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SUMMARY

The world is currently undergoing the largest wave of urban growth in human history.
More than half of the global population is now concentrated in urban areas, and by 2060
“two third of the expected population of 10 billion will live in cities. While asowdate

this tremendous growth, reducing urban energy consumption of resilient and livable cities
should be seen as associated priorities. Meeting these priorities head on requires complex
decisionmaking at the early phase of urban design, when a largbenof parameters are

still undecided, and their level of uncertainty is high. The thesis proposes a rational decision
framework that responds to these challenges for a specific set of measuregsheithin
following limited scope energy efficiency in urbalayout, indoor daylight level, network

connectivity, outdoor public space visibility and thermal comfort.

The early stage of urban design is characterized by its iterative nature of repeated
alternative generation (divergent phase), alternative assessment and selection
(convergent phase). Decision making occurs during or at the end of these phases with
considerable uncertainty in the many as yet unresolved design parameters. Therefore,
methods and tools applied during these phasesldghaccount for the iterative and
unpredictable nature of later design evolution.

Currently there is no consistent support for rational decision making at the early stage of
urban design. Typically, single deterministic predictions are generated basssliored

parameter values when in fact many of those parameters have not been decided yet.
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This dissertation starts from a hierarchical structure that outlines consecutive steps in the
design process by geometric output type. This is not the main fothestbesis but merely

a structuring principle that is employed by the rational decision framework. This
framework supports the comparative assessment of competing design alternatives under
uncertainty. This is the main focus of the research. It introderqagcit information about
uncertainty in undecided design parameters and analyzes their effects on the confidence

with which one design variant can be prioritized over another.

The approach is implemented in a RR{Goasshopper platform for five contee
performance measures: network connectivity, visibility in open space, outdoor thermal
comfort, building energy consumption and daylighilization. Low-resolution simulation
models are developed for each of these measures to service the iterateehdasign

with fast computation of results. The resulting models serve as normative substitutes for
more accurate physitsased prediction models. The research has developed a systematic
verification approach showing when these reduced order modefglaeglias adequate for

the targeted comparative analysis in early design as thekfidgllly counterparts.

In the comparative analyses of design variants, point values of inputs are replaced with
probability distributios that quantify the expected vability (treated asdesign
uncertainty) in later decided design variables using a Monte Carlo technique. Hence each
generated outcome is a probability distribution that represents the uncertainty in the
performance prediction of a design alternative urstiedly. The performance predictions

are the inputs into the decision making allowing the designer to make a rational choice of

xviii



one design alternative over a competing one. In the developed framework such decisions
are driven by minimmm requiredconfidencelevels that a decision maker is comfortable

with when prioritizing a variant. As an associated issue the research tested the effectiveness
of current rules of thumb and found that design chdltatshey suggest typically fall short

of the confidence leVeequired by the decision maker.

This dissertation introducethe methodology, the development afframework for

comparative analysis with embeddadrmative modelsifhplementedas grasshopper

components) and tireexecution in the current prototype.

XiX



CHAPTER 1. INTRODUCTION

1.1 Background

Cities are both most vibrant productive human creations and one of the main sources
of global environmental impacts, a reality that is proving to be more acute with time. As
perUNG6s estimate, the number of city dwell er
per month, mostly by informal settlements and haphazard densifi¢Atifairs, 2015)
leading to urbaimelated greenhouse gas (GHG) esimas to be at an alime high, with

building energy consumption being the key contributor.

The world is currently undergoing the largest wave of urban growth in human
history. More than half of the global population is now concentrated in urbanBiga®
1.1-a), and by 2060 two third of the expected population of 10 billion will live in cities. To
accommodate this tremendous growth, we expect to add 2.48 trillion square feet (230
billion m2) of new floor area to the global building stock, doubling it b§®0 his is the
equivalent of adding an entire New York City every month forrtéet 40 yearg2030,

2019)

Most of the world is projected to be built and rebuilt over the next two decades
(Figure 1.1-b) with the energy and emissions patterns of this construction lenkiead
many years (average building and infrastructure life span are 80 and 120, respectively).
Today we have a onga-alifetime opportunity to address climate change by creating low

carbon and zeroarbon cities, districts and buildings.
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Figure 1.1: (a) Urban and rural population of the world (1960-2017), (b)Global floor area
growth (20052060).

As per 2016 UN Habitat report, urbanization requires a coherent approach as challenges
posed by urbanization have global ramifications, that if not addressed adequately, could
jeopardize chances of achieving sustaiea@velopment. It is therefore necessary to shift
cities and towns onto a sustainable development path as continuing along the current model
of urbanization is no longer an optigRrogramme, 2016Cities and towns can play a
greater role in the sustainable development agenda, and for that they need to be better

understood.

Timely updating urban planning and design regulations is a recurrent challenge for
municipal governments, more so in recent years as the authoritiegyiagetér aim for
sustainable growth and ensure urban experience. We can no longer rely on traditional
standards and practice that are based on historical patterns and outti&fledvs, as they

are not adequate for new sustainable development agenda. pypewaches in urban
development should move away from traditional, prescriptive methodologies. One
alternative is a performandmsedapproach to desigrestablishing specific performance

measures directly related to desired outcofiéson, et al., 2018)



Performancébased approaches are composed of two components: first, criteria that
describe the desired end result (goal), and second, methods to define standardsatsed to
the acceptable limits of impact to ensure theirgel end result. It is important to note that
performancebased planning is not a new concept, it has been adopted by many local
governments in the Unites States in 1970, Australia in 1997 and New Zealand in 1991
aiming to integrate planning processedwetfects of development on environment (IPA
section 1.2.1). However, this approach was subsequently either abandoned because of
inadequate technology to folleup and heavy administrative required burden or was
hybridized with traditional planning metho(Baker, et al., 2006Dne of the main reasons

that also lead to the failure of application of this approach was absence of proper
management, it is important to note that in a performdiased approach, proper design
processworkflows should be taken into consideration along wtioperly defined
performance requirements. Designers often seek to fulfill performance requirements but
tend to forget about a proper framework for design exploration and assessment, without

which ths approach cannot be appliggigenbroe, 2019)

Urban design is a complex decisioraking task that involves interdependencies among
variables and among multiple performance measures, making it difficult to comi¢hup

a 6gener al gui dancebd. There stildl i's a nee
especially methods and tools for the early stages of design when many design parameters
have not yet been decided upon. A framework is needed that would yatlonl decision

makers to integrate aspects of performance into their design process, but also lead them

towards desired performance levels and give them enough confidence in their decisions.



In order to evaluate the current performabesed approach andesign frameworks at the
early stage of wurban design, we first need
independently from the nature of design 0Ot
defining the early stage of urban design, also knas/econceptual design, along with its
components, followed by an overview of the current performaased methods and

frameworks applied to this phase.

1.2 Review of Early Stage in Urban Design

Conceptual design is an early stagthedesign process #t involves the generation
of solution concepts to satisfy the functional requirements of a design problem. Conceptual
design, being one of the early stages of design is characterized by information that is often
imprecise, inadequate, and unreliable. Apam the observation that the recognition and
generation of functional requirements and the generation of solutions are highly coupled
in this stage, there is little understanding as to how this is done, and consequently little

support is availabléChakrabarti & Bligh, 1996)

Early design stage or Conceptual design is one of the most important and influential
stages of a product development prod&sgure 1.2), it is the phase where engineering
science, practical knowledge, production methods and the commercial topics need to join
and where the most important decisions are tafigench, 1985) Because of its
importance, it is evident that the early stage of design must use all available means and
resources to help developing better and more innovative concept design s@Haimash,

2005)
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Figure 1.2: Design stages, based on MacLeamy curve (2004)

Urban design is fundamentally creative and therefore distinctive to each specific context

in which it is i mplemented. It may be wunde
procedure or series of actions or events that lead to the accomplishment of some result
(Atkin, et al., 2003)At the early stages of design, conceptual alternatives are proposed,
assessed based on given requirements, the amai of this stage is the generation of
promising concepts that can later on be developed into promising solutions that can be

further refined in the detailed design phase.

The urban design process is delineated by a complex set of decisions invalnows
stakeholders, tasks, issues and feedback loops that form and influence urban design
projects over tim¢Boyko, et al., 2006)Urban design is also an iterative process of urban
development and change that is shapedyalbed and contested by visual, functional and

experiential qualities of places and spad&awley, 1994)

Since urban design as any design process is an incremental practicing and learning process,

it becomes an impossiblestk t o come up with a Oproper 6 ¢



series of divergent and convergent steps has been proposed thyil.iet al., 2003)0

increase the possibility of creating better end products:

A During a Divergat step, a range of concepts is generated.

A During a Convergent step, generated concepts are evaluated and selected.

In case of divergent step, the aim is to develop promising concepts, which requires
generating a wide range of concepts and ensuratgviluable ones do not get left out. A

design problem usually has many solutions; therefore, if one could explore a solution space
larger than is presently possible, there becomes a scope for producing improved designs
(Chakrabarti& Bligh, 1996) In current practice, a divergent step mostly relies on a
designers6 experience, who often disregar
experience which is sometimes biased towards using certain kinds of solutions perhaps
becaus they have used them before. The convergent process consists of concept evaluation

and selection, in which alternatives are identified that best fulfill the requirements.
Currently the assessment met hods vary fron
fully rely on their experience to evaluate alternatives, or use more or less advanced
simulation tools for it, which also vary from simple simulation models that require few

inputs, to highorder models requiring extensive number of inputs many of wéieh

typically not available at the early design stage, which is most cases is acquiesced through
commonly accepted default values. In either case, single deterministic values are assumed

for design parameters at a stage when many parameters have noetidedyet and

could in fact take a range of values as yet unknown.
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Figure 1.3: Divergent and Convergent phases of Conceptual Design Process

At the early design stage, there is high level of unknowns or uncertainties from different
sources, most of which is from lack of information about how the design will evolve.
Taking these uncertainties into consideration at early design stage inseres@nszious

view to early stage design that is lacking in current approaches. It should be recognized
that many designers have a level of experience that enables them to artieiptiget of

the variability of as yet undecided parameters in their decision making. But in those cases,
a high dose of subjectivity can creep in. It is the purpose of this thesis to add rigor and
guantification, thus removingpome level oubjectivity,andavoid the application of rules

of thumb where in fact none have been verified.

1.3 Summary of Problem & Motivation

Complex urban design problems need to deal with many variables which are
uncertain in the early design phase. Urban design is a compoahbkkmr in which
information, problem constrains, and criteria change during the process. A situation in
which generating one solution is a challenge, let@akxploring multiple options. The

biggest challenge to overcome in urban design is assessing fpexiormance of a new



design alternative and exploring simultaneously sufficient number of alternatives to be able

to select amongst them based on a chosen set of performance requicertaagests

Our inability to cope with the complex problemsdato develop adequate
alternatives, in part, is rooted in the design situation. The urban designer does not deal with
a problem, but rather with a problem situation, in which he needs to identify the criteria
which will prove relevant. Along with develomralternatives, designers also need to test
their performances, and predict how a proposed alternative will influence and be influenced

by the original design situation whicmeis attempting to modify.

Beyond the complex task of design, there are olineitations, such as: time
restriction, difficulty in identifying errors before design is well advanced, high cost

associated withltering or abandoning desigos which much time has been spent.

This situation drives us to repeatedly attempt to develugefs of the design process
in hope of increasing our understanding by precisely describing the generic logic that
governs this process. However, this alone is not enough, we must strive to reduce the

increasingly complex task to somewhat more manageatp®gions.

Design decisions are frequently made based on inadequate data, and these decisions
commit us to future actions. They need to be reconsidered in light of new knowledge, and
many times require that the designer return to an earlier stageprbtiess. This iterative
and dynamic nature of design requires the process to be simultaneously active along several
fronts; sequence of change may appear random, or jumping back and forth, or may progress

from the general to the specific, or run the otliay aroundBorrego, 1968)



Urban design in the early design stag® any other desigis iterative, complex and
uncertain, however there are methods applied botth#adivergence and convergence
phaseghatd o rfublyt consider these characteristicstlodé design process. The following

are noted shortcomings of traditional urban design approach in three major aspects:

A. Concept Generation Phase:

The current approach of urban design isnare or lesssystenatic method of
alternative generation, sol ely dependent
preferences, leading to narrowing of the design space, hence a range of possibilities are left

unexplored.

a) The number of generated alternatives igtiah: Due to limitations in time, budget
and technology, only a narrow range of alternatives are fully explored. Furthermore,
humans have specific and limited cognitive structures that constrain their behavior

as searchers and conceptualizers of the probpcéWoodbury & Burrow, 2006)

b) Designers tend to choose a path that is most familiar to thenexperience

based approadhan approach currently most used in urban desigyhly depends

on the abilibydeei ghRapwwhbwhtinvol ves h
threaten selection of good solutions, as designers end up choosing alternatives they

are most familiar with or a direction that they identify with the most.

B. Concept Assessment Phase

Traditional design approaches incorporate measurable criteria in advanced phases of

design and not in the early phase. Convergence currently is used as a validation phase for



specific design option, rather than means of exploring the potential of muappans.

Alternatives are not assessed in the early design phase for the following reasons:

a) Urban design is a complex design problem with multiple performance objectives:
In urban design, several disciplines are involved with different performance
objectives, some quantifiable and some only qualitatively specified. An effective
method would be one that considers complexity of urban design problem and

provides a systematic way for exploring the design space.

b) Multi-objective nature of urban desighlrban design as mentioned earlier is
multi-discipline problem and is about fulfilling many requirements at the same time
(Augenbroe, 2019)making analysis of design alternatives a complicated task, as it

involves many participds with varying preferences.

C. DesignUncertainties:

Current performance evaluation methods and tools are used with deterministic inputs
and generate deterministic outcomes for design altersatitie decided parameters and
hencedondét take into account the uncertainty

early design phase.

a) Uncertainty in performance predictioue to multiple uncertainties in design
parameters during the early design stage, outcarealso uncedin, makinga
deterministicanalysis of performances questionable. The complex awlgfilied

nature of urban design, particulaity the early design phase makes it difficult to

10



predict the value of performance measure as a deterministic outcome, a#l this

most probably not remain valid after design proceeds in unpredictable directions.

b) Large number of undecided parametets: early design there are multiple
undecided parameters, hentlee information to assess and predict multiple
performance masures (such as energy performance and outdoor thermal comfort) is
insufficient. The lack of information is mainly associated with not knowing how

design will evolveafterthe early design phase.

This research does not intend to find the most optimarudesign solution by
minimizing or maximizing a certain objective function. While optimization techniques can
find the best solution for some parameters, its application in the early design stage is

arguaby misleadingfor the following reasons:

a)lnprcaess of ur ban design our objective
solution, instead the aim is to support more broadly feasible solutions that fulfill
performance requirements, withdohibitingd esi gner 6 s freedom an

move towards inlgernative directions.

b) A design approach is not assessed by the end product, but rather by the enabling
design progress. A good design approach is the one that helps dasitmeprocess

of design through understanding the problem itself, relabetween the parameters,
effects of one decision over decisions that have not yet been made. Optimization
techniques argypically productcentricand do not help desigrein understanding

and breaking down a complex design problem.

11



1.4

c) Urban designespecially in the early stages is an iterative process in which many
changes might occur in the design parameters. Conducting a full design exploration
and analysis at each stage woirldur high cost and abundant time, making it an

impractical approach.

