive and the variables that affect this
change. Continuous analyses on design iterations also increase the knowledge of overall
responsiveness of outputs to the input variables.

¢ Reducing the problem space — in assessing which variables have more or less dominance, it is
possible to narrow the scope of the problem space. Certain assumptions may be tested and this
may regard variables as being entirely ineffective or effective within a model. It can also
demonstrate potential conflicts between variables and outputs.

e Focusing design effort — the results of the sensitivity analysis provide the designer with
increased knowledge of the potential design solution space and contributing factors. Hence, it
allows the designer to focus efforts on specific areas of relevant interest and the variables that
have the biggest scope for effect.

o Design optimization — sensitivity analysis contributes to an optimization process for design in
general and also provides scope for multi-objective optimization. It is possible to look at specific
variable effects on not one but many aspects of specific design objectives simultaneously. This
increases knowledge not only of variable behaviour but also of outputs within the system.

Due care must be taken when carrying out a sensitivity analysis especially when there exist
interactions between a large number of variables. These interactions are not always immediately
obvious when considering the inputs and outputs that are part of an applied sensitivity analysis. For
example, consider the space occupied by a certain shape with the basic input variables of height, width
and depth. The output of volume is sensitive to these variables individually but in reality the output is
far more sensitive to their interactions, which are some multiplication of the three variables together.
When considering a large number of variables, there is an explosion in the number of interactions to
consider which means that carrying out a full sensitivity analysis may be prohibitively time consuming
and computationally expensive. This is especially the case with an IRM model that contains thousands
of variables alongside several tens of output KPIs. Ideally, each combination of design variables,
along with every possible interaction, should be tested against the relevant design objective. This
process is an example of experimental design known as a factorial design. There exist many
techniques which carry out sensitivity analysis and handle the complexities that occur in factorial
design.



The computational cost of analysing many more than ten variables, as with IRM, means such analysis
begins to become increasingly intractable. For this reason, more efficient designs have been developed
such as PB designs [10]. First reported by Plackett and Burman, PB designs are among the
computationally least expensive but lack insight into the interactions between variables. The method
has linearity in the number of experimental runs compared to the number of variables, this makes a PB
design relatively inexpensive in terms of the computational effort [10,11]. The main usage of PB
design is when the number of variables under consideration or the duration of each experiment (i.e. the
number of analysis runs) means that the primary consideration in design choice is computational
efficiency. This is the case and reason why PB design has been applied alongside the IRM model in
the research reported here as a large number of variables are being considered and managed.

The extraction tool actually has the capability to run without any real data since it simply extracts the
relationships and/or calculations established in the model for processing input data. However, the
sensitivity analysis tool developed from PB design techniques explicitly requires an integrated
assessment model with real data inputs. During the analysis, the tool is constantly reading and writing
values into the assessment model in order to test for the sensitivity of the variables. The independent
variable count and distribution metrics directly prescribe the input variables for analysis. There are
three prerequisites required for setting up each of the variables investigated.

e An interpreted description for each variable so that it is fully comprehensive with respect to the
project as certain variables may exist only as a series of shorthand expressions.

e A specified default value that is relevant and realistic. This value may be zero, estimated, or an
initial value depending on the purpose of the sensitivity analysis and the user experience.

e A specified confidence interval bounding each variable with a high or low value. This may be
expressed either as a percentage of the specified default value or numerically.

The interpreted description and specified default value is in most cases, directly obtained from the
assessment model. Due care must be taken when bounding each variable with its confidence interval
as the sensitivity analysis is most effective and yields the best results when its variables can be
investigated over their widest possible range. Setting the interval may require knowledge and
experience specific to a technical stream or discipline. It also involves a certain level of intuition and
tacit knowledge in order to set the correct realistic context for the sensitivity analysis.

The result of the sensitivity analysis is a list of variables tested and ordered according to which the
output (KPI) is most sensitive to changes in. The absolute values in this list are numeric and
normalised within the tool for interpretation and then rated on a scale from zero to one-hundred. In the
sensitivity tool itself, a variable that has high dominance has a value of one-hundred where as a
variable with zero dominance has a value of zero.

When examining the results of the sensitivity analysis, the general shape of the list indicates whether
certain variables have dominance on the output under investigation. There may be variables that have
substantial dominance individually or as a group of variables. It is important to note that beyond a
certain point in the list, all variables have similar sensitivity values. At this occurrence, it is not
sensible to interpret the figures since their effects are not significant enough to be able to differentiate
them from potential aliasing effects.