Urban Application Scope

This thesis mainly foceson the area of urban fabric, which is similar to the scale

and definitions used for plan unit, as used by Canifjd@udon, 1994) The urban

fabric consists of a collection of islands, as well as the network that surrounds these
islands and is required as access to the islands (access streets). The area of an island,
also referred to in the traditional city as an urban blsatomprisel of lots and non

built spacedesignated for buildingFigure 1.4). The boundaries of the fabric are
drawn in the middle of the access streets. In circumstances where there is no street,
the boundaries of the fabric are set by theblmndaries. The size of the fabis
determined by the level of homogeneity (spread) of different islands within the fabric

(Berghauser Pont & Haupt, 2009)

uilding

[

P LA LD e
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“ District
Urban Fabric

Figure 1.4: Urban aggregation levels:District, Fabric, Island, Lot.
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1.5 Research Hypothesis & Methodology

A guiding framework is needed for early stage urban design deamsikimg, which
will help the designers find and choose the values of design parameters that would lead
them toatargetedperformance with greater likelihood. A framewatkouldsupport design
exploration, in whicha designer is capable of intervening in the search process, extract
knowledge from generated solutions to make bétfermed decisions and allow
designers to makéerative design decisions by accounting for unknowns at different
decision points, hence showing how certain decisioth theirinvolved parametergan

impact other interrelated parameters.

The research intends to address the need of this guiding#aiknby responding to

the followingoverarchingjuestion:

Research Questionin theearly phas®f urban designwhat framework can assist

in performance predictionnder uncertainty and cdrencesupport rationatlesign
decision makingThe purpose is timject rationality where designers make tradeoffs
between competing alternatives, allowing them specifically to make judgments
about the likelihood that a proposed alternative meets specified performance target

and/or has sufficient probability to outpenin competitors.

This question can be subdivided ifibair subsections:

Question (1) How to account for design parameter uncertaintth@creation of
the option space andnsuingperformancepredictions anavaluatios at different

decision points irarly design?

13



Question (2) What methods and tools can be used for performameckctionatthe

early urban design stagis comparative analysis and decision maRing

Question (3) How can designers make informed decisions with confidence?

Themaingoal of this research is to support proper evaluation of design alternatives
in early design and assist the designers in their selection and deunekamy, thereby
improving the design process as a whdtlés anticipated that the large body efisting
work in generative methods (dealing witesign option generation research question 1)
will eventually be married with the research presented in this thesisalt&snative
generation itself is not within the scope of this thesisnpgorary suligute is used in that
this thesis starts from the assumption that designers have generated competing design
variants without specifying how this generation process is conducted or suppdwed.
proposed approach considers the iterative nature of eagg stban design and proposes
a stepby-step approach in making decisions and updating information as new decisions
are madeln this thesis the scope of the studthisurban fabricscale defined bythe major

street network and consisting of multipléoan blocks.

This work is driven by two major hypotheses:

Hypothesis (1): In comparison to current traditional urban design methods, the
proposed performandeased framework helps the designers in the design process
by providing them with moreguidance, in particular by adding rationality in the
selection among competing alternativEsrly design will thereby become more

effective.

14



Hypothesis(2): Application oftheproposed approach can lead to higher probability
of achievingenergyefficient urban layouts with comfortable and livable ouido

public spaceswhich isthe central urbaperformance scope of this thesis

Both hypotheses cannot realistically be prownrefutedin generalwithout large scale
study of real design processes. Asralyde to this iwill b e A v a lundet avit® d 0

conditionsin several case studi€Shapters 4 and 5).

1.6 Intellectual Contribution of this Dissertation

Theperformancescope of this work is limited to: energy efficiency in urban layout
indoor daylight leve] network connectivity, outdoor public space visibility and thermal
comfort. The proposed framework will have the following contributions to early stage

urban design processes:

1. It accounts for the complexity of urban design by proposingalst-step process
in which decision are made and subsequent influence of decisions is revealed.

2. It is computationally efficient by embedding reduced order models that allow for
makingrapid changes and informative exploration of the design option space.

3. It considers design uncertainty of parameters in the early design stage though
presenting the outcomes as probability distributions as opposed to deterministic
outpus, hence increasing the chance of getting to the preferred target.

4. It computes the coitdfence level associated with different design ogiam
achieving set performance targeto the decision maker can make risk conscious

decisiors related to adopting or rejecting design alternatives

15



1.7 Thesis Structure

Following this chapter, the studydtintroducesa view on thaurban design process
that directs future workts decisioamaking aspectspecificallyin the early design phase
highlights performancéased design methodsd explores role of uncertainties time
urban design process. Gitar 3 overviews current workflasn alternative generation and
assessment, existing performance analysis tools used in urban design and emphasizes the
necessity of accountinfpr design uncertainty in design exploration and analysis. In
chapter 4thethesis methodology is explained, along with performance indicators used for
assessing the urban fabric wath illustrativecase study for each indicator. Then in chapter
5, the study demonstrates the feasibility of proposed approach by applying it-tfereal
case stues Chapter @omparesheproposed method withcurrently used rule of thumb
along withanimplementation othe proposed methodology in chapterThe thesis ends

with concluding remarks and future work in chapter 8.
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CHAPTER 2. LITERATURE REVI EW

2.1 Design Decision Making

Design is the process by which a designer develops and/or selects the means to achieve a
set of objectives, subject to a set of constraints; and a design object is a satisfactory solution
to this problem(Tate & Nordlund, 1996)Therefore, dsign can be looked at as a process

of decisionmaking. Based on decisionaking theory, a decision can be defined as a
choice taken by individual. Unlike problem solving, in which we get an answer, that can
either be wrong or right, decisionaking does ot have a specific answer, rather an

out come, t hat can be evaluated and t he

consistency with the available choices, an

outcomes of those choices, and his prefereneetug belief{Hazelrigg, 2012)Decision
theory in realm of design is a framework for thinking logically about choices in the

presence of uncertainty in outcomes of cho{é&=xzaee, et al., 2014)

As mentioned in the earlier sectidhe early stage of design is considered an important
phase in the design development process, as it influences all subsequent phases leading to
the endproduct(Chong, et al., 2008Making a poor selection in early design stage can
rarely be compensated at later design stages, hence having a performance assessment

methodbased on forward projection early design is crucial.

2.2 Performance-based Design Process

Performancébased design is a process in which a design team develops performance
goals and generates and analyzes options in order to seek high performing d@heations

& Torcellini, 2004) In performancédased design, desigguidance is defined as the
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measurable and replicable impact of a design process in the determination (generation and

selection) of design solutions.

Clevenger and Haymake(Clevenger & Haymaker, 2009yefined design
componats and their relationships as shownFigure 2.1. T e r ndbjective Spade
design Spadk , Impact Spacd  a BSalutiord Space@ ar e i ntroduced
performancebased design spaces. Objective space consists of stakeholders, goals,
preferences and constrains for a project. Stakeholder is the party with an interest in the
selection of alternatives. Goals are declaration of intended propeftiabemaives.
Preferences is the weight assigned to a goal by stakeholder. Constraint is the limit placed
on variable. Design space consists of set of possible design options that meet design
constrains. Design option is defined by the unique combination of desigibles, which
represent individual decisions made by a designer. Impact space consists of impact
calculation for design options, i mpact i s
to a specified goal and it can either be easy or difficult émfifiy. In this space alternatives
are compared, so it is necessary to hameersalperformance units. Solution space
consists of set of design values generated

and stakeholder preference relative togbals.

18



Space Definition

Solution Space Value
={v} ::
Impact Space [1:?]
={1, ul} »‘ Impact hll] Unacceptable
[1:2] (2:7] Impact
[?:1]
Design Space »;
={0, uo} Option _»| Unexplored
[1:7] [1:7] Option
Design Variable }
N . L
Objective Space [1:7]
={5,G,P,C} . .
Pref Goal ]4—-[ i
[ [lr:erence ]4[;{ oa - Constraint ]

Stakeholder

Figure 2.1: Process Map for Performancebased Design, based ofClevenger & Haymaker,
2009)

In Figure 2.2, components of performantased design as defined Eglevenger &

Haymaker, 2009are represented. Design variables along wh#tir constraindead to
option creat i Design Spddas.o Bkansoewdn oans téh eDes@s s e S s m
Spacé , Ilmpact Space i s , which B the mrobability distribution of the output,
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Figure 2.2: Representation of Performancebased Design components
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2.3 Conceptual Design Phase

Urban design problems deaith multiple variables and data which are uncertain,
abstract and heavily dependent on long range predictlungher compounding the
problem, information, problemonstrainsand criteria willchange or be altered during the
design processMaking itdifficult to generate even one solution for the problem, let alone
coming up multiple possible alternative solutigBsrrego, 1968) One of the reasorfsr
our inability to cope with complex problems is because oflésggn situation, as the urban
designer is not presented with a problem rather a problem situation. Within this complex
situation, the designer must identify relevant problems, develop designs and test their

performance.

Urban designs a complex designtsiation, which alwaysonfronts resource limit
There is never enough time to perform more than an oversimplified analysis, there is also
the difficulty of spotting faults before the design is veallanced and as design proceeds.
Altering or abandoning d&gns on which time has been speah be costly. It is this
situation that drives us to repeatedly attempt to develop models that cgtruassi the

design process, pog that they may increase our understanding.

In this section, alternative generatiand assessment phagesirban desigmill be

discussed in further detail.

2.3.1 Alternative Generation in Conceptual Design Phase

There are many different approaches to structuring the urban design process, and

each ofthese attemptt® contribute to our uretstanding of the complex design problem.
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In his thesis, John Borreg@orrego, 1968proposed concept generation models as an
attempt to describe the recurrent nature of urban design and the dynamics of its continuous
design pocess, admitting that these models are not totally adequate, as they are not
expressiveof cyclical nature of design that may be simultaneously active along several

fronts and may progress from general to specific or the other way.

Two models were pposed by Borrego, one shows the development of a single
solution and another of multiple alternatives in serdgsch will be explained in detail in
the following sectionThe use of models is paramount in the process, weilsd gner 6 s
choice of the modsl depends on available resources (time, momegnpower,

information, etc.).

2.3.1.1 Development of a Single Solution

A. Single, Whole: Solution is @veloped incrementally and sequentially then

implementedFigure2.3).

Modify &
redesign

Test / Implement

evaluate it

Solution
Proposed

o 00—

Problem
defined

Assessment

Figure 2.3: Diagram of development of single, whole solution

B. Single, Fragmented:Single solution developed by fragmenting pneblem into

its parts or sub problentBigure2.4).
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Problem Problem Recombine Recombine Test / Modify | Implement
defined decomposed to partial into whole evaluate
into subparts solution solution
[ Assessment (
Decompose ——— Recombine !

Figure 2.4: Diagram of development of singlefragmented solution

C. Single, Recycled:A single whole solution is developed but is expected to be
rejected by the client. The designer recycles and another solution is attempted
which may also fail. This recycling process is continued until an acceptable
sdution is reached. The client and the designer, through a process of trial and

error attain an acceptable solutigiigure2.5).

Problem Solution Test / evaluate | Solution rejected, Solution Slight
defined proposed problem selected modification
redefined, recycle , implement
RECVCIE ./.
Recycle
Recycle .\.

Assessment

Figure 2.5: Diagram of development of single, recycled solution



2.3.1.2 Development of Multiple Alternative Solutions

A. Competition: Multiple whole solutions are generated initially by groups or

individuals. A scheme is selected, modified anglementedFigure2.6).

Problem Select Test/ Modify | Implement
defined evaluate

Assessment

Figure 2.6: Diagram of development of multiple competitive solutions

B. Multiple Alternati ve suggestedinitially : Multiple whole alternatives are
selected initially. These are then analyzed, recombined and a few are selected for
final development and eventual selection. This is a process of initially expanding the

solution realm, developing senal alternatives and then converging on a solution

(Figure2.7).
Problem Meodify, Develop a Test/ Slight Implement
defined evaluate, selectset | evaluate | modify
recombine,
eliminate

Assessment

Figure 2.7: Diagram of development ofmultiple alternative solutions
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One of recurrent steps in theses alternative generation methods is evaluation and
assessment, which leads to maodification initially proposed alternatige In the

subsequerdection concept assessmastdiscussed in detai

2.3.2 Alternative Assessment in Conceptual Design Phase

In the Concept assessment phasdternatives are evaluated and selected by
identifying which best fulfills design requirements and objecti#@sluation of design
concepts is considered the mosakphase of product development due to its influence on

all subsequent phases that define cost, quality and performance of {heduck.

The assessment strategigsedin the early design stage of urban dedmgavily
depend on desigm s e x p adrrules of thienpespecially for performance measures
that are difficult to compute itneearly design stageith many unresolved hence uncertain
design parametersuch as: urban energy consumption and microclimate properties as they
require detailed input variablef®r their complex computatiormodels. The models
generate values for correspondingeasuresbased on decided as well as undecided
parameters which togeer form the set oflurban characteristicthat determines the

performance of the proposed alternative

Applying simulation tools directly ta specificurban fabric may get accurate results,
however complexity and uniqueness of urban formbéreal world makes the findings
less generalizable and useful for design guidelines and principles. Therefore, some scholars
relied on simplified urban form aretype patterns to represent complex real urban fabric.
The most commonly used simplified schemes art hat of Martin and M

urban patterngMartin & March, 1972) where they extractix basic building types and
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their composition led to six generic urban forifiSgure 2.8). Martin and Ma
archetypical urban formeave been adopted extensively during the past three decades
because of their simple and repeatable characteristicatstaactshe complexities found

in realurban sitesExample of such studies include thermal performance assessment if
nonair conditioned buildings in context of kdty climate(Gupta, 1984)identifying key
environmental characteristic and linking urban form desors to environmental
performanceqSteemers , et al., 1997)elation of building form and environmental
performance in arid climat@Ratti, et al., 2003and correlating density with built forms
(Steadman, 2014However,these studies are limited to singular performance measures,
specific climate type and unrealistically simplified urban forms, making the application of

these research findings as rules of thumb restricted to specific cases and not generalizable.

s
e

-
—

Figure 2.8: Generic urban form, based on Martin and March archetype(Martin & March,
1972)

In an urban contexthe geometry of individual buildingalonebecomes insufficientni
capturing the influence of the wurban envi |
defined as the obstruction height divided between the distance and targetisnisgtiial

parameteto represent surrounding urban cont@itltiple studies estaldheda general

relation between simple geometric measures (obstruction angle) and shading effect on

building energyperformancgMarch & Martin 1972; K. Steemers 2003evertheless,
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these relationships cannot be generaliz@mprehensiveland used as digs guidelines

and principles for different climate zones and building types.
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Figure 2.9: (a) Obstruction angle, (b) Relation between obstruction angle and space heating
for house(Martin & March, 1972) s, (c) Relation between obstruction angle and building
energy use of office¢Steemers , et al., 1997)

Urban fabric also hasn influence onlocal weather and microclimate paneters
dependingpn its scale. Urban canyon is the scale, where interaction between buildings and
environment happen. Urban canyon is referreabtthebasic urban surface unit consisting

of walls, roofs and ground between two adjacent buildiMydtiple studies correlate
geometric measures of urban canyon to different climatic meadkes 1987; Erell, et

al., 2012) others use detailed model approach to represent real urban environment
(Emmanuel & Fernando, 2007 owever, because of the uniqueness and complexity of
urban settings, the findings of these studiexase dependerttence correlation between

urban geometry and climate can seldom be generalized.
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Therehave been multiple at ttemgadumbletperformhanaek O ur
dimensionswith the aimto determined a p pr o p r i aPertboiinandes m thésé cases .

are viewed as extensions tbe objective character of density intbe physical realm of

urban fabricTo regard these as performance is questionable from a functional perspective,

and it would be better to regard them as aggregate properties of urban form that serve as
proxies to trugperformancePont and Haupt (2009) emphasized the importance of defining

the relationship between urban density and performance, and the evaluation of these
performancesUr ban densi ty i spacematpanFgsre2ri@ a)dvhians i ng ¢
defines density asmulti-variableproperty and establishcorrelation between density and

built mass (urban formpgpacematrixiseghe following measures: floor space inde$(};

ground space index (GSI), and network density (N). These measures are represented in a
threedimensional diagram, thepacematrixMeasures such as open space ratio (OSR) or
spaciousness, the average number of floors or layers (L) and the sizerobladia(w)

can be derived from th@Pont & Olsson, 2017}t is also stressed that indicators derived
throughsaiddensity must be treated as abstract approximations and used with knowledge

of its indicative and literal chacter. Those derived indicators are useful for comparisons

and for gauging trends, not as descriptions of individual compofiems & Haupt, 2009)

Three performance examples were explared Pont and Hauptés wor k
access and urbaniffFigure2.10), in order to demonstrate how density can be aastsnt

with true performance indicators.

Although spacematrixs works as a general regulatory guidelinee @f the major
of limitations of deriving performance indicatorthroughspacematrixis that it is best

applicable to static performance, hences idifficult to apply itto performance measures
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that change with time and location (such as thermal comfort and energy consumption). In
addition to that, it deals witfully defined parametergnd it will be hard to incorporate

the role ofdesign unceainty inthis technique.
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Figure 2.10: (a) Spacematrix (b) Spacematrixwith gradients of daylight performance index
in the interior, (c) FSI threshold values for different parking capacity, (d) Living
environments, zones irspacematand scale level of assessmefRRont & Haupt, 2009).

There hae been multiple attempts to create support tools and metrics to evaluate the
gualitative aspect dfity streets, parks, squares and other outdoor shared Spauds, in

The Image of the City suggested tipablic spacels used as means of creating urban
identityy The physical or spatial gualities of
identity. People recognize and use spaces based on these qualities and these qualities also
help to form and reinforce emotional connection as the cultura{lrgnth, 1960) One of

the greatest challeng@s evaluating public spade that much of the data in the design
process hagnonmathematical nature and it is difficult to identify the parameters of urban

form that are quantidble (Koltsova, et al., 2017)
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The oncept assessmeplhase needs tools and platforms that can not only adapt to
versatility of the urban fabric design, but also take design uncertaantiesearly design
stage intaonsideration. Assessment teokeedo be rapid and highly responsive to design
iteratiors for them to be applicable at early design stage, when concepts and design

parameters keep changing.

2.3.3 Alternative Selection ithe Conceptual Design Phase

Design decisions are frequently made based on insufficiernt miat@over these
same decisions camit designes to future actions. Thaecisions keep getting reconsidered
underthelight of newy attained knowledgeanore often than nohakingdesignerseturn

to earlier stages of the process.

Pugh(Pugh, 1996xtates tht selection of best concept is one of the most difficult,
sensitive and critical problems in design. It is significant that the best initial concepts are
selectedearly, as they determine the direction of the design embodiment stage. Salonen
and PerttulgSalonen & Perttula, 200ppint out the following characteristics of concept

selection, which malsalecision makingomplexitymore apparent:

1. Select the most promising concept for further developmetiarearly design
stage.

2. Recognize thexastence of unknowns and uncertainties both in the concepts and
criteria.

3. Involve several decision makers with varyiagpertise angreferences.

4. Know the impact of selected concepts on subsequent stépsdesign process.
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Designers e faced withthe task of identifying design requirements and
subsequently evaluatingll generated concepts accuratelyasBd onwhich underlying
principleis used, concept sections methods (CSM) are classified in the following categories

(Kremer, 2008)

1. CSM based on decision metriCcBRugh Matrix): Pugh(Pugh, 1995; Pugh, 1996;
Pugh, 1991Yleveloped graphical method which utilizes a matrix with columns
(concepts) and rows (decision criteria). One of the concepts is chosen as datum
for comparing other concepts agaiiistAconc e p t I's assigned
more thad idfat luens dn dibrB susimaed GpHar each concept
and lower scoring concepts are removed, this is repeated iteratively until a
decision is reachedhis graphical method is simple and fast, it also provides an
insight to the concepts that are decidedly better tharotithers. However, this
method does not allow for coupled decisions and uncertainty cannot be modelled
in this procedurg¢Figure2.11, a).

2. CSM based on analytic hierahy process (AHP) Saaty(1980, 1994)Saaty,

1980; Saaty, 1994)eveloped AHP as decision making tool involving multiple
attributes. The problem is broken down into hierarchies with design goal being
topmost hierarchy, followed by subriteria and finally the alternatives or
concepts in the bottom hierarchy. In order achieve the goalpairwise
comparisons between criteria is carried out to determine relative importance of
each criteria and based on these comparisons, overall selection is made. Although
AHP allows for useful comparison between criteria and altemmtias the

number of criteria and alternatives increase, the calculations become increasingly
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complex. Also, AHP does not allow for coupled decisions nor does it
accommodate uncertainflyigure2.11, b). Moreover, as Hazelrigg (2012) points
out, the method is theoretically flawed.
. CSM based on uncertainty modellingDue to the incomplete and imprecise
informationin early design it is difficult to assesshe relative importance of
attributes, relationshg between attributes andesulting performanceand
estimated costn the following generahethods, uncertainty can be incorporated
into decisioamaking(Figure2.11, d).

a. Non-classical mathematics

b. Probabilistic mathematics

c. Fuzzy clustering
. CSM based on decision theory/economic moddfsthis method, concepts are
evaluated using utility function. Utility theory is a normative approach for
decision making that utilizes a rational evaluation of alternatives based on three
components: options, expectations and value. Decisaoa made based on
alternatives with highesexpected utility (Krishnamurty, 2006) Forming a
decision maker specifigtility function that can be used faoncept selection is
adifficult taskthat involves carefully crafted elicitatiaof value statements from
stakeholders, and it is generally hargat@ommodate coupled decisions.
. CSM based on optimization concept®ne of the most powerful means for
resolving multiple criteria with their ownobjectives is multobjective
optimization. Numeric techniques are used to identify optimal solutiemg,in

case of multiobjective optimizatiorover a set of design parametesse can
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inspectan infinite number o$olutions and find those that arandidate optimal
solutions Parfet oedpt idvieddeon &essact 2005h s 0
grouped together these candidates lie on tkealled Pareto frontHowever, this
approach does not incorporate uncertainty, nor does it account for coupling
amongdesign decision@rigure2.11, ).

. CSM based on heuristicPrevailing CSMs use qualitative techniques to select
afew designs from multiple possible options, to perfa detailed analysis on
each option to determine its performance and characterBtigsarameterizing

the design options the decision problem boils down to finding an optimal point in
a typically large option spacelo tackle this largesearchspace, gndic
algorithms (GA)have become popularThey use a fornof stochasticsearch
along pathg h a't mi mic natureds ematutedsamger
replication theory to find fitter designs, .i\ith improved and ultimately best
performanceln general, théeuristic do not supporexplicit uncertainty(Figure

2.11, ).
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Figure 2.11: Concept selection methods applied on urban scale) Example of a completed
Pugh Matrix, (b) AHP application in transportation planning (de Luca, 2014)(c)
Optimization generated 500 design variants with 51 oRaretofront (Chen & Norford,
2017) (d) Example of a clustering for open space prototype evaluian (Lopes, et al., 2017)
(e) Comparison of variation of four basic block types in outdoor average thermal comfort
(UTCI) in July (Yeh, 2002)

Different methods for design decistomakingcanresult in different final solutions
(Yeh, 2002) Thus, selecting asuitabledecisioamaking method froma group of
available methods is itself a critical decis{dtazelrigg, 2012) In the latter source a
good treatment of the systemic role of uncertagiin design decisions can be found,

which is summarized below.

All decision making is considered optimization, as the decision maker is presented
with alternatives to choose from, and only one choice is allowed. This choice must
come from set of availablalternatives, the decision maker holds beliefs about the
outcome of each alternative and haseference order on the outcomes. Optimization
is all about findingthat alternative whose outcome is most preferred. In the

mathematical process of optimizatjowe first identify the set of available
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alternatives, then outcomes of the alternatives are computed and assigned a real scalar
value to each, from which preferred choice is made by identifying the alternative

with highest outcome valu&his istrue for deterministicdecision making; however
outcomes of decisions are always in the future, hence they can never be known with

both precision and certainty at the time of decig¢ldazelrigg, 2012)

The issue with classical (gministic) optimization is the fact that it assumes that

we know the future with precision and certainty, which is not realistic. The goal of
decision theory is to relax the condition thiafuture must be known with precision

and certainty. There arleree parts in a decision: the alternatifresn which a choice

is made;thedeci si on maker 6s beliefs about t hi
preference ordering on the outcomes. In classical optimization, the choices and

preferences are deterministic.

Decision theory is a framework for thinking logically about choices in the presence
of uncertainty on outcomes of choices. Hence, the only difference between
deterministic optimization and decision theory is that the decision theory allows for
uncertainty in atcomes. Uncertainty in outcomes means that choices cannot be
assigned a real scalar valoemapped directly as a point; they must be mapped as

probability distributions.

Design decisions never deal with one single performance aspect; inherently
successfuldesign isone that can satisfynany performance requiremenitThis

implies that multiple stakeholders are engaged in the dialogue, and that performance
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verification dealswith many performance criteria simultaneously. The primary

objective of decision making is to recognize the trafie between different criteria.

Although optimization techniques seek an optimal solution by minimizing or
maximizingacertain objectivéunction, implementing them #teearly design stage

is impractical. This is becausgl) Intheurban design process, we are not trying to
find the fAmost opti mal solutiono, rat her
fulfill performance requirments. (2)Optimization application lacks the ability to

help designers im complex design procesghere it isimportant to understand the
relationship of different design parameters and their impact on performance
measures. (3)n urban design practiceedisions are made iteratively, hence

implementing optimization at every decision stage is not feasible.

The arly design stagewhich is the focus of this thesiss characterized by
considerably more uncertainty as compatedsubsequentlesign stages-or an
alternative selection methad be applicable dhis stageit needs to be able to deal

with design uncertaintiesvhich will be discussed in the following section.

2.4 Uncertainties

2.4.1 Uncertainty Definition

Uncertainty refers to our inability to predict the future with both precision and
certainty, whereas risk is the variability in the objective function for a decistinh can

be mapped tpositive(gains) omegativelosses) consequencé&isk refers tahepotential
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(expressed as a probability) revenue or dantlgethe outcome of a decisianill result

in. A popular definition of risk reflects this as follows:

Risk = Probability (Event) * Damage Event)

Simulation platforms facilitate the assessment of the design response to certain
conditions by means ad computer model. It is an instrument, which is exceptionally
suitabl e t o -tgpe suewions. This lhypet of qudstions typically arise in a
decision making context, where the consequence of various alternative courses of action

are to be assessé@ie Wit & Augenbroe, 2001)

Commonly these consequences can only be estimated with some degree of
uncertainty. There ammany sources of this uncertainty, the first of which is the lack of
knowledge aboutertain physicaparametes in the design representation, notably those
that describe physical properties of building components and systems. We generally group
them; in he categorydesign parameter uncertainty (P)6 . This | ack of K r
mostly related to soalled realization uncertainty, i.e. the uncertainty about how an actual
design spaftication is realizedasthe built object Even if the design isealized andhe
physical objecexist, there islimit to how many desigfnowf a ¢ t paeaimnaie)s can be

observed oextracted accurately.

In addition toour lack of knowledge abouythysicalparameters, there are several
external factorémposed orthe building which drive thepredictedresponse and may not
be precisely identified, this generally categorizeal sscebario uncertainty(S0 . Fi nal |y
there is uncertainty that is systemic to the prediction itself i.e. as the result of our inability

to model the pysical world in all its complexity correctly. It is in facecessary to
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introduce simplifications in computer simulation models, this imperfect representation of
reality in simulation model that lead to uncertaintytli®e outcome iscategorizedas
fimodekorm uncertainty (MF)6 (Malkawi & Augenbroe , 2003)In short, the three
categories each form their own contribution to the gap that exists between our model

predictions and reality, or in symbolic form:

Outcome model - Outcomereaity= P + S + MF

Many studies have demonstrated the significant role oémi@inty analysis ithe
context of building design and retrofit decisions. Heo Augenbroe and Choudhary (2015)
evaluated the uncertainty in energy retrdétision making in the context of performance
based contractdHu & Augenbpoe, 2012) De Wit and Augenbroge Wit & Augenbroe,
2002)evaluated probability distribution of unmet thermal comfort hours to determine the

need of mechanical cooling systems.

This thesisdoes not focus on accurate ghtion of the outcomesf the realized
design.Indeed,in the early design stage when many details about the realization are
missing, this would be a futile exercise. Rather this thiegigees on the comparison
between alternatives during this early stagor this type of comparativanalysis,the
uncertainties identified aboysay noor only a minor role. We focus therefore ttve role
of a higherlevel uncertainty, i.edesign parameter uncertaintybor i n shor't
uncert ai nntlyively wam ibe ilentified as the unknown values of undecided
design parameters. Thaspresent uncertainty in the evolution of design, associated with
parameters on which a decision has not yet been n@ttier modeling uncertainties

addressed earlias P, S and MF becormaportantat the later stages, iwhen inspecting
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the gap between performance predictions (for the final fully develdpsign case) and
the actualperformancehat one can expect after the realizatidhe latter is not in the

sawpe of comparative design proposal analysis and will therefore not be considered.

Undecided design parameter uncertainty quantifies the lack of knowledge in aspects
of design that have not yet been decidpdn butcanpossiblybe represented by specific
probability distributiors that show the probability that a certain value will eventually be
decided upon. As we will see later, the choice of the range of possible values and their
probability of occurring in the final design is a vital input in the comae analysis.
Undecided parameteare obviously of particularimportancein early design decisions
whenfinal form of the design and its evolution processargely unknown.Making a
rational choice between competing design propose#h representdaly set of design
parametes) has to respect the fact that sgpaeameterthat are relevant to the performance
assessmerdre still unknown Our decision making should thus accotartthe fact that
we d o n Gthe values @fwihese parameteas their detrmination happens in a later
stage of desigrncertainty in undecided parameter is particularly higihéearly design
phase, making performantased decision makingvith confidence particularly
challenging at this stage. Taking this type of uncetgdmto accounin early designcan
help in identifying promising design alternatives anglicitly show howfuture decision
caninfluencea positive or negative performance outcome of a design proposal under

consideration

Analysis of uncertainty and its impact bned e si gner 6 s confi denc
making is essentialhenexploiing thedesign space arglidingthe evolution of a design

through decisiommaking (De Wit & Augenbroe, 2002Reza&e, Brown, Augenioe and
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Kim (Rezaee, et al., 201#tegrated energy tools in CAD for performaszased decision
making in early designThe latter study, and moshcertainty analysis studider that
matterhave focusen individual buildingsHardly anyattention has been given tiois
filed whendesigningat theurban scaleThis work explicitly focuses on performanricased
decision makingn early design taking into consideratitime uncertainty in undecided

design paranters

2.4.2 Incorporating Uncertainties ithe Design Process

In the practical application of simulation platforms, explicit appraisal of uncertainty
is the exception rather than the rule and most decisions are based orvanete
estimates. If we consideinsulation platform as an instrument, which aims to contribute to
deci sion makersd under st armoblemgitseemsinataraler vi e
that uncertainties get accessed and communicated. Hence, the lack of concern for

uncertainty in the currg practical application is surprising.

Lack of focus on uncertainty in current practice is quite natural, as most available
design assessment tools facilitate modeling and simulation of congdegns buprovide
no support to explore and quantify urtaity in the assessment. Also, selectively refining
or simplifying model aspects are limited in most simulation environm€ntsently there
iS no concern is given to the question how quantitative uncertainty can be used to better

inform a design decision.

For incorporating uncertainty in design practice, the first stage is crude, for each
parameter existing informatios used to extract probability distribution along witiding

statistical dependencies between parameters. Plausible ranges of these paradiieirs
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interpretation in terms of probability iteenassignedThere is no general rule on how to

guantify these parameter uncertainties, it can be extracted from literature, experiments,
mod el calcul ations, rul es of t humb or exop
estimate, but also othe uncertaintyrange To rigorously apply this thinking to the
quartification of design uncertainty is hard and largely unexplored. Rezaee et al (2015)
present a method that is based on inverse identification based on information gathered for
large swaths of buildings. This method would be applicable to the urban sitafigo a

thorough data analysis of many existing urban designs. As this data is not available at this
time, this study will rely solely on the expertise of the urban modeler. This will be further

explored as part of the case studies in Chagtand 5.

Once thedesign uncertainty represented in probability distributions afodel
parameters, the resulting uncertainty in the model outpgémerated This process is
referred to as the propagation of the uncertaifty.selecting an appropriate propagat
technique, the first question is: what should the propagation model produce? Commonly it
is sufficient to only calculate specific aspects of probability distribution, such as mean and
standard deviation or the probability that a particular value i®esled. Different
techniques can be applied depending on requireniviedge of the distribution of the
propagated fAguant i tcpndoriteonfan seleating shé gropagationQ o |
technique is the economy thfe method, in terms of number sdmplesrequired to obtain
sufficiently accurate resulfer the distribution of the QoFor obtaining reliable results, it
is important to verify whether parameter uncertainty assumptions hold for the model in
hand. For practical use, an additional aspéutterest is commonly the ease and flexibility

of applying the method to the simulation t@lalkawi & Augenbroe , 2003)
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2.5 Conclusion

The early design stage is characterized by its iterative nature consisting oftconcep
generation, conceépassessment and selection that, we argue, imgiesionmaking
under uncertainty. Hence, the methods and tools applied in this stage chaailterthe
iterative, complex ando some degree random outcontésthe design process. In the
beginning, simple crude models are used for assessing the performance, but as the design
proceeds these crude models ty@cally replacedby detailed complex models, which
require more time to generate output, hence due to tinmiatiom, the number of design
alternatives that go through this assessment is reduced. There is a clear neetbfo de
robust and simple methodscorporaing uncertainty analysj2o assistthe designer in

generating, assessing and selecting promisesggd concepts.

The next chapter will explore current methods and tools used in perforbasee
urban desigrand evaluate if these approaches hivegequired characteristids fit our

early desigrfocus
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CHAPTER 3. REVIEW OF CURRENT APPROACHES IN
PERFORMANCE-BASED URBAN DESIGN

This section will briefly overview the current approaches in performaased

urban design in the early stage, and will address the following questions:

a) What approach does the current design workflow usediecept genet&n?

b) What models and tools are currently usedderformance assessmantearly
design?

c) How are unknowns updecided parametersaccounted for in performance

evaluationin early design?

3.1 Concept Generation in Urban Design

Currently designers generate cepts based on their experience and tend to
disregard manipy notexploring their potential in a meaningful way. This happens because
performanceassessment in current approaches are used to answer one of the following

guestions:

AihDoes the @mopatsiesif deddesired objectives?

AiWhich design has better performance a
indicators?0 Quantifying perfor mathrough cri t e

comparative analysis.

Hence, the analysis tools focus txede two questions by evaluating and ranking a
i mited number of generated alternatives

Prevailing approaches theref or e amdliostead hel p
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are used for performance analysis dgr@onvergence. The question that needs to be asked

instead is:

Awnhat design has greater potential to satisfy defined performance objectives at the

final stage?

This approach of assessing the potential of alternatives in achieving certain
objectives, hasnore impact in the divergent phase as we can evaluate the potential of

design alternatives anearly design stage.

Generation Assessment Selection

— .

,,-/ i S~ H
L Create |  Select A
Alternatives | = Alternatives |
S P s
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‘ - A ;E . — .
DIVERGENCE ~ CONVERGENCE

Figure 3.1: Divergent phase of Conceptual Design Process

Designers seek to fulfill their performance requirements without a clear framework for
design exploration and assessment. It is important to understand that formulating
performance requirements and carrying out assessments are not sufficient guarbatee as t
end result depends on both the decigimaking approach as well as when to make those

decisions, i.e. the process workfl¢gdugenbroe, 2019)

A commontrap that many researchers fall into is treating the urban design abject
placement problem without considering the design process that leads to this placement and

solving it as a massing optimization problem with specific performance requirements. This
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way of portraying an urban design problem might result in the mptthal object
placement that achieves maximum or minimum value sétaof defined performance
measure, but this method cannot be applied to real world urban design process as it

oversimplifies it and disregards the entire urban design workflow process.

On one hantheurban design process is ox@mplified asameremassing problegrwhere

the aim is to find the most O6optimal 6 massi
objective function Figure3.2), such as maximizing daylight availabilighgarwal, et al.,

2017)or minimizing solar radiatiofVermeulen, et al., 2015Vhereas on thether hand

it could betreated as a complex computing problem, whbesentire design process is
automated o generate O6opgi mingddiauthbanrloayobbs
to emergeThe process does save time spent in the divergerase phut it also generates

a much larger design space than is necessary to address thergblempAn example of

such approach can be found in DeCodingSpaces Toolgure3.3), in which a spatial
synthesis process is automated andvolutionary multicriteria optimization algorithm is

used for developing a solution space for the street network of an urbar{Mlaok et al.,

2017)
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The prevailing performanédeased appr oaches domgéneratiige |
alternatives. They arprimarily focused on the performanassessmentvhich does not
impact early design decisionsiring concept generatiorn order to help the designer to

make riskconscious decisions in the early phase of design, we need to provide
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performance analgs at the early stage whenany of the parameters have not been
decided upon rather than late in the design process tivberajority of the parameters are
decidedbut any detailed assessment of performance will not impact the choice of design

alternatives that could have been considered earlier in the process.

3.2 Performance Analysis Tools and Methods in Urban Design

Performancassessment phase is mainly focused on analgridgelecting designs
that help in achieving a set of desired performances outcomes (expressed as desired values
of a set of performance measures). Multiple urban analysis methods and tools exist with
different resolutions, these tools help in understanding the relationship between different
parameters and the performance measui@sd€3.1). The adequacy dhese methagland
tools highly depends on the design stage.
parameters, are used in early design stages, whereas methods and tools that need detailed
design information are used in later design stages when most parameetirsided upon
and these analysis lead to more accurate results as compared to simplified assessments and

experiencebased methods. The latter will be explained below.

YT
| Create Select \‘3
A]ternatlvesg - Alternatives v
DIVERGENCE  CONVERGENCE

Figure 3.4: Convergent phase othe Conceptual Design Process
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During early design, when most of the parameters are unknown, designers rely on their
experience in the form of 6qgualitative de
experience, derive their guidance ohnmeam Ar ul
to observations from the real world with scientific principles, however generalizing these
simple rules is not always feasible, nor is it feasible to collect sufficient rules for making

an informed decision.

As parameters get defined in design depment, physichased models are used for
performance assessment, exammplesuchmethods antbols are: SunTool, which is used

for environmental modeling of urban neighborhog¢@sbinson, et al., 2007UMI, an

urban modelig design platformused to carry out operational energy assessment
sustainable transportation choices, daylight and outdoor comfort at the neighborhood and
city level (Reinhart, et al., 2013)Space SyntaxHillier & Hanson, 1993) a network
analysis tool used for evaluating connectivity and relation of urban networks, and ENVI
met, an urban microclimate analysis tgBruce, 2007) After design completion, in the

post ewaluation stage, empirical studies and real time data models are used for representing
observed behavior for retrofitting purposes. In empirical studies, human and environmental
interaction with urban space are used to establish an empirical correlatveebelifferent
parametergKoltsova, et al., 2017whereas real time data models, such as City@®HBsn,

et al., 2017)act as a platform for urban planners and city energy managers for energy

retrdit planning and other interventionBigure3.5).
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Table 3.1: Performance evaluation approaches in Urban Design

Approach Method

Design Phase

Example

Qualitative design guidelines

Experience
Rules of thumb

Low Resolution

Early Design

A Pattern Language (Alexander, C.1977)
Livable Cities (Gehl, 1987),

Spacematrix (Berghauser-Pont and Haupt, 2010),
Transit Oriented Development,

March and Steadman, 1974

Brown and DeKay, 2000

Simulation |Physics Based Models

Design Developmen

Sun Tool (Robinson, et al. 2007),

MI (Reinhart, et al. 2013),

pace Syntax (Hilier and Hanson, 1987),
ENVI-met (1993)

Real Data

Empirical Studies -Case Bas

ed

=
K]
S
=
]
7]
Q
(o
c
2
ag

Real-time data models

Post Evaluation

Koltsova, Tuncer, & Schmitt, Stratification of Public
Spaces based on Qualitative Attribute Measurement,

SimStadt (Eicker, et al. 2012),
CityBES (Chen, Hong and Piette 2017)

Effect / Cost / Effort

Ability to impact cost and

C performance
@.— Cost of Design
@— Traditional Design Process

Preliminary
Design

Schematic
Design

Design
Development

Construction
Documentation

Y

Construction

L
Early Design

Design Development

Post Evaluation

(Sun, Wind & Light, G.Z. Brown,
Mark DeKay, 2000)

i
I e

SunTool, (Robinson, et al. 2007)

UMI (Reinhart, et al. 2013)

CityBES, (Chen, Hong and Piette 2017

Figure 3.5: Urban Simulation Tools at different design stages

One of t he

key
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e vmeakey neeletoi s i on

establish preference over the possible outcomes of owmri available choices. An

expression of preference is needed in a performbased design, as without it, a decision

48



maker would have no means of affecting a decision and there is no mechanism to select
one alternative over anoth@azelrigg, 2012)In many cases preferences are objectified
in the form of statements that compare outcomes of alternatives to predefined desired value

and choose the one that has the highest score.

Therelatter explains theeed to move in the diction of performancbased urban design,
which needs performandmsed statements of requirements and a transparent process that
if not guarantee, would at least increase the chances of their fulfilif@atessentially
requires the support of the dialogbetween stakeholders and designers. Two dialogues

are of importance:

1. Dialogue 1 (Decisiormaker): What is the intention of use of urban fabric that is being

designedunction)

2. Dialogue 2 (Designer):What are the criteria to define and associated measures to

guantify the performance of urban fabric (Performance Measure)?

The functional intention of designing urban fabric plays a major role in determining what
type of performancédefined as a set ofiteria) is expected by stakeholders and decision
makers and their fulfilment by designers. The disparity between expectation and fulfilment

of desired performance are rampant throughout the design process.

The current design process lack$ransparery with respect tabjectively quantifiable
expressions of requirements and lacks proper assessment tools to ascertain that

expectations have been fulfilled by proposed design. Traditionally the mentioned
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dialogue has been cast irepcriptiveterms, by pescribing physical aspects of the solution

rather than making statements about the expected performance of the solution.

There is an obvious failure to add quantified elements into dialogues, largely due to
apparent cultural resistance towards quantificeof design performance, mainly because

of the strong believe that urban performance cannot be mea3inedeasoning is that

design value can hbaterpreted based on qualitative judgments, which in turn rely on the
unpredictable manifestation of thgege in its future and changing context of use. There is

no disagreement that these judgments will always be biastkbyyv al ue sy st emb
person who measures attds invariablyleads to rather subjectiveneasurs of urban

Aqualityd which are loosel defined asb a s et of characteristics
contribute to valuebo. However, this approa
that many performance aspects of the urban space can and should be objectively
measurable. The performaa characteristics that are most amenable to an objective
statement are those that relate to functions that the urban space is designed to perform.

|l nstead of relying on subjective 6qualityd

where ithed 6ue pt es-elevart aggregatien otobjectvelyt measurable

performance characteristics.

To comparethe performance of differentirban fabricoptions, objectively quantifiable

measures are needed, which can be implemented as a set olyudédinedcriteria, each

of which is associated withcap e r f omeasareSc ¢ hat provi de quantit
of how wellan wur ban fabric achieves a deéci sion
0 per f omeasunmis defined such that it allows the evaluator to understand how

multiple urban attributes interact to produce given levalrban fabricperformance. A
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performance measurean be used to state expectations as well as quantify actual

performance fulfiiment.

I n todayds perf or manc ebeeomadn gssentsl companénidand s i m
a variety of simulation software and tools hakasbeen introduced for dérent urban
performance analyseand evaluatian For implementing these modadls early design,
reduced order models are suitabke they require a less detailed description,fewer

inputs by relying on normativassessmentThe latter relates to the application of
predefined (hence the term normative) rules for model construction andatxtgyut
selection. In simple terms, a normative approach compares different solutions by subjecting
them to a simple experiment that is not meant to represent reality but is adequate to reveal
which solution will perform better in reality. The verifiaati that a proposed normative
assessment achieves that goal is typically done by comparing the outcome of the normative
method with a large set of actual realizations and use offiuglity tools. An example

can be found in (Kim and Augenbroe, 2013). Tian benefit of normative assessment is

that it can be done witfewer inputs andmostly low fidelity computational models,
typically referred to as reduced order models. mae goal of using reduceatder models

is not necessarily the accurate predictad actual future performance, rather an accurate
comparison of design alternatives and orderly ranking of different opffaungenbroe,

2019) In addition to thatthisenabésrapidi if coarse evaluation of the factors thampact

the performance measukésing high fidelity tools in an early stage raises the fundamental
concern that the way they deal with undecided parameters is to choose default values
without accounting for the fact that they are unknown and could evintakéd one of a

range of plausible values. This obviously poses a source of uncertainty that is ignored in
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current approaches, and their deterministic outcomes could therefore be misleading in the

selection of the best design option.

3.3 Design Uncertainty inComparative Analysisand Alternative Selection

In this section urban energy performance of two urban design alternatestsnatedn a
specific design decision scenaunder consideration of design uncertainty.alernative

is selected based on &aient confidence that will in result inamost preferred outcome.
Different decision situations are considereith which a design decision(or more
specifically a choice among competing alternativesd be maddased on performance
predictionsof theavailable alternativeis thespecific settingsAlternative selections thus
decide betwen alternativesdentified by their design parametewhich at any decision
point can be divided into decided parameteaes, Which include parameters that have been
decidedandhavedetermined values and undecided param&aeus:, consisting of design
parameters that have not yet been decided upemce are uncertain. The undecided
parametergontain afurther subsetlenoted a®wdes Whichis identified as the parameter
setto be decided upon #te certain decision point. At each decision point, there is set of
alternatives to choose from, ancesle alternativesre compared based on thet of

outcomes determined by simulations models.

For this sectiondifferent case studies were chosen with different outgoraferenceln
addition to that, only two alternative& and B areconsidered as vidd alternativeat the

decision points to simplify thigeatment

Il n current deterministic approaches, the

alternative B8 On the othehandt he question arising in prob
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we caifident that alternative A will be better than alternative B dheéesign is complete
and all parameters are determined3ince the proposed probabilistic approach
incorporates uncertaintyye need to predict the outcome in the form gbrabability
distributionwhichincorporateshe propagatedncertainty Consequentlytheoutcome of

each alternativevill be representetly a probability distribution.

In case study XFigure 3.6), the probabilistic and deterministic ppaches are
comparedThe following treatment serves primarily as an illustrati®y.comparing the
outcome of both approaches, it is evident thatleterministic approach providassingle
value performance output, hereasthe probabilistic approach showthe range of
outcomss, i.e.all possiltle outcomedased orthe possible value afndecided parameter
within given ranges.Deciding based on deterministic outcameight limit a decision
maker 6s foresight, as he is repl aclfteng unde
heuristically chosen default valuesyhich might change as design develolrs.the
deterministic apprach the hidden assumption is that these future changes of default values
do not alter the favorability of one alternative over the otheeximmplel (Figure3.6-b),

alternativeA has the higher performance and is thus favored over alternative B.
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Figure 3.6: Comparison between (a) Uncertain design assessment, (b) Deterministic design
assessment

One of the most commoways of comparing probability distribution is by compating
means of these distributio(iSigure3.6-a). Alternative Ahasmean64.5and alternative B
has mear0, and since the aim is to choose alternative Wwither performance value
alternativeA is clear choice Comparingthe mears is dovious first criterion but is not
sufficient to make a decision confidently, hemezneed to rely oan additional criterion

for making a decision with more confidence.

One sucmethod for comparing the two alternatives is by computiegelative diference
betweerthe two samplewith common parameter values. The aim is to vah&chance
of one alternative being better than the otherday10% or moreWe denote PRD for

probability of relativedifference, defined as follows

PRD = PrDm(OA,W[HOP]m ¥ (1)

Here,Pr¢] denotes probability of what is

computed from the propagation of uncertaintiesdsidethrough a simulation model jM
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The variable W i s a ralatedtolreietative diffaréneerbétveeenp r e f e
alternatives A and B, which is the chance that one alternative is indeed better than another

by at leastV, as per outcome estimation using modelTe probability that is true can be

regarded as the confidence asdienoted by . | t r e qonrfidesce lavel shat thé e
outcomes estimated by mode],Mill be better byW for one alternative over the othatr

the end of the design process.example 2 PRD is calculated from the two outcome
distributions Figure3.7-a) and plotted ifrigure3.7-b. Alternative Aturns out to bd 0%

better than alternative B withprobability of 63.2% igure3.7-b). In this case alternative

A couldbe chosener alternative B with 63.2% confidence leteht A is at least 10%

better than BAs per equation 1:

PRD = Pr(A> B =10%) =Pr(A>1.1B) = 63.2%

Example 2: | Aim: Min. performance |
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Figure 3.7(a) Outcome comparison betweealternative A and B, (b) Relative difference
between alternative A and B Example 2)

Another example ishown (Example 3p demonstrate the difference in outcome between
relatively similar alternativesas shown inFigure 3.8-a. In this case the measure is

normalized energy consumption, so the smaller the bé&tiernreans of alternatives A and
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B are 371.92kWh/mand 384.6 kWh/rmrespectively, which is relatively a nganal
difference. Relative difference betwettte two alternatives is computedrigure 3.8-b),

which reveals that there is no value above 1.5%, hence theeeoisonfidence of one
alternative being better thathe otherwith (which we decide based on at led§%
difference) In this case study alternative A and B are relatively indifferentasetision

cannot be made between them with confideticbasically means that the difference
between A and B found from a deterministic assessment gives the false impression that the
one with lowe value is the preferred solution. The uncertainty amalgisows that such

choice cannot be made wihfficientlevel of confidence.

Example 3: | Aim: Min. performance |
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Figure 3.8: (a) Outcome comparison between alternative A and B, (b) Relative difference
between alternative A and B (case stly 3)

Assuming that twalistributionsare giverfor performanceneasurdor two alternatives A
and B, a decisioimaker has complete confidence in a decision if thedastsibutionsdo
not overlap, indicating that one alternatigealways better than thather as far as the
particular performance is concerné&tlis is seldom the case as the more comsitoation

is overlapping distributiondn some case this calls for another criterion that may actually
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be the leading one to make the correct decisiothisrapproacii is relevant to look at the
expected mean of either distribution but also at the probability of occurrences at the long
tail of eitherdistribution (which may be inconclusive), but also at the probability of
occurrences at the long tail efther distribution, especially in the undesirable range of
performance outcomes$n such case one will favor the alternative that has the least
occurrence in that region, i.te alternative that minimizes the risk of occurrence in this
undesirable rangeSometimes the mean criterion and risk avoidance criterion suggest
different choics, hence onalternativemay not be preferred over another with confidence.

In general, the@referredalternativecan beselecteased orthe first (meangriterion but

there is a possibility that in particular design developmeid, alkernative is no longer

preferred if the downside risk is bigger than acceptable.

The afoementioned undesirability tebetween alternatives isased orcomparingthe
probability that an outcome stays withpreferred limis. Assuminga casen which the

aim is to maximize performan¢Eigure3.9), theminimumpreferred limit is40. Based on

this criterion alternative B has 12.5% chance of falling below preferred limwhile
alternative A has zero probability to be in that raffggure 3.9). However this method
cannot always be applied in practice, as
limit of a performance indicator clearly defined, especially for indicators that cannot be

directly linked to cost.
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Example 4: | Aim: Max. performance
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Figure 3.9: Comparison between alternative A and B based on determined limit

In order to make a decision among different options under uncertainty, a decision maker
needs to be confident in the outcome of the decision. A decision is made with full
confidence if the probability distribution of one opt&imows a better mean valuaddass

risk. In the absencsucha dominating optiontheremay be different levels of downside

risks associated witleach alternativeThis means thathe degree of confidenda the

selection ofin alternativés subjective tahed e c i s i 0 accepeade ethisilewnside

risk.

3.4 Conclusion

In current approacts in urban design, a systematic methémt alternative
generation, analysis and selection in early design rarefyseamd the design process is
heavily dependerinthed e s i g n e r 6 and @eatpity n thedivergent phase there
is no rigorous framework to generate more promising alternatives, whereas in the
convergent phase, there is a lack of toolsnimke andvalidate decisions and provide

confidence in alternative selection. In peutar the current absence of design uncertainty

58



consideration in the analysis and selection makes it necessary to inveatiggtter
approach to performandmmsed urban design at the early stages. The aim of this approach
is not to find the absolute besblutionas it can typically not be identified at this stage
anyway but to guide designers through a design space that they construct and ,explore

offering them an approach to make rational choices

In this research, a new methodology is proposefdddiormance evaluatidoy taking into
account the uncertainty posed by undecided parameters. This will be illustnatech
concrete criterighat goverrurban design ithe earlystage The main argument for this is

that ithelps the designer to identifthosedesign alternatives that have more probability in
achieving preferred performance levels. In this respect, the proposed approach does not
aim in identifying purely optimal solutions; it aims instead to support design exploration,
in which the desiger has the freedom to intervene to address the search process and to
extract knowledge from generated solutigharrin, et al., 2011Yhe proposed method,
takes the iterative nature of design into consideration by allowendasigner to iteratively

make design decisions. As new parameters get decided at different decision points,
information and outcomesre updated impacting the estimation of the remaining
undecided parameters, representing how a new decision of one arattietffect other

interrelated parameters.
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CHAPTER 4. RESEARCH METHODOLOGY

4.1 Overview ofthe Proposed Approach

Currently, in a performancebased design approach, performaoceeria andpreference

aredetermined byhe designer or rathéecision maketo evalude alternatives to serehat

the best choice is teatis the preferencelhis mandates design parameters to be known,

making it a useful approach for existing and complete deditpwever,i t 6 s

guestion

to apply such approacin early design when manydesign parameters have not been

decided upon.

In this chapterthe methodology for applying performandmsel design in early desigrs

outlined in the previous chapter is implemented in the context of urban design decisions

Design parameter uncertainty is incorporaé@d based on combination of thekesign

parametersmultiple urban fabricalternativesare generatedand design option space

created Design options are themssessedand an outcome impact space producgs

explained in detail in section 2.2)

Uncertainty Concept

Generation

{ Design Parameter }

Concept Assessment
(Performance Indicator)

Figure 4.1: General overview of proposed approach

Impact
Space

Eachstepof this approach will be discussed in detgigure4.1). Urban design parameters

and their hierarchy is explored in concept generation section and performance indicators

are proposed asriteria for concept assessmentncertainty in undecided dgs

parameters has impact the evolvingdesign option space whiclalls forto anapplication

of decision making under uncertainty during the design process.
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4.2 Formulation of the Concept Generation Process

An urban layout is a hierarchical geometric coufafion consisting of a street
networks and city regions, such as: quarters, blocks and lots. The street network is a planar
graph with nodes and linear edges. The nodes have the following attributes: a two
dimensional location and hierarchy attribute (@naminor). The edges or street are line
segments with hierarchy attribute (major, minor). The induced cycles of the street graph
give rise to blocks (represented by polygonal faces). The blocks can be further subdivided
into building lots. The latter sterland use type, which then determines setbacks required
to determine buildable area on the lot, leading to outlining the building foo{@/eter,

et al., 2009)

Topography & User Input

Planar graph
(nodes_major, edges major) Major Streets ~w

Quarter (Island) Included surface
| (nodes_major, edges_major)

Major Streets

Minor Street -
Planar graph
Block | (nodes_minor, edges_minor)
Included surface
| (nodes_minor, edges_minor)

Lot/ Parcel

Building Envelopes

Figure 4.2: Components of an urban fabric, based ofWeber, et al., 2009)

Based on the literature, urban desogim be treateds an additive process that consists of
several steps, which are: creation acidaetworlk, extraction of urban blocks, defining

land use, parceling, buildable area boundary definition and building footprint placement.
A process for urban fabric generation is formulated as per this additive process and

different design parameters agsociated with each phase.
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Figure 4.3: Hierarchy of urban elements

Based on the logic presented by Bielik, Schneider and K¢Biegk, et al., 2012)n the
form of their Grasshoper 3D analysis tool set
logic is established. In this approach, urban components are codepamdigenerated in

a stepwise format, where one decision leads to another and in which the impact of
changing one parameter is reflected on remaining codependent paraifigiens4(4).

The scope of this research focuses on urban fabric, which consists of a colleblomk®f

as well as network that surrounds these blocks. The boundaries of the fabric are drawn in
the middle of access roads and the size of fabric evyméted by the level of spread of
different islands within the fabri¢Jrban blockcomprises lots and ndpuilt space, which

is used as playing field, public spaces or parking area. The border of an island is defined
by the surrounding public streets orlbyboundaries. Lot, also known as parcel or plot, is

the sum of built and nehuilt (predominately privateareas designated for building and

the border of the lots is defined by legal boundaries specified icattesterThe aea of

the building is thesame as the built area of footprint, the borders of the built area are

defined by the edges of the building footp iabnt & Haupt, 2009)
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Figure 4.4: Urban Fabric conceptgeneration process

Understanding the urban fabric generation process is crucial for identfhongentsof

decision making and design parameters associated with generation steps. Urban design, as
mentioned earlier is a complex and creative process arslatiag the entire process into

an (automated) computing pr oblowevertherearé d | i m
parts of the process that aceitine and in some sense redundanrdit would significantly

reduce design exploration time if theyere automated. Hence the proposed divergent
processKigure4.5) is subdivided into: user defined steps, in which the designer is in full

control of the generation pcess, and automated steps, where the designer controls the

design parameters, but the generation process is automated.

The steps that are user defined are: Land boundary definition and road network allocation
and land use classification. Although theare tools and plugins that can automate road
network synthesigMiao, et al., 2017)in the proposed approach this stepieaved asan
expertdriven creative process. The steps that are automated in the urban generagss proc
are: (1) Block generation, where street offset design parameter that defines the block
outline by offsetting it fronthestreet network. (2) Parcel generation, by defining required
parcel length, parcel width and street offset, blocks are suledivigto parcels. (3)

Buildable area, defined by the boundary wreebiilding can be placed is determined by
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defining road, side and basktbacks(4) Building Footprint is the butip area footprint
on theparcel andcan be defined by setting buildingpe and its geometric properties

(building length, width and height).
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Figure 4.5: Design parameters associated witthe urban fabric generation process

The aim of establishing a concept generation process is to evaluate the urban performance
in the assessment phase and study the impact of design parameter uncerténmy
assessment his study does not claim that the proposed urban generation mettied i

most optimal one as it is not the focus of this reseatreh ratherregarded as a typical

generation phaghat has the role®o populateheoption space for consecutive decisions

4.2.1 Design Option Space: Parameter Range and Constrains

Due to multple undecided design parameters during early design, a calculated
performance outcome isnherently uncertain, making a deterministic analysis of
performance questionable for the following reason. The complex asefitled nature of

urban design, parti¢arly in early design makes éxtradifficult to predict performance
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measure as a deterministic value, as this deterministic outcome will most probably not

remain valid after design proceeds in an unpredictable direction. Because the final form of

the degyn and how it will evolve are unknown at the earlier stages, the role of undecided

designparameter uncertainghould play a rolén early design decisions

Although many studies focused on comparing techniques for sensitivity analysis and

propagationof uncertainty, these techniqubave not pervadedmainstreamsimulation

tool s.

Ther e

has

been

no

concern

predicted performanaegan be used to betterform a design decisiého

gi ofen

Definingtheuncertaintyfor each design parametshard and as there is no available

theory, it should obviously be based on extensive design experience. It will drive the

assignment oplausible ranges anchoice of particular probability distribution3his

t

information can be extracted from literature, experiments, rules of thumb or experience, as

there is no general rule on how to quantify this uncertainty.
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Figure 4.6: Application of parameter uncertainty in proposed approach
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The most widely used method fpropagating parametgrobability distributios
through an assessment mogdllonte Carlo simulation. However, it has one drawback, it
requires a large number of model evaluatibrsgular samphg is usedOneway to avoid
this is the use of clever sampling, d.gtin Hypercube Sampling, whiasesa stratified
sampling metho@Figure4.6). The domain of ez parameter is subdivided into N disjoint
intervals (stratayvith equal probability mass. In each interval, a single sample is randomly
drawn from the associated probability distribution. Application of this technique provides
a good coverage of the paretar space with relatively few samples compared to simple

random sampling (crude Monte Cgr({Malkawi & Augenbroe , 2003)

Unlike engineered productsurban fabric parameter rarggend probability
distributionscannot bespecifically determingdas each area and sector and country have
their own guidelines and rules. Hence definition of parameter samgketheir probability
is based ond e ci s i o npreferankesdrebssi gexmernedcswhile adhering to

limitations estal$hed by local guidelines.

4.3 Formulation of Concept Assessment

There are multiple tools and platforms available to validate performance of existing
urban settings, these tools are of high resolution and require detailed informatimme and
mostly used at later stages of design, such as when choosing betweenfying
compliance ofully developed options or for existing urban forms to evaluate their retrofit
potential. Complex outcomélat need spatial and temporal simulations and aggregation,
such as urban energpnsumptiorand outdoor thermal comfort are typigatomputed

through highresolution tools. Howeverin early design low resolution models are
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preferred asat this stage the designtypically goesthrough many iterationsesting

conceptual (coarse) alternatives

4.3.1 Outcome Impact Spac€onfidence Assessment and Prediction Interval

Normative decision theory literature suggests fhatpreference elicitationpne
needs to resort to axiomatic utilityeoly. Thisis not pursued here agstoutside the scope
of this thesis. It is assumebdat for every single criterion the decision maker has a clear
understanding of his preferences for the different criteria that are chosen to assess the
alternatives. When it comes to the traafEbetween criteriathis is typically not the case
and it wil be hard for designers to determine the tratfén a rational way. In this thesis,
it is assumed that designers have experience in comparing different options under multiple
criteria. Thisthesis focuses on how to inform the decisions and especially when the

uncertainty in outcomes leads to more emphasis on one criterion and less on another.
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Figure 4.7: Objective space within outcome impact space
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4.4 Urban Performance Measures

Modern citieshaverecaved heavy criticism, especially in the early Sixties in the
name of t he 6 ma g (Jacdbs, ©961)Thishcaim evasdnot dnitédi te s
aesthetics, itincluded livability as the modern cities are becoming hard ite. The social
success of old urban settlements, which was conceived by the unpredictable outcome of
safety, trust, economic vitality and diversity sprouts from the complex, unplanned
interactions of countless different routes and experiences itahlsuenvironmentience,
we need to understand and analyze these complex systems to be able to ddsagtein

manner.

The fields of architecture and urban design have so far resisted scientific formulation,
which is in part because of the undertyromplexity. Efforts irthe past have been mainly
focused on identifying the process that produces forms, but this has had little impact on
actual developmentin order to determine whether a particular design satisfies a
performance requirement, a centameasure is used to quantify the required or expected
performance as well as the achieved performaoe focus is primarily on the latter as
this is where simulation plays a cardinal r@lbere ardéour notable attempti® quantifying

urban performance

1. Christopher Alexander (Alexander, 1964, 1965, 1998, 1977, 1987)ny tae
urban components as patterns.
2. Batty & Longley (1994, 1996), casting of urban patterns as fractals emphasizes

their linked hierarchies and microstructure.
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3. Hillierd $1996,1984) formulation of urban questions in terms of relationships
and movement sheds light on the forces governing the growth of a city.

4. Kevin Lynch (1981), focused on giving visual form to the city.

As deeper theoretical understanding of cities is whaheesl, we aralsoat a stage
where fundamental questions about sustainablduture cities are raisedt is widely
acknowledged that to make cities sustainable, we must base decisions aboah taem
more secure understanditigan what we have now. Buthat is better understanding?
Cities, physically, are stocks of buildings linked by space and infrastructure. Functionally,
they support economic, social, cultural and environmental processes. Cities ar@ntsans
systems, where meswrelate tathe physial aspect and endslate to théunctional aspect.
The most critical area of ignorance is this relation of the physical dityefanctional city
and the fact that sustainability is about ends and is controlled mostly by means has exposed

our ignorancen this critical aregHillier & Hanson, 1993)

This thesis focusson two physical aspects of the urban fabric, the first is the built
part and second is the unbuilt part (outdoor open space). The measures that are considered
for evaluating the performance of built space are indoor daylight and operational energy
consumpion, whereas the measures that are used for outdoor space are connectivity, visual
guality and outdoor thermal comfort, as they ameongthe major contributors of outdoor
Sspace wusage, hence 0l iSeme of theset nyeasures fare wdtl e o p
established ascomputable values (outdoor thermal comfort, daylight, energy
consumption), whereas for othgnsimeric valuegannot be readily computed such as for
connectivity and visual quality. In the latteases, values aextractedfrom literature

translating a suitableinctionalityassessment method to numerical values
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In this section, literaturreatingeach performanceeasurevill be reviewedand a
computing methodology will be extracted from previous studies taedproposed
methodology wi be applied on case studies. Three case stadd®rrowedfrom transit
orienteddevelopment guidelines for city of San Diefftssocaites, 1992)hey will be

used taestsuggestegerformancendicators(Figure4.8).

Existing
Existing N Residential
(P Residential q\ gk
TOD Residential l
(Encourage Infill and
Andillary Units)
= ]
Public/Park New Pedestrian) m \ N Higher
<§ Boutes to g = Density
-' Nelghborhood Eﬂ;ﬁﬂ Residential
New Retail Ol ¥ |_‘5 |
: == S e
- . ; — Tarst Iansit
et ~'-'—j' r:»_: _-“' B - -i-i;’"' 5 C 1 exisling resi ial areas with Compliment existing commercial centers
o PR Y new commercial and public uses. with higher density housing.
(a) (b) (c)

Figure 4.8: Urban fabric based on transit oriented development guidelines: (a) Guideline
1A, (b) Guideline 2D, (c)Guideline 1A (Assocaites, 1992)

Basedon the assumptions of previous chapter, a workflow for urban fabric generation has
been established, in which site boundary, network geometry and land use allocation is
determined by the s and the uncertainty in the parameters is introdattée building

level, starting from parcel definition and endimgbuilding footprint allocation. This
procedure was followed to limit the number of generated options to a manageable figure,
andnot ake away designero6s creative freedom.
generation part of the workflow also help limiting the number of generated options and
getting meaningful distribution results rather than distribution that have widgesa

making it almost impossible to make an informed decision.
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4.4.1 Performance Measurg: Network Connectivity

4.4.1.1 PM-1: Background

A central component of the human intellect is the ability to establish connections.
An urban setting can lleecomposed into human activity nodes and their interconnections.
The connections are then treated as a mathematical problem. Empirical observations verify
that the stronger the connections, and the more substructure the web has, the more life a
city has(Alexander, et al., 1977; Gehl, 1987)ence, urban design is considered most
successful when it establishes a certain number of connections between activity nodes

(Salingaros, 1998)

The process that generates the urban web can be summarized in terms of three

principles:

a) Nodes the urban web is anchored at nodes of human activity; whose
interactions make up the web. These nodes can represent either architectural
elements or inteestion points of edges.

b) Edges connectios between nodes, can be connection between
complementary nodes (not like nodes) or between adjacent nodes in case of
street network. There can be multiple connections between nodes,
successful paths are definedthg edge between contrasting planar regions,
and form along boundaries.

c) Hierarchy. hierarchy of connections is not always present in urban web, but

it allows to categorize the connections as per usage and properties.
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When representingtransport netwik as a graph, the links the network become edges
in the graph and nodes become vertices in the graph. It is then possible to use graph
theoretical indicators to analyze network structure and capture properties such as

6connectivityaod.

Graph theoreticraalysis uses vertices to represent primary elements, such as: landmarks,
people, rooms, buildings and intersection. Whereas, edges represent relationships between

those elements, such as: movement, exchange and route.

Graph theory can be applied to diffat scales (as shownhigure4.9), ranging from city

level to represent transport routes, to block level showing the interaction of street network,
to street levelepresenting pedestrian pathways and space use. In this research our focus
will mostly be on the urban block, where edge represents street or pathway segment and

node represents junctions where one or more edges intersect.

City — level network Street Network Pedestrian Paths

B
CERERS B4

(c)

Figure 4.9: Application of graph theory in different scales. (aPattern of airline network: a
O6hi er ar c hyb)Stfr eneotd ensedt wor k :  a, (chNetwakrobpedestrign of r o u
pat hs: a o6hi e(Mashall2@05 0f nodesb
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One of the critical aspects of an urban design is to understand how people move in the
fabric and experience different spaces. Since these experiencedbjaative andare
traditionally difficult to be represented in computer simulation. However, we can come
close to measuring specific aspects of this experience if we treat the problem more
narrowly. Examples of such specific applicatiomslude how far pegple travel between
different programs in space (adjacency), potential bottlenecks, where such movement is
concentrated (congestion). Occuplavel metrics give a deeper understanding of urban
spaces from point of view of occupants, and often are morededia the client needs as
compared to the overall fabric form. For

theoryd is used, which is based on data st

A 6graphé can be defi ned diges, whihcdnnectfetsofod e s
two nodes and represent relationship between them. Graph structure is flexible and can
represent many types of relationships. In spatial applications, nodes typically represent
locations in space, whereas edges represent connectiorebetpatial locations. These
connections can represent walkways, roads or public transit line. The arrangement and

connectivity of nodes and links of a network is referred to as its typology.

The longstanding interest in measuring the spatial structur@irbén fabric and its
networks has been driven by the inherent impact of urban structure on the performance of
transportation systems, as well as its subsequent effect on land use and urban form
(Marshall, 2005) Quantifiable pefiormance indicators can abstract the properties of a
complicated network structure and could assist in exploring different network options in a

spatial and temporal context.
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In cities, the relation between form and function passes through spaceiawe boganize

space into configuration is key for city form and the way human function in ¢itidisr

and Hanson (1993) set a central proposition that the fundamental correlate of the spatial
configuration i s 6movemen guing ofMmeeenncigyrarid | ar ¢
is mostly determined by spatial configuration. This theory based on the recent research
findings that suggest that the structure of urban grid, which is purely spatial configuration,

is the most powerful and single determinagnilnan movemenilhereforejt is suggested

~

thatwelf uncti oning cities are thought of as fi

There are relationships between formal characteristics of space and how people use it. This
suggests that space is given as set of poteatimlsndividuals exploit these potentials in
using the space, making the relation betwe

extent predictable.

An urban systenii by definition is one which has at least some origam&l destinations

more or lss everywhere. Every trip in an urban system has 3 elenoeigis; destination

and byproduct, which are series of spaces that are passed through on the way from origin

to destination. The bproduct is determined by structure of the grid, therefor ugoah

has crucial effect in increasing or diminishing degree to which movememtolyct is
available as potential conta®k.el at i on of grid structure an:i

buzzo,

4.4.1.2 PM-1: Calculation Methodology

As discussed in the previous section, f

space used sy movement. Informal space use is movement related and urban grid through
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its influence on the movement economy is the fundamental source of multi functionality

that gives life to cities.

The methodology proposed for network analysis is integrated with the urban fabric
generation process. It takes the network desigman grid entry points and destinates
an input and extracts the paths with their frequericyau s e b a s e ddgootim, Di | k s t
which is an algorithm for finding shortest paths between nodes in a graph, producing

shortest path tred’he overall approach can be summarized in three main @tepse

4.10):
a) Define urban grid and land used, based on which entry points destination areas
are determined.
b) Network is subdivided into links and nodes and all possible routes are identified
based o i | k slgoritamd s
c) By-product areas are determined based on defined routies
Origin rigin Origin
.g e 1 By-Produ;ct 4
Destination estination 3 ) Destination Y. 3
o > el > e«

(a) (b) (©)

Figure 4.10: Network connectivity methodology overview

For generating the outcome for performance indicattirelfollowing computation stages

are propose@Figure4.11):

1. Urban network is deconstructedlasic graph structurgertices and edges
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2. Origins and destinations are identified from given vertices, based on land use
allocation. Origins being the egtpoints to the urban network and destinations are
commercial and public spaces.

3. Based oD i j k slgorittand math tree is allocated on the urban grid, along with
usage frequency of each edge.

4. Blocks are linked to generated path tree angrogluct spaes are identified.

Urban Fabric Generation

1. Network Synthesis

i
i '
i Land Boundary 2. Block Synthesis 3. Land Use Distribution 4. Parcel Synthesis |
1 r !
i Entry 7'| Network Block } 4 Block I t
! H
i .\'eim'ork generation Block generation Land Use —-I Land-Use []]
v rules rules
1 Allocation )
i Parcel generation | | ! .
' rules : Urban Fabric Assessment
S S P I
(PM-1)

1| 1. Data Structure (Graph Theory) 2. Define 3. Dijkstra’s algorithm

! Ly

i ] Lom | [

: L .

! * *l Destination | ‘ Usage Frequency |

Figure 4.11: Proposed framework for urban fabric assessment (M-1) integrated with
generation process

The performance indicator used to represent connectivity of the urban network is
percentage of byroduct blocks in the urban setting. The higher percentage mfdoluct
blocks indicate more movement and lower percentage imply limited movement. For an

active urban fabric, the aim is to maximibe by-product percentage.

4.4.1.3 PM-1: Application

Three case studies from trangiiented development exampldsiqure 4.8) are

chosen to computile percentage of by produdthe aim of this comparison is to find the
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urban fabric withthe most potential of by product spaces, hence most potential for urban

movemen

If the three case studieseacompared as presented in the guidelimgh specific
land use, origins and destinatiotise result istraditionally adeterministic valu€Figure
4.12). As the aim is to maximizthe by-product valugcase study 1 is a clear choice as it

provides highest percentage ofjmoductas compared to other case studies.

| Case Study ‘ | Simulation-Input | ‘ Simulation - Results ‘
L] é}} L Performance Indicator Comparison
[ O I.(i) :
q,; _\(}j Case Study 3

‘

-
— H

Case Study 2

Case Study 3

‘L Case Study 1
L 0% By Product Block % By Product Network B % Network Used

] Public Space
D Residential Block

Figure 4.12: Case studyfor performance indicator 1; deterministic result comparison

With intention to explorehefull potential ofthe case studies, uncertainty was introduced
in theland use category. Instead of using specified looafor public spacethelocation
is sampled across plausible valyard valuef resulting performance arecorded for
eachsampleresulting improbability distribution instead of deterministic outcofRigure
4.13). Looking for the most desirab#dternative after introducing uncertainty is no longer
an obvious choiceAssuming that aim is tohoose amctiveurban fabricwhich has high

percentage of bprodud and 60% being minimum preference limit, the three case studies
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arecompared. It is evident that babiptions1 and 3 have potentiaf having byproduct
percentage of more than%Ohoweveroption3 has a risk obcoring less than 40%, based

on public space allocation. Whereagtion 2 only has a 25% chance of achieving by
product more than 60%, however it does not have the risk of scoring less than 40% like
option2. Based on this comparison case study 1 istibiee with the least risknd would

be the favored alternative for a Hakerse decision maker

% Preference
| Aim: Max. performance | -

60.0
0.0% 100.0%

— 75.0% 0%
5 80% 25.0%
£ b
c b 70%

£:60%

=

]
"E‘ 3‘50%
£ =
& P 40%

;: 30%

20% Option 1
5 = Option 2
£ 10% ,
S Objective Space —— Option 3
0% H
o o o =] o =] o o o o
— ~ m < [ @ ~ & & 3

% By-Product Block

Figure 4.13: PI-1 outcome comparison betweethree road network options

4.4.2 Performance Measus2: Visibility

4.4.2.1 PM-2: Background

Another aspect of outdoor space performandbavisual quality of the outdoor
space. Such humdavel measure of space has witnessed major development in last few
decadesThe first attempts to assess the environmental guaflitirban spaces based on
perception were introduced in the late fifties and in the sixties as result of interdisciplinary

studies in architecture, psychology, anthropology and sociology. Edward T (1960, 1966)

78



opened up a series of applications in architeal and urban design, which investigates the

cultural aspects that involve human behavianimanspacgHall, 1960; Hall, 1966)

If we aim for alow resolution(modeling)approachto perform the, auitableof

measureshould be usethat quantify humaitevel perception of a space but do so though

fairly simple geometrigstatistical)calculation. One of the most common techniqtees
achieve this s

by Tandy (1967) in the field of landscape geography, but Benedikt (1970) first introduced

t h e0 FigureAddd).i sGr i gi nal | y t

he

not i

on

the concept in architecturaluslies. Isovist is defined as the field of view, from a specific

standpoint An isovist can also be understood as the area not in shadow cast from a point

light source. In scientific literature, the isovist represents a draat slice through this

field view taken at eye height and parallel to the ground plapeesented as2 polygon

Additional definitionshave been added more recently, one of which was translated into

Space

Synt ax

theory,

i an

i s o v-ofsight (o axials u m

lines) that pass throughsaglepoint in space (usually at eye height) and occupy the same

plane (usually parallel to the ground plangDalton & Bafna, 2003)
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Figure 4.14: Isovist elementgBenedikt, 1979)
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Using isovist as simple visualization geometry can be difficult to interpret as
visualization alone does not provide numerical metrics which can be ugedraBable
objectives for a generative design workflow. To use isovist analysis, geometric
representation is converted to numerical performance indicators that give quantitative
measure of the spadgenedikt (1979 provided a set of measures that could eaeked
from isovists to quantify spatial experience. Two of the measures that Benedikt focused on

particularly were:

a) Area of isovist: describes the total amount of area visible from a gdiotal
Visibility in space)

b) Perimeter length of the isovistboundary descri bes the 6j ag
complexity of the view, or how quickly the view changes as you leave the point

(Total Complexity of space)

These measures quantify different aspects of how a person may experience the
space and together give fuller deption of spacgBenedikt, 1979)A cramped

space, such as a hallway will have low values for area and medium value for
perimeter length, whereas an open space with obstacles will have a medium value
for area and high valueif perimeter length. An open, easy to navigate space would

be one that has maximum visibility and minimum complexity.

Over the years most of the researches concerning isovistjatheredn thespace
syntax field of study, which works on developinglt and methodologies for
statistically simulating spatial experiend¢¢owever,for this thesis, the measures

will be extracted from simple geometric calculations.
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4.4.2.2 PM-2: Calculation Methodology

Isovist calculates how much of treirroundingssisible from any point in
space. The isovist is computed by projecting a series of vectors from the point and seeing
where the vectors intersect with geometry in space. These points can be connected to each
othertof or m t he total O6volumedé of visible spac
a volume in 3dimensional space, it is typical in architectural application to compute only

the 2dimensional isovist in a given plan, as this makes the calculation raste. f

The following inputare required for calculation:

a) View-point: Center of view cone, represented as point coordinate (X,y,z).

b) View Distance:Distance threshold fromiewpointin meters (View Radius)

c) View Extents: Field of view in degree.

d) Obstacles: Objects which potentially block views within specified distance

limit, represented as list of mesh objects.

These inputs are used for computing field of view and the following output are

measured:

a) Cone Edges:Geometry of view cone, each cone consisting an arc and two
edges.

b) View Distances (D):Distance of each view cone matching the edge output.

c) View Angles @ ): Angles of each view cone matching edge output.

d) Unobstructed Percentage (U)Percentage of total angle of views which are

unobstructed within specified distance cutoff.
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Summation of cone edge arg@es thetotal amount of area visible from a point,
it ot al visibilityéo, and summation of

compl exity of vi dwureddt ot al compl exityo

Input: Results: PI-2:

View Radius = View Distance Total Visibility
P

Area of Isovist — Total amount of
area visible from a point

\
\
\

/ ' Obstacles
\
- " Extract
| >
Vlewpoml ,' PI
. l’
/
/
III

Total Complexity

Perimeter length of isovist boundary —
describe complexity of the view, how
quickly the view changes as you leave
the point.

Geometry (2 edge lines +arc)
n y *  View Angle (0)
View C — . .
lew one *  View Distance (D)
Unobstructed Percentage (U)

Figure 4.15: Overview of performancemeasure?2 calculation methodology

Position of theviewpoint and surrounding obstacles greatly influence visibility and
complexity outcomedn a case studgeneric urban forms bed on Martin and March are
used with analysis point at the midpoint of the fabric to compare total visibility and
complexity based on urban forms. It is noted that urban fabric (c) provides relatively higher
values of both visibility and complexity as coanpd to other urban forms, whereas urban
fabric (f) has leasbutcome inboth categories as the analysis point is highly confined in a

dense urban fabrig-igure4.16).
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Figure 4.16: Performance measure2 comparison between different urban forms

In another case studyigure4.17), an open space is subdivided into multiple points of
analysis, visibility and complexity of different points are computedlemonstrate the
impact of analysis point locatioMid-point () of the open space has highest value for
visibility and complexity as compared to corner analysis poiatd)( as it provides

maximum unobstructed view.

-- Illlllll -I'-
(a)

Comparison between analysis points
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E Total Visibility B Total Complexity

Figure 4.17: Performance measure2 comparison betwen different analysis points of an
open space
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4.4.2.3 PM-2: Application

Performancaneasure2 uses twaoinputs fromthe urban fabric generation

process, whicka r e :

~

Abuil ding

subdivided into analysis points atiekoutcome is computed for each point in this analysis

il and

us e

al | allocatedatahiscstage arsl

f o o esents bhstactes bloekitle field of vieevpQpen space is

open

grid (Figure 4.18). The st of the input parameters, view distance and extents are not

related to vban fabric generatiothey define the geometric extents of the view cone.

Urban Fabric Generation

! 1. Network Synthesis
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! || Land Boundary 2. Block Synthesis 3. Land Use
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o n -| Block |——' [ Block ‘ 5. Buildable Area Measure
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Building |1
Footprint |}

Urban Fabric Assessment (PM-2)

e Analysis Points

N
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View Radius

Building | Compute
Geometry Isovist

Total Complexity E

________________________________________________________________________________________________

Figure 4.18: Proposed framework for urban fabric assessment (M-2) integrated with
generation process

Performance indicatoi is appliedat two different decision points. The aim of the first
case study is to choose betwekreedifferent urban fabrisbased on the visual potential

of open public spacdJncertainty was projected on plot size and buildsetpbacksand

simulation conducted fodesign space createdith incorporation ofboths our c e s 0

uncertainty Figure4.19).

Two performance indicator distributions were compared for the three urban fakrics,

total visibility and complexity.The am is to maximize both visibility and complexity

84



indicators tocreate aropen space that is visually open and pravideense of interest

because of the visual complexafspace.

Based on the comparison of performance indicator distributidfigure4.19, it is evident
that option 3 has the highegpotentialfor achieving high visibility value, regardless of
design parameter decisions in the design process. Winggasl is highly dependent on
design parameter decisiortsgcause of whighthis option cannot be selected with any

confidence about the outcome.

Visual complexity performance distributioasealso compared of the three case studies,
based on this comparison, it is evident that aptyon2 has the potentialf achieving high

visual complexity for few of the design parameter options in the generated design space.
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Figure 4.19: Performance measure-2 comparison between different urban fabricoptions
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In the second case studgme urban fabric is used, witieaim of finding a public space
location with highest potential of total visibility and complexiffigure 4.20). As
compared to rest of the options, option 2 has the potential for high visibility value in the
open space for most design parameter options. Whereas, for visual complexity

performance, option thas thehigher potentiahs compared to other optiomsachieving

higher values.
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Figure 4.20: Performance measure-2 comparison different open space locations in an
urban fabric

It is important to note that a clear choice between options is not always guaranteed in the
proposed method, as it is not a single value deterministic comparison and design parameter
uncertainty is propagated in the compared options, hence there isskifgvel associated

with uncertain parameters.
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4.4.3 Performance Measuf8: Outdoor Thermal Comfort

4.4.3.1 PM-3: Background

Urban climatology studies the climate conditions within the urban area and the
lower atmosphere. The field evolved from empirical observatmiaspractical branch of
meteorology as more studies revealed the mechanisms behind the creation of the urban
climate(Oke, 1987; Oke, 1982Urban climatology studies the outdoor microclimate in an
urban environmentvhich providesthe urban context influencen buildings. Therefore
some studies proposed climatology studies to be one of the central starting points of urban
design(Landsberrg, 1981; Lowry, 1967However, because ¢fhe Awi ckedo naf
urban design problems, climagensitive design problems need to be dealt with on a case

by case basis.

Many researches correlated urban context geometingtoicroclimate in existing
urban settings in order to provide desigmdance for new designs. One of the most
common urban geometoharacterizatonas sed f or t hese correlatio
canyono, which refers to a basic urban su
ground between two adjacent buildin@$unez & Oke, 1977)It is commonly used as
representation of outdoor space in an urban fae@ometry of urban canyon can be
described using three measures: Aspect ratio H/W (Height/Width), SVF (Sky View Factor)
and orientatin. Aspect ratio is the ratio between the average height of adjacent vertical
elements and average width of space. SVF is the sky dome that is seen by a surface and the
canyon orientation is measured by the direction of the linear canyon space, as the angle

betweenit anda line running north, measured in clockwise directierell, et al., 2015)
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These geometric representations of an urban space have been correlated to urban heat
island (UHI), wind attenuation andelocity ratio (Oke, 1987)and albedo (relativity of

reflectedsolar radiation)Erell, et al., 2012)
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Figure 4.21: (a) Schenatic representation of uban canyon (Nunez & Oke, 1977) (b) Sky
View Factor (Erell, et al., 2015)

More details were added to urban canyon geontetrgpresent more complex cases, but

the resultsre greatly dependent on the assumption of these variations, hence case specific
and difficult to generaliz¢Erell, et al., 2012)On the other hand some studies relied on
detailed models to represent real urban environmehtis@d high resolution simulation

tools for case specific analygiEmmanuel & Fernando, 2007; Katzschne & Thorsson,
2009) Because of the complexity and uniqueness of urban settings, these ficalngs

be generalized.

In order to use outdoor thermal comforbameasure in early designsimple computation

model isdesirablebut this raises the question: to what extantsimple urban geometrical
variables predict the radiant environmebtban radiant environment close to the ground
highly affectsthe thermal conditions experienced by pedestrians and users of open spaces.

The sum of all radiation fluxes to whielhumanbody is exposed governs thermal comfort
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to a large degree. The sum of the radiant fluxes is directly correlatethestiean radiant
temperature (MRT)lrradiation in the outdoor space is highly dependent on the openness
of the sky vault, which is determed by urban geometry and its orientation. Both sky view
factor (SVF) and ground view factor (GVF) are measures for the openness of sky and sun
exposurg(Chatzipoulka, et al., 2015For a particular urban setting, SVFassuned a
constanfor the space thaanges from O to 1, whereas GV a measure of the exposure

to the sun and varies with time dependindlas u pdsition. Br a given point th&VF

value is either O (in shade) or 1 (exposgdyure4.22).
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Mean Radiant Temperature map
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(13 p.m. on 23 April)

Figure 4.22: Urban geometry related to radiant environment indicators(Chatzipoulka, et
al., 2015)

Predicting thermal comfort requires knowledge of multiple environmental and
personal factors.Comfort indices are commonly calculated using four primary
environmental factordry bulb temperatur€Tab), relative humidity (RH), air speedv),
and mean radiant temperat(MRT). Models also typically include personal inputs such
as the clothing typand activity level. Other factors which are more difficult to model can

have an impact on the thermal comfort, includmger sondés postur e,
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orientation with respect to the siBecause the intention of this famance measure is to
descibe conditions for the general population, these personal irqautsbefixed at
appropriatemean levels. For example, occupants are assumed to be at an activity level
equivalent to standing, instead of more extreme high or low activity level (running or

sitting) (Rose, et al., 2010)

4.4.3.2 PM-3: Calculation Methodology

The proposed outdoor thermal comfort calculation method has been
intentionally simplified so it can be used quickly for comfort prediction of outdoor urban
spacan multiplerapiddesign iterationEffective radiant field (ERF), is used as a measure
of the net radiant energy flux to or from the human body. ERF is used to describe the
additional (positive or negative) lofwgave radiation at the body surface when surrounding
surface temperatures are different from the air temperature. The surrounding surface
temperature of a space is commonly expressed as mean radiant temperature (MRT). ERF

can be correlated to MRT as per the following equation:

ERF =feft hr (MRT i To) )

Where fert is the fraction of the body surface expodedradiation, which is
equivalent to 0.725 for a standing pergbagner, 197Q)h: is the radiation heat transfer
coefficient (W/nfK), and can be computed a function of wind velocity:rk 15.43%63

(de Dear, et al., 199@)nd Ta is the ambient air temperat¥@)(

Energy flux absorbed by the body (ERF) cée equated to longwave

emi ssi vi ty /g, bwkiahis pypically eéquayto G.98mes additional amouraf
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longwave flux (ERkoiay). Another result oEsolar, is theshortwave solar radiant flux on the
body surface (W/d) t i mes s hor t vwa,that canbescompptédibasedtoy

skin color and clothing as p&able4.1.

G_W ERFsolar= SIEEsolar (3)

Table 4.1: Shortwave absorptivity (Usw) values for common clothing and skirtypes
(Huizenga, et al., 2001)

White Khaki Black White Brown Black
clothing clothing clothing skin skin skin
Qsw 0.2 0.57 0.88 0.57 0.65 0.84

Esolaris the sum of three fluxes that have been filténedrbangeometry and are distributed
on pedestrian body surfa¢igure4.23): direct beam solar energy coming directly from
sun (kir), diffuse solar energy from sky vaulty® and solar energy reflected upward from

the floor (Eef):

Esolar = Editf + Edir + Eret (4)

Figure 4.23: Sum of solar fluxes filteredby urban geometry

91

Ce



Diffuse solar radiation from the sky is assumed to be distributed on the upper half of

exposed portion of the body:

Editt = 0.5t (SVF) Tsoildift (5)

Wherefert is the bodyfraction exposed to radiation, which ¢ase of standing posture is
equivalent to 0.7255VF isthe sky view factor,Tsol is total solar transmission, which in
case of an outdoor setting is equivalentl (unfilteredfull transmission) andai is the

diffuse sky irradiance on horizontal suréa(W/n¥).

Analysis Plane

Figure 4.24: Sky View Factor (SVF) geometric computation

Sky View Factor (SVF) refers to the ratio of the radiation emitted by the entire hemispheric
environment. SVF is typically represented by dimensionless value between 0 and 1, where
0 indicates the sky is completely obstructed by obstacles and 1 indibatedare no
obstructions at allCurrently there are multiple tools available for computing SVF, such
as: SkyHelios tool developed by Matzaralatzarakis & Matuschek, 20113OLWEIG

(SOlar and LongWave Environmental IrradtenGeometry modeljLindberg, et al.,

2018) 3D vector processing in tools like ENYfiet and HURESPark & Tuller, 2014)
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and Rayman softwa®atzarakis, 2012)However for this thesis a simple method is used
for computing SVF, which is by subdividing the analysis surface into points and computing

SVF for each point based on the amount of visible sky déigere4.24).

Direct solar energy is affected only by projected area of the body and is redutted by

impact of shading on the body:

Edir = (Ap/AD) fbesTsol ldir (6)

Where A is the projected area of a person exposed to direct sunlighg the DuBois
surface area of the assumed person (around 3;8uis the fraction of body exposed to
sunlight( n o't i nc | ud-shading);paoddlyi® directsnermdl solar radian
(W/m?). The metrological radiation parameters can be relateghasldrs i n arbwheré

b is the sol ar altitude.

Geographic location represented in latitude and longitude along with analysis period, are
translatedusing C# code in Grasshopper environmettt geometric representation of sun

ray, where each ray represents one analysis hour. Based on generated, sabstagle
geometry and defined analysis surfaselar altitudeb, incident angle on obstacle

geometry, andibesof each analysis point on analysis surface are comphtgdré4.25).
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9
B Sun ray
Representing 1hr

Sun ray
Representing 1000 hr

Incident Angle

/ fll)es

Obstacle
Geometry

(a) """" Analysis Surface (b)

Figure 4.25: Method of geometrically extracting solar altitude, incident angle andyesfor (a)
1 analysis hour, (b) 1000 analysis hours

Reflected solar radiation the shortwave radiatiorgroundreflected to the lower half of
the body, accompanied by increased laraye radiation from floor surfaces warmed by

thenon-reflected(i.e. absorbedportion of the solaradiation

Erefi = 0.5feft (SVF) Tsol I TH Riioor (7)

Where + is the outdoor total horizontal direct and diffuse irradiaiW¢ém?); and Roor is
the floor reflectance (can be represented by shortwave andviavey radiation combined

(0.2 +0.3).

ERFsolarcan therefore be taulated using the following equation:

ERFsolar= (0.5fett (SVF) (laiff + ITH Riioor) + Apfbesldir/ Ab) Tsol( sﬂ//llw) (8)

By substituting equation 8 in equation 1, MRT can be computed based on location in
outdoor space and time of dd@jhe @mputed MRT can then be used for Universal Thermal

Climate Index (UTCI), which is a nemccupational hygiene index to assess heat dtress
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an outdoor thermal environment for public health purpoflesngner, et al.,, 2013;

Blazejczyk, et al., 2012)

SVF
Component

Sky Dome

Context

Analysis |+ Soes \\‘

8l Analysis Plane Points | | -

Sun Angle
Component

Analysis
Period (h,d,m) N

dMRT p-» MRT p-» UTCI |

No. hr
comfortable

Legend

D Fixed Values

B TMY Weather File
D Custom Component
. User Defined

. Proposed Calculation

Figure 4.26: Outdoor thermal comfort calculation method

The proposed model is a normative model that computes an increase in MRT equivalent to
shortwave gains from direct, diffuse and reflected radiation on a person, which is then used
to compute UTCI. In order to confirm thiie proposed model caadequatelysupport the
comparative analysisf outdoor thermal comforfor different variantsit needs to be
compared to a validatednd typically higher fidelitynodel. This validation is conducted
below. The bosen model fowalidationis Ladybug, which is an emenmental design

plugin for Rhino/Grasshopper and has components for computing MRT and outdoor
thermal comfor{Roudsari & Pak , 2013A simple urban canyon case study is setup to
comparethe proposedsimplified modelwith Ladybug MRT results. The urban canyon

analysis plane is subdivided into 8 analysis points, for which MRT is computed from
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8:00am to 4:00pm throughout year in climate condition of Muscat, Oh@nevident
from comparison of the two models that in extrereaticonditionthe proposed model
overestimates the MRT as comparethiLadybug mode(Figure4.27). However direct
comparison of the outcomes of the tmethods is not sufficient. The two models need to
be studied under the catidn of its true intent, i.e. the relative ranking of outdoor space

variantsagainst each other.

Obstacle
Analysis Plane

Analysis Point
(8 Points)

Analysis Period: 8am to 4 pm (all year)
Analysis Location: Muscat, Oman

100

o ¥ ¥ 3 i i cam i
060 8 t e ] E +
< : L &
- €Ak S &
S 40 A - £ o

"3 iz ¥ad 3 \

0 5000 10000 15000 20000 25000 30000

Analysis Point & Hour

* Proposed Model e Ladybug |

Figure 4.27: Comparison betweenproposed model and Ladybug MRT results

For the comparison of ranking, the Wilcoxon sigmadks test is used, which is a
nonparametric test comparing two sets of ranks that come from the same participators
which determines statistically whether the sét@nks are significantly differerfKim, et

al., 2013)
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First however, to verifywhethertwo different calculation methods resulttiwo similar
rankings of the same varianise need to generate a set of meaningful and densis
variantsto use in the tesfor this purpose, theercentageof genericoutdoor space are
analyzed in a regression model. For settiegign variantsgeneric urban forms based on

Martin and March are use#igure4.28) with different outdoor space analysis points.

(a) Pavilions (b) Slabs (c) Terraces (d) Terrace-courts (e) Pavilion-courts (f) Courts

Ty " \ _— A o & e ®®
NN N \k\, \/\/ \\\ ~ \k A AV S A:Ai‘-A‘:'A
; e Y 2 <

Figure 4.28: Gene'ic urban forms based on Martin and March (Martin & March, 1972)

It should not be forgotten that the role of the proposed normative model is not to predict
the physical (ofi r & audcomes accuratelgvhich in this case is MRT)ut to produce
outcome rankings thatewobjectively correct. Our emphasis therefore shifts to comparing

the rankings rather than absolute outcomes.

Furthermore, the comparative analysis should be based on outcomes that are true criteria

of the functional performance of the open space.

In this case,d verify whetherthe two different calculation methods results in comparable
rankings across the varianthe percentage of time for which analysis point is within
comfort zone is used #%e performanceriterionto rank design variant®ifferernt analysis

points are selected in the generic urban forms by Martin and March, for comparilsen of

two rankings (Figure4.29). Let N be the sample size, which in this case is the number of
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analysis pointsthus there are a total 2N data points. For paiis= 1 ,, létkLidenote
percentage of comfortable hours computed in Ladybug component argl detnote

computation using praygsed normative model. There are two hypothesis:

Ho: difference between the pairs follows symmetric distribution around zero.

H1: difference between the pairs does not follow a symmetric distribution around zero.

For i ,peilk|@dsgnxzii xui) are calculated, whesgnis an odd mathematical
function that extracts the sign of a real number. Pairs wtfi x.i| = 0 are excluded and
Nr is reduced sample size. ThemainingNr pairs are ranked from smallest absolute
difference to largst difference p¢ i xii| and letRi denote the rank. Test statisti¢is

calculatedV = sgn( X2i T X1,). R], whichis the sum of the signed ranks. Untlex

null hypotheis W follows specific distribution with no simple expression. This

distribution has an expected value @@l avariance of . Wis compared

to acompared to a critical value fromraferenceable (Appendix B)The twasidedtest

consists in rgcting H if |W] > Wereiticainr. AS Nr increases, the sampling distribution\of

converges to normal distribution. Thus, 1O 2 O-scoreacanzbe calculated —

, whereA« :0: 0 p(p & 0P |f Zeriical <|z} Ho is rejected, elsklo is accepted and two

medians are the same
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Figure 4.29: (a) Analysis points in generic urban forms, (b) Comparison between proposed
model and Ladybug percentage of time comfortable mults

In Figure 4.30, percentage of timéhat is foundcomfortableby normative calculation
(vertical axis) and from dynamic simulation (the horizontal axis) is pléretb0 different
casesThe linear regressi has Rof 90.97% indicating that the two sets of outcomes are
highly correlated. The actual differes between the two calculation methddis well

within the range of 20% for all cases.
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Figure 4.30: Scatter plot of percentage of time comfortable
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4.4.3.3 PM-3: Application

Performance measufeuses two inputs from the urban fabric generation
process, which ar e: Al and use all oandti ono,
Abui |l di ng f o atepigcovaredobyanalgisepointssapd the outcome is
computed for each point in this analysis ghidaddition to the inputs froitthe urban fabric
generation process, location specific climate data is needed for outdoor thermal comfort

measure computatidifrigure4.31).

Urban Fabric Generation

.
! L NetworkSynthesis

i
i
! || Land Boundary 2. Block Synthesis 3. Land Use
H

Distribution 4. Parcel Synthesis
E ‘ Entry Network } p
! Network 1 * Block 5. Buildable Area Measure i
' | eneration rules Block generation 6. Bullding Footprint !
1 | genera s ! . . b = - H
rules :;Cvd l‘se -{ Land-Use I— Parcel »|| Buildable Area !
Allocation T H
Parcel generation | | | Buildable area boundary Building |
rules boundary allocation Building footprint Footprint |}
generation based on ! .
setbacks i/ Urban Fabric Assessment

(PM-3)

3. Obstacles

Building
1. Extract 2. Analysis Points CETET R

‘
| o[ Open Space |—{ Analysis Points Outdoor Thermal

Climate Data [~ Comfort

Figure 4.31: Proposed framework for urban fabric assessment (PMB) integrated with
generation process

Theproposed model for outdoor thermal comforised in case studies to evaluate

its impact on early decision making, taking design uncertainty into consideration.

In the example shown frigure4.32, the decisiomoment is at the timef land use
allocation The outdoor thermal comfort potential of public outdoor space is evaluated.
Three different land allocation options are simulatelilevuncerainty in building
geometry (width, depth, height propagatedit is noted that option 1 and 2 have similar

percentage of comfortable hours in the given analysis period, whereas optiorthg@ has
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possibility of achievinga higherpercentage of comfortableours,albeit that this option,
results in a largerariance of the computed measure. This is clearly dubealesign
uncertainty in building geometry, showing that the outcome will be greatly affiegtie

later design choice of building geometrywhich is not the case for options 1 andA2
additional simulation was carried out to investigate the impact of fully shading the open
space, which shows that this will hagegrobability of achieving more thar33% of
comfortable hours. Option 3 also has the potential of exce&8r@o of comfortable

hours, by the suitable selestiof building geometry.
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100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Option 1

—(Option 1

Relative Frequency

—Option 2

o
=
2
=)
=]

==Qption 3

===Full Shade

Objective
Space

36.5
37.0
375

- ol = w 2 3
o o < < i i I
™ ™ )

% Comfortable Hours

Option 3

B Commercial Block
[] Residential Block

Figure 4.32: Performance measure 3 for different land allocation options

Another example is presented ngure 4.33, where three different urban forms are
compared based dhe outdoor thermal comfort measy along withan option thatfully
shacks the outdoor spacérom these options, optichand 3has the most potential of
attaininga highpercentage of comfortable hours as compared to optionsfactinwvith
proper selection of building geometry design parametfeg®pen space in optiah and3

can perform as well as a fully shaded open space.
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Figure 4.33: Performance measure-3 for different urban fabric options

Location and size of open space, building geometry, hence land use allocation (as building
geometry is determined by building usgve highimpact on outdoor thermal comfort
measureMost high-resolutiontoolsprimarily assist in predictingutdoor thermal comfort

at the end othe design process, after all crucial design decisions have been Magle
problem with that is thait is difficult to comprehend which parametersvédhe most
contribution in the final performance outcont@king cesign parameter uncertainty at
different decision pointsito consideration, allows the designers to foresee the impact of
their decisions on the performance outcome range and probability of achieving set target.
In doing so, it becomes apparent that therent toolset requires too much detail
information that is not availabknd, in many casesrelevantat a given decision moment

This is where the usefulness of a normative toolset based on a granular and reduced order
model is immediately obviouZher inherent simplicity andlexibility areabsenin high
resolution modelsvhich focus oraccurate result®r fully defined cases, at the expense of

more elaborate preparation dondger run times. In additiotherepeated argument is that
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in early design there is neddr comparative analysis of different options rather than

accurate performance predictions.

4.4.4 Performance Measuré: Daylight

4.4.4.1 PM-4: Background

There are many reasons to daylight buildings, bothestive and objective.
Measurable aspects such as energy savings, light quality and environmental benefits of
daylighting in buildings are undisputed. There are other unmeasurable benefits of daylight,
as its rhythms are fundamental to life. Light resmis biological clocks evergay and

plays a role in many human biological and psychological proc@3sé&ay, 2010)

Increasing levelof urbanization lead to densification of cities, which has negative
consequence omé amount of daylight in buildings. This is often due to the fact that the
design intheearly stage does not include proceddiog evaluating daylight availability in
buildinggThe phrase fAdaylight availabiliango ref
sky at a specific location, time, date, and sky cond{fidnhs, 2000) Traditional building
daylight simulation research uimainly focused on individual buildings and the evaluation
tools delivered bythese researchfforts tend to require extended calculation times for
daylight analysis. In order to introduce daylight evaluation as a performance criterion in
early design, simulation speadd design parameter detail level are key requirements for
implementing it withinthe design workflow.The importance of implementing daylight
evaluation intheurban design phasensotivated bythe impact of design decisions at this
stage, such as building proportions and set backs on solar and daylight potential of

individual buildings (Dogan, et al., 2012)
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Daylight performance othe one hand ighe result of a series afeductions of
daylight access and on the other, an increase of light through reflections. The reduction of
daylight in the interiocan be described as a situation in which the sky is obstructbeé by
facade, neighboring buildings and interior partiiprwhereas exterior daylight
performance is primarily influenced by the street, profile properties, distance between
buildings and their heights. The loss of daylight in both cases can be partly compensated
by reflections through the texture and color of ilmeand exterior surfac€Pont & Haupt,

2009)

Most available daylight design tools are intended to provide information about the
levels and distribution of light within a single room. Very few studies address the impact
of daylight in the buildings as a whole or in shaping the urban.f@mthe other hand the
studies that investigate the daylight performance at the urban design stage, rely on location
specific rules of thumi{DeKay, 2010)or urban spatial attribute correlation®ont &

Haupt, 2009gs shown irFigure4.34. If we map these daylight design methodologies on

a design mcess timeline, we find that rules of thumb and spatial correlations give general
but not quantifiable guidance imdesign approach, whereas daylight simulation tools
mostly providean accurat@nalysis for fully developed building envelopes. In botlesas

there is nbenoughassistance provided in early design decision making.
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Figure 4.34: (a) Sizing atria for daylight in adjacent rooms(DeKay, 2010) (b) Daylight
Factor (DF) for three sections in which the street width and GSI remain constarfPont &
Haupt, 2009) (c) Daylight analysis using Honeybee extension for Rhino plugin,
Grasshopper.

In order for daylight perforanceevaluatiorto be useful in early design, it needs to provide
guantifiable and robust results for indoor daylight condition, taking both urban context and

building form into consideration.

4.4.4.2 PM-4. Calculation Methodology

Quantity and quality of daylight are variable related to the geographical,
meteorological data such as the altitude of the region, turbidity of atmosphere, as well as
time (Kandilli & Ulgen, 2008) As buildings are architecturalements that are exposed to
sun a dynamigorediction of daylight availability in them is required. The availability of
daylight for exterior illuminance is a field of study considerably different from the
measurement and simulation of solar radia{iRabbins, 1986)Solar radiation is defined
as total incident enerdyisible and invisiblg@from the sun, whereas daylight is the visible
portion of this electromagnetic radiation as perceived by theléygeaim is to isolatthis
portion from the total energy. Based on established models, it is possible to predict

Luminous Efficacy and estimate the monthly mean of hourly exterior illuminance (diffuse,
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direct and global) othe horizontal roof and all four facades (N, S, E, ¥¥)jany building

in aregion(Joshi, et al., 2007)

Many researches have investigated the relation between solar radiation and daylight
and proposed mathematical models relating thlwtbefair, 1985; Littlefair, 1988)This
requires accurate simulation models of direct and diffuse radiation received from different
parts of the skyAmongst these model#)e Perez model is usually considered to be most
accuratg(Perez, et al., 1990According to this modelthe global (i) and diffuse (K)

efficacies can be calculated using the following equation:

KgorKai=a+hbw+ccos(z) +dl n ( o) 9

Where g b, ¢ and di are given coefficients (for diffuse or global efficaci€aple
4.2 shows the value of these coefficients correspondirgdassification of sky clearness

(. @ i s sk wishhe atgobpherieperseptible water content.

Table 4.2: Luminous efficacy coefficients(Perez, et al., 1990)

S No. ¢ Global efficacy coefficients Diffuse efficacy coefficients
Lower Upper a; b; ¢r d; a; b; cr d;
bound bound
1. 1 1.065 96.63 —0.47 11.50 -9.16 97.24 —0.46 12.00 —8.91
2. 1.065 1.230 107.54 0.79 1.79 -1.19  107.22 1.15 0.59 —3.95
3. 1.230 1.500 98.73 0.70 4.40 —6.95 104.97 2.96 —5.53 —8.77
4. 1.500 1.950 92.72 0.56 8.36 —8.31 102.39 5.59 —1395 —13.90
5. 1.950 2.800 86.73 0.98 7.10 —10.94  100.71 5.94 —22.75 =23.74
6. 2.800 4.500 88.34 1.39 6.06 =7.60 106.42 3.83 —36.15 —28.83
7. 4.500 6.200 78.63 1.47 4.93 —11.37 141.88 1.90 —53.24 —14.03
8. 6.200 — 99.65 1.86 —4.46 —3.15  152.23 0.35 —45.27 —7.98

The sky clearness)(for irradiance is given by:
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0= [(la+ 1)/ la+k 23 / [L +k 2] (10)

Where | is the diffuse irradiancey Is the normal irradiance;is the solar zenith angle in

radians andt is constant equal to 1.041.

The atmospheric perceptible water content (cm), is given by Wright(@treght, et al.,

1989)

w =exp (0.07 & 0.075) (11

The sky brisiggembyness ( )

@ #Mldn (12)

Wherem is the optical air mass; lon is the extraterrestrial normal incidence irradiance.
Kas t &Kasters 1993formula was used to obtam, which provides an accuracy of

99.6% for zenith angles up to®89

m=[cosz+ 0.15(93.88 7 212531 (13)

The extraterrestrial normal incidence irradiangedn be calculated by:

lon= 1367 [1.0 + 0.033 cos(360/ 365) (14)

Wheren is the day of the year given for each analysie step. The horizontal diffuse
illuminance (&) and the horizontal global illuminance gfEcan be estimated by the

following equations



Ed = ld Kd (15

Ed = ld Kd (16)

Thus,based on equations (@)6), the luminous efficacy and horizontal diffuse and global
illuminance can be estimated for any geographic locakibm.n esgmpbsed model for

solar radiancgMuneer 1990) which distinguishes surfaces the shade fromsunlit
surfaces. Where the slope is in shade, the illuminance is modelled as a function of the

horizontal diffuse illuminance:

TF= {cos2( h@RYP](+silid(/6ds\siFbh/ 2) (17)

WhereTF is defined as the tiltfactor b 1 s t he s uand kaictlee radidnee- a d e )
distribution index introduced by Moon and Spend4oon & Spencer, 1942Forashaded

surface (b=5.73), for sunlit surface under overcast sky (b=1.68) and for sunlit surface under
nontovercast sky (b6.62). The proposed modély Muneer (Muneer , 1993jncorporates

three components which when combined give a full representation of the sky hemisphere.
These are the beam component, an isotropic background diffuse component and a
circumsolar component, corresponding respectively to the three terms in the following

equation:

Eo=(cosi/ s i gi EQHE[E-F)TF]+Eda[F (cosi/ si n (18

Wherei is the incident angle on the fagadégure4.25), islihe azimuth angle arfélis

clearness function sensitive to seasonal changes, given by the following equation:
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F=(&i E) E (19

Eo is meanextraterrestrianormalilluminanceand is equal to 133.8 kluioshi, et al.,

2007) The interior illuminance can be predicted by the following equation:

Ei = (Ag Es U} )/Ar (20)

Where Eis illuminance level inside the space on horizontal working surfages #tal
area of glazing, U is transmittance of gl a
andAs isfloor areaThe calculation workflow for predictingpeilluminance level is shown

in Figure4.35.

Figure 4.35: Ind oor illuminance calculation method

According to the IES Daylight Metrics Committee, a location in space is considered
Adaylito if the illuminance due to dayl i gh-

the year, which is nominallgonsidered to be daily from 8am to 6gReinhart, et al.,
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