Following the sensitivity analysis, the designer gains valuable insight into the most dominant variables
within a design set and/or scenario, the user of the tools and overall methodology can take the results
in order to demonstrate those variables that have the most dominance in the overall design solution so
that design iterations may be focused on varying those that are most influential. It also sets the scope
for awareness of design constraints and design compromise since variables that may be more dominant
to one variable may have less influence on another when considering a different output KPI.

3.3 ‘Optimize’

Over the course of a design process, the output KPIs are effectively used as optimization goals within
the design and planning process. Where an assessment model such as IRM is in use, it is possible to
define an optimization problem in such a way that inputs from many different disciplines may be
varied so as to optimize the output KPIs calculated by the assessment model. Using this approach,
KPIs established in the initial stages of the process may be interpreted as design constraints [12] and
general optimization techniques such as direct search and gradient methods [13] may be applied.



Design improvement and optimization in masterplanning within the built environment sector is
essentially a process that is often heavily reliant upon designer intuition as precedent-based design [5].
Whilst different scenarios are set up with changes in variables, it is the result of each iteration that
provides illumination for the design decisions made in order to reach potential design solutions so that
undesirable designs or scenarios are slowly funnelled out.

The extraction and analysis methodology has the capability to support a wide range of decision
support tools and provides the initial setup for optimization. The ‘optimize’ activity is used to
automatically adjust the relevant variables for a design solution.

4 INDUSTRY CASE STUDY

Using the created extraction and analysis methodology (EAM), the tools and techniques were applied
to a case study which considers an eco-city masterplanning development for the scenario of a highly
populated urban area of 7,500,000 square meters. An IRM model was developed for the study which
modeled a series of KPIs and provided an integrated assessment of a design scenario based on inputs
from several technical disciplines. As a performance indicator, the KPI representing carbon emissions
was selected as that of interest in this study. The results are presented in the following tables.

Table 1. Extraction metrics

- . Percentage Distribution of Metric Data (%)
Metric Details Count Most frequently
/ Description landuse | transport water energy other used variable

Variable count 1. energy demand
/ distribution 2357 2 30 16 40 12 2. water demand
Independent count 1. energy demand
/ distribution 1117 2 25 17 4l 15 2. residential land
Reference count 3404 3 8 5 17 N /A N /A
/ distribution

Table 1 shows the results of the extraction on the variables within the case study model. These
represent a selection of the results for four key disciplines of landuse mix, transportation, water
management, and energy consumption. All other disciplines are grouped into the last section for
percentage distributions of the variables.

Table 2. Reference Matrix of Direct Variable References

Percentage from\to landuse transport energy water
Distribution of landuse 05 0 2 0.4
Direct
References (%) transport 0 29 2 0
energy 0 0 37 0
(3404) water 0 0 0.1 16

Table 3. Reference Matrix of Independent Direct Variable References

Percentage from\to landuse transport energy water
Distribution of landuse 8 0 1 4
Independent
References (%) transport 0 24 2 0
energy 0 0 25 0
(1516) water 0 0 0 12

Table 4. Reference Matrix of Indirect Variable References

Percentage from\to landuse transport energy water
Distribution of landuse <0.01 0 1 <0.01
Indirect
References (%) transport 0 <0.01 04 0
energy 0 0 28 0

(41,068,458) water 0 0 10 <0.01




Table 2 demonstrates the percentage distribution of the total number of references made from one
discipline to another directly, whilst Table 3 demonstrates the same distribution for independent
variables. Table 4 demonstrates the distribution of the total number of references made from one
discipline to another indirectly. The total number of references is listed in the left hand column of each
reference matrix and the same disciplines are reported as in Table 1.

The results from the extraction indicate that energy as a discipline contributes the largest number of
variables towards the KPI of carbon emissions. The ‘energy demand’ variable from this discipline is
also most referred to within the assessment model as well as being the most frequently used in
calculating an assessment for total carbon emissions. The frequency of the ‘water demand’ variable in
total variables and ‘residential land’ variable in total independent variables also demonstrates that
these are particularly involved in calculations for carbon emissions. In addition, demonstrating the
total number of references may be considered as a direct correlation to the complexity that is handled
within each discipline for the specific output KPI of carbon emissions. It also demonstrates the
capability of the IRM model to efficiently manage a large number of interlinked and complex
variables in order to support design decision making.

From the generated extraction metrics, the list of independent variables was carried forward for use
with the sensitivity analysis tool. Alongside the distribution of variables and the most frequently used
variable, the sensitivity analysis provided a perspective on the variables that hold the most dominance.
Table 5 provides an indication for the percentage of variables that have a very high, moderate and low
dominance with respect to the disciplines previously detailed. These results then provided a design
focus in which those variables that demonstrated a high dominance were examined more closely in an
effort to optimize the KPI for carbon emissions and further understand their influence.

Table 5. Sensitivity Analysis Distribution of Dominance

) o Distribution of Variable Dominance (%o)
Technical Discipline -
High Moderate Low
landuse 17 41 42
transport 2 68 30
energy 12 62 26
water 4 81 15

4.1 Translational Applications

The approach presented is within the scope of the built environment for architecture, engineering and
construction industry but the tools and methods may be applied in general design activity and
transferable to different design themes. Overall, the aim of the extraction and analysis methodology is
to gain an understanding of design variables, the parameters, and their relationships to specified
objectives. This understanding then seeks to guide the designer to an optimized scenario in which
decision support is made. Since bespoke assessment models can be easily created for the variables of
any product and/or system design and, the other tools used in the methodology are established, it is
conceivable that translational application exists.

5 CONCLUDING REMARKS

The tools developed within the methodology of extraction and analysis (EAM) provide a set of metrics
for an approach that commercially uses IRM as an integrated assessment tool complemented by an
assessment framework. These metrics clearly demonstrate the complexity held within such IRM
models but also provide insight into the interdisciplinary nature of the design variables demonstrating
the extent of interacting disciplines. This insight allows optimization and indeed general design
solutions of certain objectives to become more manageable. Design in the built environment involves
the demand, on designers and planners, to consider an ever increasing and large number of design
variables that must satisfy the many design objectives and stakeholders. In masterplanning, design is
both a multidisciplinary and interdisciplinary practice and managing complex data from several
technical streams is difficult. The EAM and its associated tools proposed and reported in this paper
provide support for the use of IRM in masterplanning. The key contribution of this work is the ability
of the method and tools to transparently demonstrate and manage the complexities and
interdependencies within integrated data to direct design focus for complex sustainable design.




REFERENCES

[1]

(2]

(3]

[4]

[5]
[6]
[7]

8]
[9]

Ayaz E. and Levitas J. Spatially linked integrated resource management (IRM): A tool to inform
eco-city planning. In Proceedings of the 8" International Eco-city Conference, Eco-city 08,
December 2008

De Meester B., Dewulf J., Verbeke S., Janssens A. and Van Langenhove H., Exergetic life-cycle
assessment (ELCA) for resource consumption evaluation in the built environment. Building and
Environment, 2009, pp.11-17

Garner S. and Mann P. Interdisciplinarity: perceptions of the value of computer-supported
collaborative work in design for the built environment. Automation in Construction, 2003,
pp.495-499

Page J., Grange N. and Kirkpatrick N. The integrated resource management (IRM) model -
guidance tool for sustainable urban design. In 25™ Conference on Passive and Low Energy
Architecture, PLEAOS8, October 2008

Clevenger C.M. and Haymaker J. Framework and metrics for assessing the guidance of design
processes. In International Conference on Engineering Design, ICED’09, 2009, pp.411-422
Jakeman AJ. and Letcher R.A. Integrated assessment modelling: features, principles and
examples for catchment management. Environmental Modelling & Software, 2003, pp. 491-501
Hohler N. and Moffatt S. Life-cycle analysis of the built environment. Sustainable building and
construction.UNEP Industry and Environment, 2003, pp.1721

Montgomery D.C. Design and Analysis of Experiments, 2004 (John Wiley & Sons)

Taylor M. What is sensitivity analysis? Health Economics, 2009, Hayward Group Ltd

[10] Plackett R.L and Burman J.P. The Design of optimum Multifactorial Experiments. Biometrika,

1946, pp.305-325

[11] Yi J.J., Vandierendonck H., Eeckhout L. and Lilja D.J. The exigency of benchmark and compiler

drift: designing tomorrow’s processors with yesterday’s tools. In Proceedings of the 20" Annual
International Conference on Supercomputing, ICS 06, 2006, pp.75-86

[12] Liang H., Mullineux G. and Hammond G. A constraint-based approach to sustainable design and

development. In Proceedings of NordDesign 2008, 2008, pp.181-189

[13] Papalambros P.Y. and Wilde D.J. Principles of Optimal Design: Modelling and Computation,

2000 (Cambridge University Press)

Contact: Helen Liang

University of Bath

Department of Mechanical Engineering
Bath, BA2 7AY, UK

Tel: +44(0)1225 385937

Email: h.liang@bath.ac.uk

Helen is a PhD candidate in Mechanical Engineering at the University of Bath. She is currently researching
constraint-based approaches for design and has an academic degree in Innovation and Engineering Design. Her
research is gratefully funded by Arup and the Engineering and Physical Sciences Research Council (EPSRC).


mailto:h.liang@bath.ac.uk�

