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ABSTRACT

This thesis develops a methodology for deriving novel hybrid component-based
designs using a shape grammar of heterogeneous antecedents. The grammar is used as
both an interpolation and extrapolation tool with the results lying within or outside the
range of their antecedents. An evaluation method is incorporated in the grammar rules
to give feedback to the degree of innovation in a hybrid design enabling the shape
grammar to be used as an assessment tool in addition to its use as an analytical and

generative tool.

Analyzing antecedents is based on a grouping of the grammar rules of each
component in a sub-class set to represent the different configurations of the same
component among the heterogeneous designs in the corpus. Additionally, adding new
hybrid rules to the original grammar rules increases the different options available to

the grammar user and enhances the individuality of the generated hybrid design.

The derivation of feasible novel hybrid designs is ensured by the use of state labels
and markers to control rule selection and rule application. The state labels constrain
the rule selection via the user guide grammar of hybrid designs. The markers seek to
generate feasible designs by directing the sequence of rules and controlling which rule

is applicable and where it can be applied.

Innovation is assessed using variables derived from the internal structure of the
grammar such as the number of antecedents in the corpus having the same rule and
the number of rules in a sub-class set having the same geometry. The feedback signals
are default values assigned to the rules as indicators of both the mixed character and
individuality of rules. Feedback loops report the innovation metrics of generated

hybrid designs immediately after each stage of rule application.

The methodology was implemented on a corpus of heterogeneous traditional

minarets.
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Chapter 1 Introduction

1. INTRODUCTION

This chapter addresses the role of artificial intelligence in deriving novel designs from
precedents, especially using heuristic methods such as rule-based and case-based
procedures. The innovation processes in design computing are identified as adaptation
techniques of old solutions to new design problems. Both shape grammar and case-
based design are compared in order to establish the best approach. The research aims

and objectives are defined.

1.1. Artificial intelligence in architectural design

The development of computational models founded on the Al paradigm has offered
new methods and tools to architectural researchers to investigate the design process.
Heuristic techniques adapted from Al have considerable achievements in architectural
domain. In heuristic methods, knowledge is an essential constituent of intelligent
performance that should be extracted from old experiences and put it into a computer
to be used for design investigation. They established knowledge-based programs to
represent knowledge acquisition systems that use analogical reasoning, case-based
reasoning, and design rules to generate new designs within a known corpus of

architectural works (Kalay, 2004, pp. 201, 256).

In architectural practice, the designer is guided by personal and professional expertise.
Therefore, to benefit from the experiences of good designers and to avoid initiating
new design from scratch, this research concerns the AI methods that use architectural
precedents' to provide the designer with a starting point from which to develop a new
design. In Al, the dominant design approaches that search for candidate solutions

(precedents) to satisfy given problems are rule-based method and case-based method.

"A precedent is a specified design representation selected from a repertoire of past experience
(Oxman & Oxman, 1992, p. 120). It has the characteristic of the unique knowledge such as conceptual
points and relevant ideas embedded in a known design. The design knowledge in precedent includes
the particular conceptual contribution to design which makes a prior design memorable as a precedent
(Oxman, 1994, pp. 141-142).
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Al motivated the development of rule-based production systems such as shape
grammars, where knowledge gathered from highly experienced design professionals
was encoded into (if — then) rules with geometrical constructs to describe the action to
be taken when a certain condition is encountered (Kalay, 2004, pp. 201, 202).
Additionally, case-based reasoning, a subfield of Al, assumes the existence of a
collection of selected cases, represented in a complete and discrete form to be adapted
to a new environment, or a new functional description without recreating the entire
model. It relates the present situation to the closet experience in memory and uses that
experience to solve an existing problem. In case-based design (CBD), the retrieved
case may either match the current situation exactly or it may need modification

(Schmitt, 1993, pp. 11-12).

The aim of this study is to examine Al tool such as shape grammars (SG) or case-
based design (CBD) to generate novel designs from architectural precedents.
However, both rule-based and case-based methods are accused of a lack of novel
solutions (Kalay, 2004, p. 202). Therefore, the research needs to investigate the
possibility of these methods to generate innovative designs. Accordingly, the next
paragraphs aim firstly to explore the techniques that design computing uses to
generate novel designs, and then to look into the use of these techniques in both shape

grammars and case-base designs.

1.2. Design computing techniques for generating novel
designs

One of the arguments in design computing concerns its ability to generate design
solutions which might be considered sufficiently innovative. The need for
computational design system that could generate creative solution is the legitimate
goal for a design system to assist human designers by coming up with possibilities

they may not have thought of themselves. (Kalay, 2004, p. 292)

Innovation involves the combination of inputs in the creation of outputs. The inputs to
innovation are characterised, while the outputs in innovation are unpredictable and

difficult to characterize, especially before the process is complete. Early literature in
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design computing classified new designs derived using computational tools as routine,
innovative or creative. The former is the result of working within the constraints and
prescribed activities that constitute similar precedents. In routine design “all the
variables and their applicable ranges as well as the knowledge to compute their values
are all directly instantiable from existing prototypes” (Gero, 1990, p. 34). Innovative
design is defined as the improvement by extending the boundaries of particular
precedents. It “is produced by manipulating the applicable ranges of values for
variables”; therefore it has a familiar structure but with a different appearance because
of the unfamiliar variables (Gero, 1990, p. 34). Creative design is the emergence of a
totally new product by radically changing particular precedents to bring something
new into existence. It is the result of using “new variables producing new types and as

a result extending or moving the state space of potential designs” (Gero, 1990, p. 34).

Different methodologies are used to achieve each class of design. According to Coyne
et al., the precedent (prototype or instance) is refined in a routine design. The
refinement technique involves prototypes/instances whose performance corresponds
to the goals of the new design. The new design varies according to the allowed values

using parameterized design descriptions or design generators. (1990, pp. 32, 75)

Innovative design results from the precedent (prototype or instance) adaptation. It is
the case whereas the prototype/instance is inadequate to meet the new design goal.
Therefore, the class of designs will be extended by ‘““adjusting the concepts that define

the space of design”. (Coyne et al., 1990, pp. 33, 78)

Creative design is the emergence of a new prototype or instance. It is “an entirely new
vocabulary and new syntax combination” in which a new state space is produced. It
occurs in response to changes in building styles or the need to find new methods for

satisfying the design goals. (Coyne et al., 1990, pp. 78, 81)

Generating creative designs is more likely to occur in product designs than in
architectural designs. Architects often draw on personal and professional experience
rather than initiating new designs from scratch. The search for new and different
designs in architecture, the definition of innovation, is better described as the renewal

or improvement of already existing precedents using adaptation techniques, with
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novelty as a consequencez. Therefore, the research in the next paragraph investigates
the use of adaptation techniques in shape grammar and case-base design tools to

decide the more capable of them to generate novel design from precedents.

1.3. Shape grammars (SG) versus case-based design (CBD)

Both rule-based and case-based approaches rely on the explicit representation of
knowledge based on precedents to solve new design problems. The main distinction
between rule-based design and case-based design can be attributed to their reasoning
schemes which depend on generalization in the former and specific episodes in the
latter (Maher, 1990). In rule-based design the reasoning is the process of retrieving
knowledge as abstract principles which is stored as generalized rules. In contrast, the
reasoning in case-based designs depends on concrete instances in which the
knowledge is stored as individual instances. Therefore, rule-based reasoning is the
appropriate approach for simple defined tasks in which a limited number of rules is
sufficient. On the other hand, case-based can be used for complicated and poorly

understood problems such as designs with highly technical requirements.

In this section, the comparison between shape grammars as a rule-based method and
case-based design method aims to assess their abilities to derive innovative designs.
In rule-based reasoning the new wholes result from combining well defined elements,
while in case-based reasoning the new whole results from modifying the details of a
well-known whole solution (Kalay, 2004, p. 272). Shape grammars allows the
transformation of a whole language of design while case-based design modifies only

one case (Ahmad, 2009, p. 2) .

The process of adaptation in case-based designs includes a recognition of the
differences between the selected case and the new problem and decisions regarding
what aspects of the case are changed to fit the new design problem. According to
Schmitt, deriving innovative design using the case-based process is questionable. He
argues that the geometric and topological adaptation procedures in case-based design
transform the original case into a new design resulting in creative solutions, but a

routine design solution is more probable. He also asserts that case combination will

2 http://en.wikipedia.ore/wiki/Innovation
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more likely lead to creative solutions but with few guarantees that the positive
qualities of the original cases will be maintained (1993, pp. 18, 19). Also, Kalay raises
doubts about the success of case-based design which depends on whether the
adaptation of old case to the new problem will not damage the characteristics that
made the case valuable (2004, p. 202). Additionally, other disadvantage of case-based
design concerns the question of copyright and other legal problems which may arise.
Schmitt refers to the worst case scenario in which the reasoning with cases might

cause plagiarism and the inappropriate combination of elements (1993, pp. 18-19).

On the other hand, Schmitt (1990) believes that shape grammar surpasses case-base in
its ability to achieve creative results within the schematic design phase. Shape
grammar possesses a benefit over other methods of expressing design precedents by
having the power to transform a grammar to create new languages of design options
with small changes in grammar rules (X. Li & Schmidt, 2004). Cagan supposes that
shape grammars, within bounds, can support both routine and creative designs (2001,
p. 84). He asserts that “grammars can be modified ‘on-the-fly’ providing the potential
for generation of creative solutions” (1994, p. 192). Additionally, Knight (1998)
refers that a predefined grammar may be one that defines an entirely new type or style
of designs. She considers the creativity or inventiveness in shape grammar is “not an
abstruse, unconscious process, but an informed and deliberate manipulation of known
or given information”. The new languages of designs are defined by extending,
modifying, or incorporating parts of known design languages (Knight, 1981, pp. 216,
237). Creativity in rule-based design lies in the creation of rules which can be
modified and expanded at every stage of a design process (Colakoglu, 2005). The
designers are able to transform or delete the existing rules and add new rules to
formulate their own design language. In addition “shape grammars allow for
emergence, that is, the ability to recognize and operate on shapes that are not
predefined but rather emerge, or are formed, from any parts of shapes generated
through rule applications” (Kalay, 2004, p. 274). This emergence gives the grammars
the ability to create non-routine designs (Agarwal & Cagan, 2000, p. 438).

Built on the aforementioned studies, gaining novel designs from old solutions seems

more likely using shape grammars than case-base designs. Other reasons for
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preferring shape grammar can be attributed to its ability to be easily modified using a
clear and visible representation. Therefore, the research concentrates on adaptation

using shape grammars as a method of generating novel designs from precedents.

1.4. Research problem
The research problem focuses on two axes:

e To derive novel designs from precedents using adaptation method in shape

grammar.

e To verify the novelty of the generated design using innovation measures

attached to shape grammars.

1.4.1. Adaptation method in shape grammars

The innovations in shape grammars are generally the results of carefully reasoned
adaptation of the inherited design languages (Knight, 1983, p. 126). Adaptation
techniques in shape grammar provide the potential for deriving novel solutions by
expanding the design space and introducing a new information into the knowledge
base (Cagan, 1994, p. 192). These techniques are based on changes in the
grammatical structure and vocabulary of existing language of design which can
modify it to a variety of other related languages of designs. For example,
transformation techniques modify grammar structure using rule addition, rule

deletion, and rule change (Knight, 1994).

Shape grammar practices apply a wide range of adaptation techniques. They need
further investigation to identify their possible contribution to achieve the research aim

as well as deficiencies in them that require further investigation.

1.4.2. Innovation assessment in shape grammars

Evaluation systems are used in shape grammar practices as design constraints, design
specifications such as costs, or aesthetic assessments. They satisfy different design
goals such as generating valid designs or assessing the generated designs. The study
here seeks to add innovation metrics to shape grammar to verify the degree of novelty

of the new adapted design.
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1.5. Research objectives

The aim of this research is to generate novel designs from precedents using one of the
adaptation techniques of shape grammar. To achieve the research aim, four objectives

are defined as follows:

¢ To define adaptation techniques, strategies and tools in shape grammars; and
to identify the technique that has not received sufficient attention to be the

focus of this research.

e To propose a detailed approach for the definition of a chosen adaptation

technique in shape grammars.

e To develop an assessment method for the innovation degree of generated

designs in shape grammars to be attached to the adaptation technique.

e To validate the approach feasibility by implementing it to a case study on

architectural precedents.

1.6. Thesis overview

The structure of this thesis is shown in Figure 1.1. The first section of chapter two
reviews shape grammar method, its accompanied themes and its applications. The
second section identifies adaptation techniques in design computing as
transformation, substitution and hybridization. Then, in the third section, these
techniques are scanned in shape grammar theory and practices. In sections four and
five, a framework of adaptation methods in shape grammars and a comparative
analysis of their techniques, strategies, tools, and outputs are crystallized, which
reveal the limitation of hybrid adaptation technique in shape grammars. The sixth
section includes a review of evaluation methods in shape grammars and concludes
guidelines for adding innovation assessment to shape grammars. Lastly, the research

problem and research methodology are addressed in the end of chapter two.

Chapter three reviews the definition of hybrid adaptation and concludes the
characteristics of innovative hybridity. Then, a framework of shape grammar for
hybrid component-based designs is put forward in three phases: the analysis phase,

the synthesis phase and the evaluation phase.
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To test the reliability of the proposed framework, a minaret design has been chosen as
an architectural component-based model for case study. Accordingly, chapter four, in
the first section, reviews the historical and morphological characteristics of minarets
in the Islamic regions and presents the corpus of minarets to be undertaken in this
study. The second section of this chapter determines the specifications of the analysis
and synthesis phases of shape grammars for hybrid designs to satisfy the minarets

under test.

Chapter five presents the implementation and results of a shape grammar for hybrid
minarets in three stages. Examples of hybrid minarets using original rules and hybrid
rules are shown to validate the proposed method. The verification of the innovation
measures is demonstrated in the second stage by comparing the innovation metrics of
copies of antecedents with hybrid designs. The third stage identifies the factors that
contribute in generating more innovative hybrid designs. Finally, chapter six discusses
the aspects of strength and weakness in hybrid adaptation using shape grammars.
Additionally, the contribution of this research and recommendation for future work

are identified.
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2. INNOVATION TECHNIQUES IN SHAPE
GRAMMARS

Chapter one defined the research area as generating innovative designs using an
adaptation method in shape grammars. This chapter reviews shape grammar theory
and practice, and investigates adaptation techniques to derive novel designs from

precedents.

Topics are divided into three parts. The first part (section 2.1) provides an
introduction to shape grammar methods and explores its applications in architectural,
product and engineering design. The second part includes sections 2.2 to 2.5. Section
2.2 defines the adaptation concept in design computing and its use in transformation,
substitution and hybridization of designs. Sections 2.3, 2.4 and 2.5 define a
framework for adaptation in shape grammar theory and practice. The aim is to
identify the possible contribution of shape grammar adaptation techniques in
generating novel designs as well as their deficiencies that require further
investigation. The third part is section 2.6 which investigates the feasibility of
innovation assessment of the adapted design using shape grammar. Finally, the
research problem and its methodology are presented in section 2.7 which reveals that
hybridization techniques have received less attention than substitution and
transformation in both shape grammar theory and practice. This problem, in addition
to assessing the degree of innovation in the generated design using shape grammar are

defined as the gaps in knowledge to be filled by the research.

2.1. Shape grammars - Introduction

Shape grammar is a rule-based algorithmic method invented by Stiny and Gips in
1972 as a production system that specifies a set of designs. Shape grammars are
classified into analytical and original. The first category concerns describing existing

buildings such as the Palladian grammars (Stiny & Mitchell, 1978). The grammar

10
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rules are used to generate designs in a corpus as well as new designs in the same
language. The second approach creates new rules from scratch to derive a new
language of designs such as Fredrick Froebel’s kindergarten method (Stiny, 1980b).
The research here concerns the first approach where shape grammars deal with known
designs from architectural precedents. The following paragraphs review the theory

and applications of analytical shape grammars.

2.1.1. Shape grammars theory

Shape grammars consist of four components (S, L, R, I). S is a finite set of shapes
whereas a shape is an arrangement of lines in two or three dimensions. L is a finite set
of symbols to limit the ways that rules apply such as state labels and spatial labels
(markers). R is a finite set of shape rules of the form a — P which consist of
vocabulary of shapes and a set of spatial relations (arrangements of shapes). Finally, /

is called the initial shape. (Stiny, 1980a, p. 347)

Shape grammars describe architectural precedents in terms of shapes, shape rules,
symbols and initial shape to generate known and new designs. Shape rules can be
applied to the initial shape and to shapes produced by previous rule applications
whenever the shape or spatial relations in the left hand side of the rules matches a
shape or shapes in the design. A shape matches another shape “whenever there is a
Euclidean transformation  that makes the first shape equal to the second shape”. In
this case, the matched shapes on the left hand side of the rule is erased from the
design and replaced with the shapes and spatial relations on the right hand side of the

rule. (Knight, 1994, pp. 44, 45, 51)

Shape grammars vary in their rule format and rule ordering. Rule format can be
addition rules only, subtraction rules only or both of them. Figure 2.1 clarifies
deriving designs by the recursive application of addition and subtraction rules. Rule
ordering in turn varies between deterministic and nondeterministic. Deterministic
grammars have a restriction on rules to be ordered and applied in a controlled
sequence. On the other hand, rules in nondeterministic grammars can be applied in

any sequence. (Knight, 1998)

Euclidean transformations are translation, rotation, reflection, scale, and combinations of these.
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Spatial relation between
(a) Shapes |:| the Shapes

Addition Rules

(b)

Subtraction Rules

lor2
—

‘lz.[’:]

lor2 3or4 ’7 3or4 I:l
S0 O ) S )
] ]

(C) Derivation of a design

Figure 2.1: Example of shape grammars (Knight, 1994, p. 53)

Both rule format and rule ordering can be controlled using labels such as spatial labels
(markers) and state labels (Knight, 1994, 1999b). The former labels manage where
and how the rules apply by adding markers to shapes to limit what parts of a design

and under what Euclidean transformation the rule can be matched as shown in Figure
2.2.

Shape Rule with spatial label —

Derivation of a design

| — |

il

il

Figure 2.2: Using spatial labels to control rules application (Knight, 1994, p. 58)

On the other hand, state labels control when rules apply to designs. They control the

sequence in which rules apply and the number of times rules repeat, as shown in

Figure 2.3.
) 2 2 1
i Rule : Rule b
Shape Rule with ule a ule
state labels
Derivation of a design
2 1
) 2 1
Rule a Rule b Rule a Rule b

Figure 2.3: Using state labels to control rules sequence (Knight, 1994, p. 60)
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In addition, labels and symbols are used in functional grammars and attribute
grammars to produce realizable and functional designs by attaching symbols with

behavioural and functional properties (Mitchell, 1991; Rinderle, 1991).

Shape grammars are associated with themes such as: parametric grammar, parallel

grammar, descriptive grammar, and emergence as follows.

2.1.1.1. Parametric shape grammars

Shapes can be parametric in that the geometric scale of the shape can be varied. There
are two types of shape grammars. The first is standard grammars in which rules are
defined explicitly by a pair of shapes separated by an arrow. The second is parametric
grammars in which rules are defined implicitly by rule schemata. Parametric grammar
“embodies the formalism of a standard grammar and extends it to allow the
computation of shapes with the same topological form but various dimensions”. It is
“commonly used by grammarians because it is flexible in shape recognition and able

to generate more design variants than a basic grammar” (Chen, 2005, pp. 56, 78).

Parameterization of shapes increases the scope of shape grammars enormously and
model shapes that could not otherwise be realistically modeled (Cagan & Mitchell,
1994, p. 175). A shape in rule schemata represents different shapes. It varies in
specified ways by having varied lengths, angles, positions and so on. The varied
aspects of shape are the variables of shape schema. The variables are defined by a
range of values to be assigned to shape schema to determine the actual shape, as
shown in Figure 2.4 left. In addition, the shape schema forms the spatial relation
which in turn can be defined by assigning values to the variables in the spatial relation

schema, as shown in Figure 2.4 right. (Stiny, 1985, p. 8)

(x1,y1) (x2,y2) (x1,y1) (x2,y2) (xs5,y5) (x6,y6)
a- A spatial relation
schema

a- A shape schema

(x4,y4) (x3,y3) (X5,y5) (x7,y7)

xsys)  (x3,y3)
b- Some shapes defined by assigning values to b- Some spatial relations defined by
variables in the schema values to variables in the schema

o=l g B2

Figure 2.4: Left - A shape schema that defines a family of rectangles; Right - A spatial relation
schema that defines a family of spatial relations (Knight, 1994, pp. 67, 68)
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In this case, the spatial relations are fixed in standard grammars, while they are varied

In parametric grammars.

2.1.1.2. Parallel shape grammars

Shape grammars can be singular or compound grammars. Compound grammars form
parallel grammars consisting of shape grammars and other types of grammars that
compute with texts, numbers or symbols. Parallel grammar is a network of two or
more grammars that operate dependently or independently. The rules in the former
can be linked so that the application of a rule in one grammar requires the
simultaneous trigger of a rule in another grammar. On the other hand, in the latter
parallel grammar, the rules in different grammars can apply separately of one another.

(Knight, 2003)

Examples of parallel grammars are the coffeemaker grammar which links shape rules
with manufacturing cost rules (Agarwal, Cagan, & Constantine, 1999); and Chinese
building parallel grammars which consist of 16 different grammars to generate the
visual representations of designs — plans, sections and elevations in addition to
numerical and verbal descriptions of designs (A. Li, 2001). Part of the derivation

process in Li’s parallel grammars is shown in Figure 2.5.
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Figure 2.5: Parallel shape grammars (A. L.-k. Li, 2001)

2.1.1.3.  Descriptive shape grammars
In addition to composing spatial elements, grammar rules can specify symbolic
descriptions of designs to satisfy different goals basing on the application domain

such as function or meaning (Stiny, 1981). The description functions “apply systems
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of categories to describe designs in languages defined by shape grammars” (Stiny,
1985, p. 15). They are chosen by grammar authors to interpret the properties of the

designs at hand as shown in Figure 2.6.

@ Location is {0,0)
Initial Shape Description
g
1 @ 3 KL.Y U Location — Location {x, y+1)
P

z M % ﬁgﬁ;/$ Location — Location {x, y-1)

L2 || 2
U/,
3. @ i Location — Location {x+1, y)
i\
\J
4, T 5 \}@ Location — Location (x-1, y)

Shape Rules Description Rules

Figure 2.6: Descriptive shape grammars (Stiny, 1985, p. 17)

The grammar provides a link between languages defined by shape grammars and
descriptions in other languages defined by rule systems (March & Stiny, 1985). The

description rules can be correlated with shape rules to form a parallel grammar.

2.1.1.4. Emergence in shape grammars

Lastly, emergent shape in shape grammars is a shape or part of a shape in a
computation that is not predefined by a grammar, but one that evolves from the
shapes generated and added by a previous application of rules, as clarified in
Figure 2.7. It can be generated and recognized by the designer and then fed back into

a computation. (Knight, 2003, p. 127)

l
4
Grammar rules Initial shape
E :
-+

Lok
Fins i he

Computation: design derivation

Figure 2.7: Emergent shape in shape grammars (Knight, 2003, p. 129)
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2.1.2. Shape grammars applications

This paragraph lists some shape grammars practices in architecture, product, and
engineering design. In architecture, many of these practices are focused on analyzing
architectural styles. Their aim is to extract the rules necessary to determine if a design
is an instance of the style and to use these rules to generate the corpus of existing
designs and new designs in the same language. Examples of these grammars include
Palladian villas (Stiny & Mitchell, 1978), the bungalows of Buffalo (Downing &
Flemming, 1981), the Queen Anne style (Flemming, 1987), Frank Lloyd Wright
Usonian houses (Knight, 1994), the traditional vernacular Taiwanese dwellings
(Chiou & Krishnamurti, 1995, 1996), the traditional Turkish houses (Cagdas, 1996),
the traditional Hayat houses in Bosnia (Colakoglu, 2001), the Siza houses at
Malagueira (Duarte, 2001, 2005), and the Chinese style of Yingzao Faashi (A. Li,
2001).

There are many examples of shape grammars practices in product design, such as the
grammar of the chair-back (Knight, 1980), coffeemaker grammar (Agarwal & Cagan,
1998), motorcycle grammar (Pugliese & Cagan, 2002), vehicle grammars
(McCormack & Cagan, 2004; Orsborn, Cagan, Pawlicki, & Smith, 2006), and mobile
phone grammar (Ahmad, 2009; Ahmad & Chase, 2006).

Shape grammar practices in engineering design have explored mechanical, civil and
electromechanical disciplines, such as the Lathe grammar (Brown, McMahon, &
Sims-Williams, 1994), robot arm grammar (Wells, 1994), and truss grammar (Shea &
Cagan, 1997).

In addition to the aforementioned fields, some shape grammar practices explored the
designs of fine arts and ornaments, such as the Chinese ice-ray lattice grammar (Stiny,
1977), the De Stijl art grammar (Knight, 1994), the geometric Islamic ornament
grammar (Cenani & Cagdas), and the grammar for Louis Sullivan’s ornamentation

system (Phillips, 2008).

These examples reflect the wide range of design fields in which shape grammars
practices are explored. The research, in the next paragraphs, concerns deriving
innovative designs using adaptation method in shape grammar. The adaptation

concept is firstly examined in design computing to specify their techniques in general,
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and then further investigation of these techniques in shape grammar theory and

practice is carried out.

2.2. Adaptation method in design computing

Adaptation is the process of changing precedents to suit new conditions or needs. The
new state of adapted design is called adaption. Adaptation techniques are procedures

by which an adaptation is accomplished.

In the early literature of design computing, varied views on generating new
designs using adaptation techniques and tools were presented. Oxman & Oxman
(1992, pp. 124, 125) defined adaptation as a process by which a precedent is
modified to generate another design. They identified three strategies of adaptation:
elemental adaptation, schema adaptation and hybrid* adaptation. The first strategy
uses transformational operations upon the elements of a prior design. It modifies the
form and geometry of the design elements while the topological relations of the
design scheme are maintained. The second is the schema adaptation which modifies
all or some of the design topological characteristics using simple operations such as
addition or substitution > of elements or using complex operations such as
transformations of the description underlying the schema. The third is the hybrid
adaptation in which a new design is derived from incorporating multiple precedents.
In hybridization, the existing schema of each of the precedents may be maintained, or

modified to generate an eclectic schema.

Kolodner (1993) considers that an old solution can be adapted to be made applicable
to new situations. Adaptation methods in case-based design are classified under three
main headings: substitution methods, transformation methods, and other methods.
Substitution can be done using different processes such as re-instantiation and

parameter adjustment.

Schmitt (1993, p. 16) makes a distinction between adaptation and combination in

case-base design. According to him, adaptation will change the character of the

* Hybrid: an offspring of two animals or plants of different races, breeds, varieties, species, or genera.
Also, it is something heterogeneous in origin or composition. (http://www.merriam-
webster.com/dictionary/hybridity)
> Substitution: “is the process of choosing and installing a replacement for some part of an old
solution”. (Kolodner, 1993, p. 397)
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original case by modifying its structure, behaviour and geometry. While with case
combination, “features from radically different cases may be combined to form a new
and definitively different design solution”. The study considers that case combination
makes it easier to achieve innovative design solutions than case modification which

will normally produce solutions close to routine design solutions.

Schnier & Gero (1998, p. 208) present computational processes to produce new
designs from varied precedents. They determine two operations to adapt the design
knowledge towards different design conditions and to “make the new designs more

29

‘interesting’ and ‘surprising’”. The first operation combines elements from different
sources, and the second operation transforms elements into a different domain. The
study defines “hybrid” as the crossbreeding® between different races that results from
combining two different groups by which the resulting offspring includes features

from both groups.

Coyne et al (1990, pp. 33, 78) consider that designing by precedent adaptation results
in new variables for the prototype/instance. They specify processes of adaptation as
modifying the prototype ‘“vocabulary, syntactic knowledge, interpretation or

interpretative knowledge”.

These various different definitions of adaptation methods in design computing can be

summarized (Table 2.1).

Table 2.1: Adaptation techniques in design computing

Author Tools of deriving innovative design
Oxman & Transformation N o S
1. Change element Addition | Substitution | Hybridization
Oxman
2. Change topology
Substitution
Kolodner Transformation 1. Re-instantiation
2. Parameter adjustment
Schmitt Modification Combination
Schnier & Gero Transformation Combination (hybridisation)
Coyne et al Modification of vocabulary, relations or meanings

® Crossbreeding in (genetics) is the act of mixing different species or varieties of animals or plants and
thus to produce hybrids. http://dictionary.reference.com/browse/crossbreeding
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The research proposes that adaptation methods are the best process to achieve new
designs from precedents. The main adaptation techniques are transformation,

substitution and hybridization. They can be summarized as follows:

¢ Transformation techniques consist of tools that modify an existing design by
adding new parts, deleting or changing existing parts, modifying its

interpretation or adjusting a design’s parametric values.

e Substitution techniques generate innovative design through replacing parts of

a specific design case by other parts.

e Hybridisation techniques achieve innovative design by mixing parts
(crossbreeding’) that relate to a heterogeneous corpus of designs.

The next section discusses adaptation methods in shape grammar theory and practice

to identify their role in generating novel designs as well as their deficiencies that

require further investigation.

2.3. Adaptation method in shape grammars

The literature review of adaptation in shape grammars showed the contribution of
their adaptation techniques in deriving new designs. The next paragraphs review the

conception and implementation of adaptation in shape grammar theory and practice.

2.3.1. Adaptation method in shape grammar theory

The theory of adaptation, especially using transformation and substitution in shape
grammars, were crystallised by Terry Knight. Her model of grammar transformations
uses “mappings of grammars” to define individual designs in varied styles. New
designs evolved from known ones “enhance our understanding of existing styles by
linking them in different evolutionary chains, and increase our ability to create
original styles of designs on the basis of our understanding of known ones” (March &
Stiny, 1985, pp. 50, 51). According to Knight (1999a), a known style is analysed in
the first step to define its grammar, and then grammar rules are transformed to

become the basis for a new grammar and a style. For example, a new grammar rule

7 Crossbreeding: in (genetics) the act of mixing different species or varieties of animals or plants and
thus to produce hybrids. http://dictionary.reference.com/browse/crossbreeding
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can result from transforming spatial relations in an existing shape rule, changing
conditions of existing parameters attached to shapes in a spatial relation, or modifying
the set of labels associated with shape rules (Knight, 1981, p. 217). This model can be
used to innovate new styles from given ones and to distinguish the historical evolution

of known styles into following ones.

Knight’s book (1994) “Transformation in Design: A formal approach to stylistic
change and innovation in the visual arts” has detailed definitions of transformation
tools in shape grammars. In this book, she classified three processes of transforming
shape grammars as shown in Figure 2.8. They are rule addition that adds rules to a
grammar, rule deletion that subtracts rules from a grammar, and rule change that
changes the constructive mechanisms underlying rules. The rule change can be done
by modifying rule state labels, rule spatial labels, and rule spatial relations. The latter
happens when new shapes are introduced or existing shapes are either resized or
repositioned. Each process in itself or in combination with other processes can modify

the original grammar to produce a new grammar.

Transformations

e e

Rule Addition Rule Deletion Rule Change

T

Change Change Change
State Labels Spatial Labels Spatial Relations

/\

Introduce Resize or Reposition
New Shapes Shapes

~ —~
~ —~
- >
~_ -
~

Transpose
Shapes

Figure 2.8: The ways of transforming a shape grammar (Knight, 1994, p. 105)

Parametric variation is also put forward in shape grammar. A given shape rule schema
can be modified to a new one by changing conditions on the parameter associated
with it. Different spatial relation can be derived by parameterizing the shapes
occurring in a rule, or by changing conditions on existing parameters. In addition,
changing the parameters of shapes in a spatial relation vary either the shapes

themselves or the shapes disposition with respect to each other. The new spatial
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relations in shape rule schemata lead to different languages of design. (Knight, 1981,

p.217)

Substitution in shape grammar is defined as the shape replacement in spatial relations.
For example, a rectangle surrounding a round arch in a particular spatial relation can
be replaced with a round arch to produce a spatial relation between two round arches
(Knight, 1981, p. 218). Lastly, Chase and Ahmad (2005) define “composite grammar”
as a hybrid adaptation technique that generates a new grammar to derive new or
known hybrid designs by merging two or more existing shape grammars. The rules in
this grammar result from merging all or parts of shapes and spatial relations in the

original grammars.

The next paragraph reviews shape grammar applications of adaptation techniques.

2.3.2. Adaptation method in shape grammar practice

In shape grammar practice, the adaptation concept is used to generate new designs
only or both a new grammar and new designs from the original grammar.
Transformation and substitution techniques have received widespread attention.
Some examples from the past 15 years (from 1994 — 2009) in the fields of

architectural design, product design and engineering design, are briefly presented.

Knight (1994) proves shape grammar’s efficiency to generate new innovative designs
by transforming grammars of existing designs. She applies adaptation using
grammatical transformations to characterize the historical evolution of known styles,
such as the stylistic changes in the work of Frank Lloyd Wright, in De Stijil paintings,
and in the ornamental design of ancient Greek pottery. Knight shows how the stylistic
changes of Wright’s Prairie style into the Usonian style can be achieved by deleting,
changing and adding rules to the Prairie grammar. The study modifies a simplified
version of a parametric Prairie houses grammar, written by Koning and Eizenberg
(1981), to derive a family of new grammars including a grammar that defines the
language of polliwog Usonians. A subset of the Prairie grammar consisting of the
inisial shape and some rules is transformed to determine a new grammar. A number of
rules from the Koning and Eizenberg original grammar are deleted, and other rules are

changed by modifying their spatial relations and labels. For instance, the spatial
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relations between a fire place and a living zone are changed by repositioning shapes
and introducing new shapes, “the fireplace is moved from the border of a living zone
into the interior of a living zone”. In addition, the spatial relation between a living
zone and a service zone in a core unit of a rectangular Prairie house is modified by
rotating 90° either a living or a service zone. Another adaptation technique is the
substitution of the rectangular core unit of a Prairie house with an L-shape for a
Usonian house to produce a new core unit. Also, some changes include the function
of zones which become bedrooms only instead of bedrooms and bathrooms. Lastly,
spatial labels and state labels are also modified and new ornamentation rules are
added to Prairie grammar to suit the derivation of Usonian houses. (Knight, 1994, pp.

232, 233)

Other shape grammar authors followed Knight’s approach to transform an existing
grammar to derive novel designs. One such example is Colakoglu (2001, 2005) who
defined Bosnian Hayat houses in terms of parametric shape grammar. The original
rules are defined to synthesize the existing prototypes whilst new rules are added to
modify the existing designs to derive new hayat houses which have different
functional, structural and aesthetic properties. The new rules use both adaptation
techniques: transformation and substitution to change the observable configuration of
form via different means such as changing the parametric values of the variables of
component objects, adding new shapes to the grammar rules, replacing the vocabulary
elements of the existing form with new ones, subtracting existing shapes from the

grammar rules and changing the functions of existing component objects.

Duarte (2001, 2005) defined a shape grammar to derive the customized Alvaro Siza’s
patio houses at Malagueira to generate both existing prototypes and new variations of
Siza’s prototypes. A set of constraints on design features is attached to the grammar
rules to generate a house matching given functional and dimensional criteria such as
“the number and type of spaces, adjacency relations, widths and areas”. The grammar
of existing prototypes is adapted to increase the number of customized designs by
expanding the functional requirements in the initial designs. This is done by

transforming rules and adding new rules to deal with new geometric problems and
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new programmatic features such as a different orientation of the staircase or a new

location of the laundry room.

Ahmad and Chase (2006, 2007), and Ahmad (2009) defined shape rules for both
mobile phones and Greek temple facades using a transformed grammar to derive new
designs. These studies focused on grammar transformations using a style description
scheme to aid the changes in design styles by facilitating the comparison of different
design characteristics generated by the modified grammar rules. The adaptation here
depends on rule modification tools such as addition, deletion and replacement to

change either shapes or spatial relations and their descriptions.

Other examples from product design use the adaptation approach to shape grammar to
derive new designs from existing ones. Agarwal and Cagan (1998) utilize shape
grammar to describe a language of an existing class of coffeemakers and to introduce
new designs. The characteristics of the new designs result from the use of adaptation
tools such as small changes in the selection of rules and in the choices of the
parametric values. Also, McCormack and Cagan (2004) use parametric shape
grammars to encode and capture the brand identity of Buick cars from 1947 — 2002
and to use the grammar to recreate known Buicks and also to introduce new Buick
concepts. The sample of new novel Buicks was adapted using different parameters for

key elements such as the hood and the fenders.

Shea and Cagan (1999a, 1999b) used parametric shape grammars in engineering
design. They introduced a truss design language to derive optimal and innovative
designs using the adaptation techniques of transformation and substitution. The
grammar rules define the design space and new designs using transformation rules
that create geometrical and topological transformations of the original truss design.
The geometrical transformations include tools for shape modification, such as
changing the location of a single joint in a design, and also size modification, such as
changing the cross-section area of a single member. Rules of topological
transformation were also used to modify triangles according to the form-function

stability relationship of the trusses.

Chase and Liew (2001a, 2001b) described a methodology for adapting an original

grammar to produce new designs that meet a new set of requirements. They transform
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the functional, behavioural and structural (FBS) characteristics of the design using
rule replacements in the grammar rules. The original design is firstly derived using
rules (with associated graphs) to define the FBS description, as shown in Figure 2.9.
Then, new rules are selected from the library of rules based on modified or additional
requirement for the FBS properties of the original design. In this case, the newly
selected rules replace the original rules in the grammar resulting in the adaptation of

the original grammar which is used to generate a new design.
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Figure 2.9: Example of rule with FBS description (Chase & Liew, 2001a)

Li and Schmidt (2004) present an adaptation method for modifying grammar rules of
Epicyclical Gear Trains (EGT). They generate a new grammar by transforming the
functional schemes defined in a graph representation. The adaptation tools add a new
graph grammar rule to the original EGT rules and apply rules in a different sequence
to generate novel designs. This is done without eliminating the original EGT grammar

to maintain its capacity to generate all of its previous designs.

There are two studies that have implemented hybrid adaptation in shape grammars.
The first study, in architectural design, defines a “composite grammar” as a technique
that generates a new grammar to derive new and known hybrid designs by merging
two or more existing shape grammars. The study applied this methodology to derive a
composite grammar for Iranian caravanserai from both Roman fortification and

Persian houses grammars. In addition to composite rules and a composite initial
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shape, the generated grammar was also subjected to other adaptation tools such as
adding new rules to it, and assigning new forms to existing rules (Chase & Ahmad,

2005).

The second study, in product design, defines a parametric shape grammar for a
heterogeneous corpus composed of three classes of vehicles including Coupes,
Pickups and SUVs (Orsborn et al., 2006). The grammar consists of vehicle
characteristic rules and general modification rules. The characteristic rules include
“class-specific rules” and universal rules. The former rules are applicable to a certain
class of vehicles; while the latter rules are adaptation tools which can be applied to
any class (to be differentiated through parametric transformations). Other adaptation
tools used are the modification rules which can change any curve shape in any view
during the derivation process. The new, hybrid, vehicle is derived by mixing and
combining rules to generate modified shapes with simple parametric changes to alter

the class to which the vehicle belongs.

In conclusion, shape grammar theory and practice has defined and applied adaptation
using varied methods and techniques to generate novel designs. The study proposes a
framework for adaptation in shape grammars by identifying its techniques, strategies,
tools and grammars. This section has identified the contributions of various shape
grammar practices to the framework; as well as their deficiencies that require further
investigation. Accordingly, the next section completes the description of adaptation
framework in shape grammars and concludes the gap in knowledge regarding the

adaptation technique that received less attention in shape grammar practices.

2.4. A framework for adaptation in shape grammars

The review of the adaptation concept in shape grammar theory and practice has
revealed variations in adaptation means and ends. The act of changing previous
precedents to new situations depends on different adaptation inputs such as
techniques, strategies and tools; leading to varied adaptation outputs, as shown in

Table 2.1. The different aspects of the adaptation method are identified as follows:
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2.4.1. Adaptation techniques

An adaptation technique is a practical method by which a precedent adaptation is
achieved. The main adaptation techniques described in section 2.2 are transformation,
substitution and hybridisation. The review of shape grammar theory and practice
showed that the transformation is the prevailing technique of adaptation. Substitution
has been implemented to some extent. However, hybridisation has received less

attention.

2.4.2. Adaptation strategies

Adaptation strategies are plans of actions chosen to bring about a desired
modification of precedents. They can be defined in accordance with two factors. The
first factor concerns where to locate adaptation tools in a grammar - they may be
either embedded in the original grammar rules, or attached to them in the form of
additional rules. The second factor concerns how to build adapted designs. It varies
between an incremental design approach which synthesizes modified designs using
adaptation rules, and a morphing design approach which changes existing designs

using adaptation rules. Each of these factors is discussed below.

2.4.2.1. Where to locate adaptation tools in shape grammars?

The locations of adaptation tools in the original grammar can be internal or external.
The embedded adaptation exists internally in some original grammar rules and is able
to generate both existing and new designs. Original rules in this case are adaptive
rules having the ability to change to suit different conditions. The adaptation of
precedents is done by modifying rule formats, rule orders or both. The rule format is
concerned with shapes, spatial relations and labels which can be adapted using
Euclidean transformations and parametric variation. For example, nondeterministic
shape grammars allow the generation of varied designs from previous ones using
different transformations (translation, rotation, reflection and scale) under which a
particular rule may apply to a specific part of a design (Knight, 1999b, pp. 19, 20), as
shown in Figure 2.10. In addition, both shapes and spatial relations in parametric rules
have varied length, angles, positions, and so on. Lastly, the embedded adaptation is
also utilised by selecting rules in varied orders such as altering the sequence of rule

application or altering the number of times the rule repeats.
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Figure 2.10: Different transformations under which a rule may apply (Knight, 1999b, p. 21)

The attached adaptation is added externally to original grammar rules. It results in a
new adapted grammar and generates new designs and in some cases existing or
known designsg. It is implemented using extra rules attached to the original grammar
rules. The added rules are new rules or adapted rules which replace original rules to
suit particular conditions. The adaptation of original grammar rules is accomplished
by adding a new shape, replacing or deleting an existing shape, changing or adding

spatial labels, and/or changing or adding state labels.

2.4.2.2. How to build an adapted design?
This factor reflects the different approaches to derive adapted designs as shown in
Figure 2.11. In the first approach, adaptation rules are used to synthesize an adapted

design; whereas in the second approach, rules are used to adapt an existing design, as

follows:
Adaptation
. Initial Rules: Adapted
a- Incremental design approach Shape | ”| embedded | | Design
or attached
Original Adaptation
Initial G rigina Existing Rules: Adapted
Shape rammar Design embedded Design
Rules
or attached
b- Morphing design approach

Figure 2.11: The difference between syntheses modified designs and change existing designs

¥ Existing designs are precedents in the corpus from which the original rules are derived, while known
designs consist of both existing designs and other precedents not included in the corpus of grammar’s
antecedents.
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The incremental design approach is an additive method to synthesize adapted designs
using adapted rules only, adapted and new-found rules, or a mixture of original rules,
new-found rules and/or adapted rules. In this case, the adaptation rules, embedded or
attached, are applied gradually to an initial shape to derive a new adapted design. This
is done using production rules to add shapes, spatial relations, and/or labels to the

generated design.

The morphing design approach starts with the derivation of existing designs using
original rules and changes them. In this case, the new rules, adapted rules, and/or
adaptive rules, embedded or attached, are applied to modify the design generated from
the application of original grammar rules. They have the ability to change shapes,
spatial relations, and/or labels of the generated designs to suit desired conditions. For
example, shape annealing is used to generate structural essays of a planar and three
dimensional truss as “a set of designs within a structural language that satisfy problem
specifications and constraints while exploring tradeoffs among design goals for a
particular structural design application” (Shea & Cagan, 1998, p. 373). This method
defines the design language of valid planar truss structures firstly. Then, the
interpretation of this language is defined to identify the desired structural purpose to
be included in the design essay. Lastly, generating a range of appropriate structures is
done by modifying the design language or the interpretation. (Shea & Cagan, 1998, p.
369)

2.4.3. Adaptation tools

In shape grammars, adaptation tools are the means of performing and facilitating
design adaptation. They are used to modify different parts of grammar such as the rule
format, rule order, and grammar structure. Firstly, the rule format has been adapted
using tools of embedded adaptation such as Euclidean transformation and parametric
variation. Euclidean operations change the shape’s location, orientation, handedness,
scale, or some combination of these changes in rules into geometrically similar ones.
These changes correspond to translation, rotation, reflection, scale or combination
these tools (Stiny, 2006, p. 194). Parametric variation can transform both shape and
spatial relations of precedents to satisfy varied values. In addition, the tools of

attached adaptation modify the rule format in the original grammar by adding a new
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shape to a rule, replacing an existing shape with a new one, merging existing shapes
from different rules in a combined one, deleting an existing shape from a rule, or
adding or changing the spatial labels. The embedded adaptation tool may be used to
modify the rule order by changing the free sequence of rules if there is no restriction
on the order of rules application, while the attached adaptation tool adds or modifies
the state labels if the rule sequence is restricted. Lastly, the structure of the whole
grammar can also be adapted by attached adaptation tools such as adding new rules to
a grammar, replacing original rules with adapted rules, or deleting some original rules

from a grammar.

2.4.4. Adaptation outputs: a grammar and generated designs

A grammar that performs adaptation processes can be an original grammar or a new
adapted grammar. The former has embedded adaptation tools such as Euclidean
transformation, parametric variation and changing the order of rules, therefore it can
derive both existing designs in the corpus and new adapted designs. The new adapted
grammar, on the other hand, consists of adapted rules only, new added rules and
adapted rules, or a combination of whole or part of original grammar rules with new
added rules and/or adapted rules. The designs derived by a new adapted grammar can
be new designs only, new designs and existing designs in the corpus of grammar
antecedents, or new and known designs, whereas known designs include both existing
designs and other precedents not existed in the corpus of grammar antecedents from
which the original rules are extracted. An example of deriving known designs is
Knight’s adaptation of original grammar rules belonging to Wright’s Prairie style

(existing designs) to generate Wright’s Usonian style (known designs).

2.5. Comparative analysis of adaptation in shape grammar

The main stream of adaptation methods in shape grammar practices can be seen in the

comparative analysis presented in Table 2.2.
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Table 2.2: Comparative analysis of adaptation method in shape grammar practice
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The techniques of adaptation have been used to varying degrees. Transformation is
the most dominant adaptation technique, followed by substitution then hybridization
which are applied to support transformation. The prevailing strategies of adaptation
are using the attached adaptation rather than the embedded adaptation and using the
incremental design approach to synthesize new adapted designs rather than the
morphing design approach to adapt the existing design. The most commonly used
tools are parametric variation, specifications variation, adding a new shape and
replacing an existing shape to modify rule formats; changing the sequence of rules to
modify rule orders; and adding new rules and replacing existing rules to modify
grammar structures. Lastly, in most of the shape grammar practices under
investigation, the adaptation is achieved by implementing a new adapted grammar
that derives new designs while maintaining its ability to generate the existing designs

in the corpus of antecedents.

Hybrid adaptation is the least used technique in shape grammar practice. Both hybrid
adaptation studies mentioned earlier used a hybridization technique beside a
transformation technique. For example, Orsborn et al depend largely on varied
parameters to reflect the different features of vehicles. However, in architecture the
parametric variation of universal rules is not enough to represent the diverse
characters of heterogeneous classes of designs. According to that, the research needs
to investigate the application of hybrid adaptation in shape grammars apart from other
adaptation tools as a gap in knowledge to be filled. In addition, the research aims to
determine the characteristics of hybrid adaptation method such as its strategies, tools,
and outputs in isolation from other adaptation techniques. Therefore, the next chapter
focuses on defining a framework for hybridization strategies, tools, and outputs in

shape grammar as a research problem.

The next paragraph investigates evaluation methods in shape grammars to determine

their possible use in measuring the innovation of the generated design.
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2.6. Evaluation method in shape grammars

In the end of the first chapter, the research aim is outlined as generating innovative
designs using adaptation technique in shape grammars. The success of adaptation
technique in deriving novel designs is questionable and needs evidence to support.
Therefore, the adaptation technique in shape grammar should be associated with a
method of innovation assessment to confirm the novelty of the derived design.
According to that, the research, in this section, investigates the possibilities of
applying evaluation techniques to shape grammars. The assessment methods in shape
grammar practice are reviewed to establish their roles in shape grammar design
process; the number of assessment criteria; and the possibility of adding an innovation

assessment to shape grammars.

2.6.1. The role of evaluation method in shape grammars

Architectural design is not a random, trial-and-error search, but it is a goal-directed
search. Evaluation of design is “the measure of how well a given or proposed design
solution fits the set of goals it is intended to meet” (Kalay, 2004, pp. 295, 301).
Generative grammars aim not only to define a language of designs but also to search
this language for feasible and optimal designs (Shea & Cagan, 1999b). The central
role evaluation plays in design concerns the feedback part of the design cycle. The
grammar author controls form generation by explicitly defining the criteria for new

designs (Colakoglu, 2005).

In shape grammar practice, evaluation systems have been used to satisfy different
goals. Three approaches can be distinguished according to their roles in the design
process. They are the generating role only, the assessing role only, or gathering both

the generating and assessing roles.

2.6.1.1. The generating role of the evaluation system in shape grammars

In the first approach, generating valid designs only, the problem specific knowledge
of the design goals is hard-coded in a grammar. The evaluation criteria are
descriptions that follow compositions and drive the design derivation (A. Li, 2001, p.
47). They are associated to shape grammar in two manners, as shown in Figure 2.12.

In both cases, the evaluation criteria are knowledge placed in grammar rules such as
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parameters, specifications, constraints or labels to restrict either the design derivation,
or the selection algorithm of rules. The aim is to limit the design space by preventing

the designers from searching the space of infeasible designs.

Specification which controls
the application of rules

A 4

The generating role of the evaluation
system in shape grammars

Specification which controls
the selection of rules

A 4

Figure 2.12: The role of evaluation systems in generating design in shape grammars

Example of this approach is Soman et al using shape grammar for the design of sheet
metal components. In this study, a grammar user can only choose a rule from a list of
applicable rules which is generated for every stage of a grammar. These rules are
associated with “a framework of constraints to be verified while deciding the values

for the parameters of the rules” (2003, p. 193).

2.6.1.2. The assessing role of the evaluation system in shape grammars

The second approach, assessing the generated designs only, occurs in two cases
(Figure 2.13). In the first case, the evaluation criteria are used after each rule
application to assess the generated designs through the grammar runtime. The second
case seeks the optimal design within fixed configurations resulting from applying a
shape grammar where the form of the solutions are known but specific values needed

to be determined.

Assessing the derived design after
each applied rule

A 4

The assessing role of the evaluation
system in shape grammars

»  Assessing only the final design after
completing the application of rules

Figure 2.13: The role of evaluation systems in assessing design in shape grammars

Example of the former case is Agarwal et al (1999) who have incorporated costing

evaluation into the coffee maker grammar. The current cost of the generated design is
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evaluated as soon as the rule is selected and applied, and its parametric values are
defined. At each stage during the process, “partial designs of the final product can be
used to provide feedback to the designer based on specific design objectives and thus
suggest possible rule choices” (Agarwal et al., 1999, p. 253). On the other hand,
example of the latter case is Stiny and Gips (1978) investigation of a set of evaluative
criteria for Palladian villas ground plans generated by the use of parametric shape
grammar developed in Stiny and Mitchell (1978). The measures are the aesthetic
values of a generated design based on a relationship between the way it is generated

by a shape grammar and the way it is described.

2.6.1.3. The generating and assessing roles of the evaluation system in shape
grammars

In the third one, combining both the generating and assessing roles, rules are written
to derive valid designs and then problem specific models of evaluation criteria are
used to search the language for purposeful designs such as in the shape annealing
method (Shea & Cagan, 1998). It is used as a directed stochastic search approach to
generate designs using a combination between shape grammars and simulated
annealing which selects shape rules and evaluates the quality of the resulting design
(Cagan & Mitchell, 1994, p. 185). In this approach, the use of performance metrics
along with a grammar-based generative system control the derivation of the design to
meet the desired objectives and create a powerful feedback mechanism for the

designer during the process of design generation (Cagan, 2001, p. 76).

2.6.2. The number of assessment criteria

In all three approaches, evaluation criteria are either inclusive and take into account
many design factors such as efficiency, economy, utility, and elegance in shape
annealing grammar or exclusive and adopt only one design factor such as the

estimated cost in coffee maker grammar.

2.6.2.1.  Multi-criteria assessment
Examples of these factors are design specification, constraints and goals estimation.
In Shea & Cagan (1997, 1998), the shape annealing method is used as a directed

stochastic search approach to generate designs using a combination between shape
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grammar and simulated annealing that controls the derivation of design to meet the
desired objectives (Cagan & Mitchell, 1994, p. 185). This method is applied to derive
the structural language of traditional and new innovative three dimensional domes
(Shea & Cagan, 1997), and optimum three-dimensional truss structures consisting of
linear members and joints (Shea & Cagan, 1998). The stochastic optimization is used
to direct the search for incorporation of design goals of efficiency, economy, utility,
and elegance. For example, they use metrics of the design efficiency such as
minimum mass, the economy such as minimum number of distinct cross-sections
areas and lengths, the utility such as maximum enclosure space and minimum surface

area and lastly the aesthetic such as visual uniformity metric and golden ratio metric.

2.6.2.2. Mono-criterion assessment

An example of this is the cost estimation in Agarwal et al study (1999). In this study,
the coffeemaker shape grammar introduced by Agarwal and Cagan (1998) is
developed to associate expressions with their rules that model manufacturing costs.
The cost of manufacturing the product is realized with each application of a shape
grammar rule at each stage of the design process. “The designer has an indication of
what the overall cost of the product will be and how the selection of one grammar
rules over other influences the final cost”. The total manufacturing cost is given to the
designer once the complete product is generated. The designer can understand the
implications of decisions made in the early steps of rule application. (Agarwal et al.,

1999, p. 253)

In conclusion, evaluation systems in shape grammar practice are used as mono or
multi-assessment criteria in different situations. It is merged in grammar rules to
derive feasible designs as purposeful knowledge placed in grammar rules or
restrictions within rule selection. On the other hand, it is used as a test control after
each rule application excluding unfeasible designs or after the grammar finishes

assessing the resulting designs.
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2.6.3. Innovation assessment in shape grammars

In this study, the goal of using shape grammar is to derive a new adapted design with
high measures of innovation. In the literature there are many methods of assessing
design novelty depending on the characteristics of the generated design, the process of

generating the design, or both.

For example, shape annealing grammars (Shea, 1997; Shea & Cagan, 1997) have two
aesthetic models for the design of truss roofs depending on the characteristics of the
generated designs. The first model uses the golden ratio as a proportional system to
measure the relative lengths of the individual shape members. The second aesthetic
model concerns the design uniformity which aims to proportion the size of the design
members to be near in length. The aesthetic value is calculated for a design from a
standard deviation of the length of all members of a design, such as “a design with a
more uniform breakdown and thus a lower standard deviation of length is considered

to be of greater aesthetic value than a design with a more random breakdown”.

The evaluation system in Stiny and Gips (1978) depends on both the characteristics of
the design process and the characteristics of the generated design. It proposes the
aesthetic values of Palladian villa ground plans generated by the use of parametric
shape grammar based on a relationship between the way it is generated by a shape
grammar and the way it is described. The criteria used are based on the arrangements
of rooms in plans and the shapes and sizes of the rooms in terms of the underlying
grid. For example, the first principle ensures the extension of only the central room in
a plan from the east exterior wall to the west exterior wall. And the second principle
ensures that the exterior rooms on the north-south axis of symmetry are among the
largest in the plan. The aesthetic value for an individual Palladian plan is calculated as
the ratio of the length of a sequence of symbols to describe the plan to the length of a
sequence of symbols to specify the information needed to generate the plan.

(pp. 199, 200)

2.6.3.1. Innovation assessment of adapted design in shape grammars
In shape grammars for innovative adapted design, the innovation assessments need to
be built on both the process of design derivation and the generated design itself.

Incorporation of both the generating and assessing roles of evaluation method is
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required. Within the generating role, feedback signals are used to guide the grammar
user to choose rules that achieve the best innovation measures. Additionally,
innovative assessments of generated design are associated with each applied rule to

give a feedback loop to the grammar user at each stage of design derivation.

However, in shape grammar literature, there is no mechanism for the comparison and
evaluation of novelty of adapted designs generated by various grammar rules. The
research needs to put forward objective measurable conceptions obtained from both
the process and the design to assist in generating and assessing innovative adapted
designs using shape grammars. It aims to use mathematical measures to quantify the
innovative characteristics of design in each grammar rule on one hand, and in the

generated design on the other hand.

2.7. Research problem and research methodology

Built on the aforementioned studies, the research needs to investigate the application
of hybrid adaptation apart from other adaptation techniques such as transformation
and substitution. In addition, innovation assessment needs to be associated with shape
grammar for hybrid designs. The research problem is identified as:

‘“Generating and evaluating innovative design using hybridisation
techniques in shape grammars”

The research put forwards the following enquiries:

e How can grammar rules be defined to facilitate hybridity? To answer this
question the research need to investigate which adaptation strategies can the
hybridisation technique use? Is it embedded or attached adaptation, with
incremental design approach to synthesise modified design or with morphing
design approach to modify existing design? And what adaptation tools can be
used to achieve hybridisation, and in which part of a grammar they can be

applied.

e How can rule selection be controlled to derive hybrid designs and not
existing designs? To answer this question the research needs to investigate
what type of output grammar can the hybrid adaptation generate? Is it a new

grammar for new designs only, a new grammar for new and existing designs,
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a new grammar for new and known designs, or an original grammar for new

and existing designs?

e How can the innovation measurements be added to shape grammars to
contribute effectively in both generating hybrid designs with desired metrics
and assessing them? Innovation assessment is needed here to guide the
generative process towards achieving the stated objective (deriving
innovative design) by indicating grammar rules that could be selected to
improve the innovation values of the generated design. In addition,
evaluation metrics have assessment role to verify shape grammar capability

to derive novel hybrid designs.

According to that, the research aims are:

i.  To develop shape grammar methods to derive hybrid designs from a corpus

of heterogeneous antecedents.
ii.  To develop an innovation assessment associated with shape grammars.

1.  To apply the method above on a simple architectural configuration such as a

corpus of heterogeneous minaret designs.

2.8. Chapter summary

From the previous sections, it can be said that adaptation has achieved a great success
in generating innovative design using shape grammars. The framework of adaptation
presented in this chapter gives a comprehensive picture of the concept of adaptation in
shape grammar. The variation in adaptation methods in shape grammars has been
defined in terms of their techniques, strategies and tools on one hand, and the outputs
as grammars and their derived designs on the other hand. The framework reveals that
transformation and substitution techniques are used widely in contrast to hybridisation
which received less attention. In fact, hybrid adaptation practice mentioned earlier
used hybridisation technique beside transformation technique. Therefore, the research

problem is crystallised as generating innovative designs using hybrid adaptation in
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shape grammars. The research needs to establish hybrid adaptation strategies, tools,

and outputs.

In addition, shape grammar for innovative design needs an evaluation system having
metrics derived from both process and design characteristics. The evaluation system is
required to have both generating and assessing roles to provide information on what
rule can be chosen to improve the innovation measures of the generated design. A
computational assessment method is needed that provide feedback on the effects of
rule decisions made through the generation process and allows the grammar user to

adjust these decisions to achieve an adapted design with better innovation values.

According to that, the research aim is to develop a shape grammar method for hybrid
adaptation. The evaluation system of the degree of innovation in hybrid designs is
needed here to guide both the generating and assessing processes. Lastly, the research
seeks to apply a shape grammar for hybrid adaptation on a corpus of heterogeneous

traditional minaret designs.
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3. AFRAMEWORK FOR HYBRID ADAPTATION
USING SHAPE GRAMMARS

Chapter two focused on shape grammar applications in two contexts: the use of
adaptation techniques and the use of evaluation methods. The role of adaptation
techniques in generating novel designs using shape grammars has been highlighted. A
framework of adaptation in shape grammars was identified which revealed that hybrid
adaptation needs more research investigation. On the other hand, the investigation of
adding assessment methods to shape grammars showed the potential use of innovation

assessment of hybrid designs.

This chapter presents hybridization as the adaptation technique for generating
innovative designs using shape grammars. Firstly, an introduction to hybrid concepts
which defines the main characteristics of hybrid designs is presented in section 3.1.
Secondly, a framework of hybrid adaptation within the analysis and synthesis phases
of a shape grammar is described in section 3.2. The third section, 3.3, puts forward a
method of assessing the innovation in hybrid designs using shape grammars. The
objectives and requirements of implementation are revealed in section 3.4. Lastly, the

chapter is summarised in section 3.5.

3.1. Definition of hybridisation

The term hybrid, originating in biology, describes the offspring of two different
species (Yessios & Pantelidou, 2006). It has been generalised to refer to “any
recognisable entity that is made up of elements drawn from multiple sources”. A
hybrid “is of particular interest where its elements are derived from heterogeneous
sources, or it is composed of elements of a different or seemingly incongruous kind”
(Clarke, 2005). Treizidis (2003) defines a hybrid object as a combination of the

characteristics of both parent objects. It is composed of the topology of one object and
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the geometry of the other. Additionally, Stross defines the cultural hybrid as “a
culture, or elements of culture, derived from unlike sources, that is, something
heterogeneous in origin or composition”. He states that “the parents of a hybrid are
internally homogeneous and differ in composition from one another” (1999, pp. 254,

258).

Accordingly, the research adopts the definition of hybrid design as a new design
whose elements are derived from a class of unlike designs with heterogeneous

compositions.

3.1.1. Characteristics of hybrid designs
Clarke (2005) identifies the main characters of a hybrid entity. He considers that,
without these features, “it is inappropriate to talk of hybridisation having occurred”.

The key characteristics are as follows:
e The new entity must be recognised, which has existence distinct from its
progenitors’.
e The new entity must exhibit elements from two or more progenitors.

e There must be a significant difference between the new entity and its

progenitors to justify the use of the term hybridisation.

e There must be an integration or fusion of some features of one entity with

some form of at least one other entity, to produce a new entity.

Terzidis (2003) considers that a hybrid is an object in disguise. Although it is

topologically identical to one parent, it resembles the geometry of the other parent.

Based on Clarke and Terzidis, it can be concluded that the two main characteristics of
a hybrid design are being a mixture of elements of its ancestors on one hand, and

having the individuality which makes it distinct from its ancestors on the other hand.

3.1.2. Process of hybridization
Hybridisation is a technique for creating new entities. Terzidis defines two processes

of deriving hybrid objects depending on the degree of difference between parents. He

9 Progenitor is a direct ancestor. (http://dictionary.reference.com/browse/progenitor)
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considers that the hybrid object derives its structure from its isomorphic'® parents
through formal interpolations, where “interpolation is a method for estimating values
that lie between two known values”. On the other hand, the lack of homogeneity
among the heteromorphic'' parents leads to a selective process of omissions and
inclusions of elements between the two parent sets. He defined the extrapolation of
hybrid form as a method for estimating “values outside a known range from values

within a known range” (2003, pp. 58, 60).

Stross (1999, p. 264) identifies the differences between biological and cultural
mechanisms of hybridity. In the former, a hybrid is created through mating which
involves two heterogeneous parents. The process includes a combination between half
of the father set of paired chromosomes and half of the mother set of paired
chromosomes. While in the latter, the cultural hybrid can have more than two parents.

Cultural hybrids are created through processes such as diffusion or borrowing.

Yessios & Pantelidou (2006) consider mixing to be the main process for
hybridisation. A hybrid solution is the mixture of two or more previous solutions to a

problem, keeping the benefits whilst avoiding the negatives.

Accordingly, the research concludes that omissions and inclusions, combination,
fusion and mixture are the main processes for generating hybrid design in

architecture.

3.1.3. Hybrid adaptation in shape grammars

From this section onwards, the study considers that a hybrid design has heterogeneous
antecedents which are internally homogeneous having something common such as
function or structure, and externally heterogeneous having various components. The

main characters of a hybrid design can be identified as:
® Being a mixture of its ancestors on one hand.

¢ Having individuality that differentiates it from its ancestors on the other

hand.

' Isomorphic: different in ancestry, but having the same structure.
(http://www.answers.com/topic/isomorphic)

! Heteromorphic: differing from each other in shape, structure, or magnitude.
(http://dictionary.reference.com/browse/heteomorphic)
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The research adopts a component-based generative design system to define hybrid
design in shape grammars. The hybridisation technique is a process of mixing,
combining and fusing rules belonging to a class of heterogeneous antecedents. The
next paragraph concentrates on developing a shape grammar to derive hybrid designs

from a corpus of heterogeneous antecedents.

3.2. A framework for hybridisation in shape grammars

This section puts forward an approach to component-based design hybridization using
shape grammars. The method is clarified within two main phases of shape grammar:
the analysis phase and the synthesis phase. The former phase is done by the grammar

author, while the latter phase can be run by the grammar user.

3.2.1. Analysis phase of shape grammars for hybrid designs

This section investigates the means that facilitate deriving hybrid designs through the
analysis phase of shape grammars. This phase concerns the steps of defining grammar
rules to describe known component-based designs. According to Knight, there are

four steps in analysing precedents (1994, p. 28) as follows:

e A vocabulary of shapes and a set of spatial relations common to design are

distinguished.
* Shape rules that fix the occurrences of spatial relations in designs are defined.
¢ An initial shape to begin the generation of designs is given.

® A shape grammar is specified in terms of the shape rules and initial shapes.

Shape grammars, as defined above, generate known designs as well as new designs in
the same language. The theorists of shape grammar assert that there is no mandatory
way to define rules. Stiny refers to the fact that, in shape grammars, there are
“different ways of arranging lines and different categories for describing designs”
which establish different languages of designs (1985, p. 8). According to Knight,
shape grammar allows for designs to be generated in more than one way. She
considered that “For any corpus of designs, there are always alternative ways to

define a shape grammar” (2003, p. 140). Shape grammars define equivalence and
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ordering relations that “allow for designs to be grouped or linked together in terms of
the way they are understood, and thus reveal similarities and differences of structure

and properties in the composition and description of designs” (Stiny, 1981, p. 266).

Stiny and Knight confirm that the grammar author is able to define grammar rules in
multiple ways. However, defining rules for shape grammars of hybrid component-
based designs should be constrained to satisfy the main characteristics of hybrid
design, as defined in the previous section, such as the mixed character and the
individuality. The hybrid component-based design results from a mixture,
combination and fusion of elements belonging to more than one varied ancestor. The
study considers that ancestors are a class of building type which consists of

heterogeneous designs having the same components but varied configurations.

In architectural design, representing different features of a same component in a
heterogeneous class of designs using only parametric variation of rules is not always
possible. Therefore, shape grammars for hybrid designs need to identify a way of
defining multi-choice rules to reflect the different shape features of the same
component of the existing designs in the corpus. This multi-choice rule facilitates the
mixture of rules from varied designs. In addition, finding a way to enhance the
differences between a generated hybrid design and its ancestors is recommended. A
hybrid design has the individuality that differentiates it from its ancestors. This can be
done by fusing the original rules to derive new hybrid rules. According to that, the
shape grammar needs to adopt two main operations in generating the hybrid designs.

They are:

¢ Mixing rules — a combination of grammar rules that belong to varied designs
in the corpus. This process enhances the mixed character of the generated

hybrid design.

¢ Fusing rules — a merging of original grammar rules that belong to varied
designs in the corpus to produce new hybrid rules. This process enhances the

individuality character of the generated hybrid design.

Based on the above, the study suggests two approaches to be taken into account in the

analysis phase of shape grammars for hybrid designs. The first approach is compatible
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with the embedded adaptation in which deriving a hybrid design depends on mixing
rules by modifying their order. In this approach, at each step of rule application, shape
grammar facilitates a free choice of rules belonging to varied designs in the corpus.
The second approach is compatible with the attached adaptation in which new hybrid
rules are added to replace original grammar rules. The fusion of original rules into
hybrid rules increases the variations between the generated hybrid designs and the
existing designs in the corpus. In addition, adding new hybrid rules to the original

grammar rules increases the options of mixture available to grammar users.

In conclusion, in a shape grammar for hybrid component-based design, analysing a
corpus of heterogeneous existing designs should take into account the followings

adaptation strategies:

¢ Using embedded adaptation by defining the original grammar rules of each
component in a subclass rule set to allow free choice of rules for grammar
users. In this case, the characteristic of hybrid design as a mixture of rules is

facilitated.

e Using attached adaptation by adding new hybrid rules to the original
grammar rules to enhance the differentiation of hybrid design and to increase
the available choices for hybridity. In this case, both individuality and mixed

properties in hybrid design are facilitated.

Detailed descriptions of each approach are given in the following paragraphs.

3.2.1.1. Embedded hybrid adaptation by arranging rules in sub-class rule sets

Orsborn et al. consider that “our understanding of the differences between classes of
products, and the possibilities to merge them would be a useful application in the
current trend of cross-over innovation” (2006, p. 218). The grammar author analyses
the heterogeneous class of designs to define the similarities and differences among
antecedents in the corpus. Similarities and differences among typological designs
generate rules which can be placed into three categories: generic rules, sub-class rules

and instance rules.

45



Chapter 3 A framework for hybrid adaptation using S.G.

Generic rules reflect the similarities among the existing designs in the corpus. They
have the same value of the same attribute for all members of the class. These rules are
compulsory rules which apply to derive all existing designs in a language. The
configuration in the left hand side (LHS) of the generic rule has only one possible
configuration in the right hand side (RHS), that allows for one derivation or multi
derivations in the design process. The user role is limited to the selection of different
Euclidean transformations and parametric variations under which the generic rules
may apply.

Sub-class rules are a set of rules consisting of more than one rule which have
different values for the same attribute among the existing designs in the corpus. They
are optional (multiple choice) rules having identical configurations on their left sides
(LHS), but with different configurations on their right hand side (RHS). In this case,
the grammar user can choose from the different possible configurations of the right
hand side of these rules. Therefore, these rules are useful in deriving hybrid designs as

they facilitate the mixing of rules relating to different designs.

Instance rules are a set of rules that define the different attributes of the same
component using different configurations in both the left hand side (LHS) and the
right hand side (RHS) of the rules. In addition, an instance rule can be a single rule
which defines an attribute of one or more existing designs in the corpus. These rules
do not represent a typological attribute, therefore cannot be helpful in deriving hybrid

designs.

Examples of generic, sub-class and instance grammar rules that represent three
existing ornamental patterns are shown in Figure 3.1. Generic rules 1 and 2 apply to
all three patterns A, B and C to embody the common features among the existing
ornamental patterns. On the other hand, each rule in the sub-class set 3, 4 or 5 and the
set of instance rules 6, 7 or 8 applies to one of the existing patterns. Rules in sub-class
rule set have the same shape in their left hand side and represent the different options
of inscribed shapes inside the square. Therefore, in the derivation of new ornamental
patterns, the sub-class rules set offers multiple options to grammar users to choose
from. In contrast, the instance rules have different shapes in their left hand side.

Therefore, they only offer a single choice to grammar users in the derivation process.
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Figure 3.1: Examples of generic rules, sub-class rules and instance rules (Source: Author)

Preference for a set of sub-class rules on the instance rules can be attributed to the fact
that the grammar user, in case of the latter, cannot compare the different options,
choose one of them and apply it at the same time because each instance rule requires
different rules to be applied in advance. For example, most of the instance rules of
interior space layout of Palladian villas written by Stiny and Mitchell (1978) (Figure
3.2 left) can be restructured in a set of sub-class rules (Figure 3.2 right) where all rules
have the same configuration based on 3 x 3 grids in their left hand side (LHS) to

facilitate rule comparison, selection and application simultaneously.
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Figure 3.2 (Left): Instance rules of interior layout of Palladian Villas (Stiny & Mitchell, 1978),
(Right): Sub-class rule set for some interior layout rules of Palladian Villas (Source: Author)

Accordingly, organizing rules in a sub-class rule set enhances the mixed character of

the hybrid design. Varied rules can be grouped in the subclass rule set to reflect the
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different configurations of each component of the heterogeneous existing designs in
the corpus. This set contains more than one rule having the same shapes, spatial
relations and labels in their left hand side (LHS), and different shapes, spatial relations
and labels in their right hand side (RHS). The grammar user is able to compare the

available choices easily, to select one of them and apply it directly.

Examples of using sub-class rule sets to facilitate the derivation of new designs are
clarified in Figure 3.3. The rules in the sub-class set of entrance location (la, 2a, 3a
and 4a) use markers to indicate the varied numbers and locations of entrances. They
offer four options to a grammar user to choose from. Additionally, the rules of sub-
class set of entrance shapes (1b, 2b, 3b and 4b) replace the entrance marker with
varied configurations. A grammar user has the freedom to choose the form of the
entrance for each marker. This free choice in both sub-class sets enables a grammar

user to derive varied new hybrid designs as shown in the bottom of Figure 3.3.
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Figure 3.3: Example of deriving hybrid designs by mixing rules which belong to sub-class sets
(Source: Author)

3.2.1.2.  Attached hybrid adaptation by adding new hybrid rules to original
grammar rules

New hybrid rules can be added to original grammar rules to enhance the individuality
of the hybrid design. In addition, they boost the mixed character of hybrid design by

increasing the available options in the subclass set of rules and converting the instance
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rules to sub-class set. The hybrid rule combines two or more original rules (parents)
which belong to one sub-class rules set or instance rules. If the parents’ rules belong
to the same sub-class rules set, then they have the same left hand side (LHS)
configuration and the hybrid rule keeps this LHS. Otherwise, the parents’ original
rules with different LHS configurations are identified as the host and guest(s) rules;
whereas hybrid rule keeps the same LHS configuration of the host rule. In all cases,
the configuration of the right hand side (RHS) of the hybrid rule results from merging
all or part of the shapes, spatial relations and markers of the right hand sides (RHS) of

the parents’ rules.

Figure 3.4 shows three rules 1, 2 and 3 of the principal entrances in Palladian villa
grammars written by Stiny and Mitchell (1978). Hybrid rules are derived by merging
the host rule 1 with the guest rule 2 to generate the hybrid rule 1a, and the guest rule 3
to generate the hybrid rule 1b. The addition of two new hybrid rules to the original

instance rule (1) converts it to sub-class rules set composed of the rules (1, 1a and 1b).
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Figure 3.4: Hybrid rule derived from merging two original rules (Source: Author)

The configuration of the RHS of the hybrid rules results from the interpolation or
extrapolation processes (Terzidis, 2003). In the former process, the elements of the
RHS of the hybrid rule correspond to a sum or an average of their parents’
characteristics. The right hand side (RHS) of the hybrid rule has the same shapes and

spatial relations as its parents but in a different configuration. In the latter process, the
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elements of the RHS of the hybrid rule are outside the range of their parents. In this
case, new shapes and/or spatial relations are introduced to formulate a new
configuration of the RHS of the hybrid rule (as shown in Figure 3.5). At the left
bottom of Figure 3.5, the interpolation in the RHS of the hybrid rule is the sum of the
RHS of the original rules at the top. On the other hand, at the right bottom of Figure
3.5, the extrapolation in the RHS of the hybrid rule results in a new shape by merging
half of the circle and rhomboid shapes of the RHS of the original rules.

NORELS
NolnEe

Hybrid rule by interpolation Hybrid rule by extrapolation

Figure 3.5: Deriving hybrid rules by interpolation or extrapolation (Source: Author)

The Composition of hybrid rules in shape grammars depends on the type of parents’
rules. These may be simple, compound, labelled or parametric rules. An introduction
to deriving hybrid rules from each type of rules is presented in the following

paragraphs.

3.2.1.2.1. Deriving hybrid rules from simple rules

Simple rules are defined in the form of A—B, where A and B are shapes made up of
solids, planes, lines, or points. A rule specifies that whenever a shape A is found in a
design, it can be replaced with the shape B. A grammar consisting of simple rules in
the form of sub-class rules or instance rules can be hybridized to produce a new
design language. This is done by defining new shapes and spatial relations from ones
given in the existing language of designs. Two operations are used to derive the

hybrid rules. They are:

® Merging operation. The merging of rules entails combining all or parts of

the shapes and/or their spatial relations of the parents’ rules.
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® Replacement operation. Allows replacement the shapes and/or their spatial
relations in the host rule with other ones from the guest rule. In this case, “the
exact location of the shape replacing another shape must be specified with
respect to the Cartesian coordinate system in which the original shape is
defined”. (Knight, 1981, pp. 217-223)
Both merging and replacement operations can lead to interpolation (Figures 3.6 - 3.9)
or extrapolation (Figure 3.10) of hybrid rules. Examples of deriving hybrid rules using
merging operations are shown in Figures 3.6 and 3.7. Deriving hybrid rules by
combining two original rules of sub-class rules set is shown in Figure 3.6. The hybrid
rules keep the same left hand side (LHS) configuration of the parents’ rules while
their right hand sides (RHS) configurations are the result of combining whole of the
shapes and their spatial relations in the left hybrid rule, and part of the shapes and
their spatial relations in the right hybrid rule (Figure 3.6).

Original rules: x — @ % —
N\

Hybrid rules: x —><@> x —><> x <>
N

Figure 3.6: Hybrid rules combine whole or part of the original subclass rules set
(Source: Author)

In case of instance rules, the hybrid rule keeps the left hand side (LHS) configuration
of the host rule, while merging whole or part of the shapes and their spatial relations

in the right hand side (RHS) configurations of both the host and guest rules, as shown

in Figure 3.7.
Host rule Guest rule
Original rules: x — [:l x [:l @ — Q
AN //\
Hybrid rules: x — Kixbz x — < x Ez
A4 \V

Figure 3.7: Hybrid rules combine whole or part of RHS original instance rules (Source: Author)
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Deriving hybrid rules using the replacement operation is shown in Figures 3.8 and
3.9. Shapes and/or their spatial relations in the right hand side (RHS) configurations
of the original sub-class rule or instance rule are substituted with shapes and/or their
spatial relations from the right hand side (RHS) configuration of the other original
sub-class rule or instance rule. In Figure 3.8, the RHS configuration of the left hybrid
rule is the result of replacing the rhombus in the left original rule with the circles from
the right original rule; while the right hybrid rule is the result of replacing the circles

in the right original rule with the rhombus from the left original rule.

—0-O

X

Original rules: x — ®

X

Hybrid rules: x — @

— PP

Figure 3.8: Hybrid rules result from replacing shape of a rule with shape of other rule
(Source: Author)

In case of instance rules, a hybrid rule retains the left hand side (LHS) configuration
of the host rules while the right hand side (RHS) is derived by replacing shapes and/or

spatial relations between the host and guest rules, as shown in Figure 3.9.

Host ru]L Guest rule
Original rules: —» —>
Hybrid rule: <> —

Host rule Guest 1ulL
Original rules: — —»
Hybrid rule: @ — @D

Figure 3.9: Hybrid rules result from replacing spatial relations of RHS host rule with spatial
relations of RHS guest rule (Source: Author)

Other possible hybrid rules can result from an extrapolation process such as replacing
part of one shape in the rule with part of a different shape in the other rule within the

same Cartesian coordinate system, as shown in Figure 3.10.
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/N
Original rules: x — x x —
/
7
Hybrid rules: X — X X — X
N

Figure 3.10: Hybrid rules result from replacing parts of one shape with other (Source: Author)

The possibilities of deriving hybrid rules from simple grammar rules using mergence

and replacement operations are shown in Table 3.1.

Table 3.1: Possible combinations between simple host and guest rules

Original Simple rules
RHS of Host rules RHS of Guest rules
Whole Whole Parts of | Parts of Whole Whole Parts of | Parts of
shapes Spatial Shapes Spatial shapes Spatial Shapes Spatial
relations relations relations relations
£ % % £
8 * * * *
E £ £
: * *
= ® ® *
.g * * * *
(=) * * *
m * * * *
8 * * *
E k k sk
M * * * 3
E * * *
e * * * *
g} * * *
3k ES * *

3.2.1.2.2. Deriving hybrid rules from compound grammar rules

The relations between grammars with compound rules may be dependent or
independent. In the former, any adaptation in one grammar affects the other
grammar(s). While in the latter; one grammar can be adapted without changing the

other grammar(s) (Stiny, 1990, p. 102).

Hybrid rules can result from merging whole or part of shapes and/or spatial relations
of original parallel rules. In Figure 3.11, a parallel grammar combines the rules of
plan and elevation. The hybrid rule is the result of merging the whole shapes of both

the plans and elevations of the original rules.
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Figure 3.11: Hybrid rules result from merging process in parallel rules (Source: Author)

In addition, possible hybrid rules can be derived in parallel grammars by replacing
shapes or part of shapes and/or their spatial relations between two original rules using
interpolation and extrapolation. Example of the former, hybrid rules can be generated
by replacing the elevation boundary in one original rule with the elevation boundary
in the other original rule, as shown in the middle of Figure 3.12. On the other hand,
example of the extrapolation in hybrid rules can happen when new plans are prompted
as a result of replacing the whole elevations between original rules, as shown in the

bottom of Figure 3.12.

Plan Elevation Plan Elevation
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Figure 3.12: Hybrid rules result from replacement process in parallel rules (Source: Author)
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3.2.1.2.3. Deriving hybrid rules from labelled rules

In the labelled grammar, “the computation in the shape grammar combines two
computations — one with shapes and one with sets of labelled points — that are carried
out in parallel” (Stiny, 1990, p. 101). Hybrid rules can be derived by merging a shape
grammar from a host rules with a label grammar from a guest rules. In Figure 3.13,
the hybrid rule 1 combines the shapes and spatial relations of the original rule 1 with
the markers of the original rule 2, and the hybrid rule 2 combines shapes and spatial
from the original rule 2 with the markers of the original rule 1. Examples of the

designs derived by each rule show the effect of replacing labels in the hybrid rules.

Rules Designs in the language

Original rule 1: —

Original rule 2: >4> E;

Hybrid rule 1: o] —

Hybrid rule 2: D HI?

Figure 3.13: Hybrid rules result from replacement process in labelled rules (Source: Author)

3.2.1.2.4. Deriving hybrid rules from parametric rules

Another form of hybrid rule results from merging different parametric rules.
Grammars describing shapes having varied geometric scale are called parametric
shape grammars (Cagan & Mitchell, 1994, p. 175). Knight considers that “new shape
rules may be defined from a given one by parameterizing the shapes occurring in it”
(1981, p. 217). According to Cagan, “the parametric nature of shape grammars
enables the grammar to concisely represent large (sometimes infinite) variation within
a class of designs” (2001, p. 83). Design attributes such as parameters can be used to

differentiate designs having similar shapes. A shape in a rule can have dimensions
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which are fixed or parametric. A parametric shape is commonly called a ‘schema’ in
which some of its details or characteristics are fixed and others are varied. The
characteristics that vary are called the variables of the shape. Each variable has a
range of conditional variation to be satisfied by the values assigned to them (Knight,
2003, p. 135). Spatial relation can be varied by “parameterizing the shapes occurring
in it or by changing conditions on existing parameters”. The parametric shapes in a
spatial relation can vary either the shapes themselves or the disposition of these

shapes with respect to each other (Knight, 1981, p. 217).

In a parametric grammar, there are different ways to derive the hybrid rules. Firstly, in
the same way as with simple rules, hybrid designs can result from combining
parametric shapes belonging to different designs. Secondly, a hybrid rule can be
introduced by merging a shape from the host rule with a shape parameter in the guest
rule, as shown in Figure 3.14. In this example, the shape parameters of the upper
original rules are replaced with the shape parameters of the original rule at the middle
to constitute a new hybrid rule at the bottom. In this case, the large square in the upper
original rule where the length is equal to width (L=2a, W=2a) becomes a rectangle in
the hybrid rule having the same parameters of the ellipse in the middle rule in which

the width (c=3a) is twice the length (b=1.5a).

b=2a
T ]
Original rule:eeIE _ — [] 7}[@
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Figure 3.14: Hybrid rules result from parameters replacement (Source: Author)
The grammar user can mix the parameters of different shapes in different rules
relating to different designs to reflect the parametric variations of the same component

amongst existing designs in the corpus.

56



Chapter 3 A framework for hybrid adaptation using S.G.

3.2.2. Analysis phase of shape grammars for hybrid design —
Conclusions

The last section established the principles for writing rules in shape grammars for
hybrid component-based designs. The proposed procedures aim to achieve the hybrid
design requirements of being a mixture and having individuality. Knowledge about
the components of precedents should be represented in terms of sub-class rule sets to
be easily mixed. In addition, adding new hybrid rules to the original grammar rules
was proposed to enhance the individuality as well as the mixture by increasing the

options available to the grammar user at each stage of rule application.

The set of sub-class rules embodies the different configurations of the same
component among existing designs in the corpus. It consists of rules having different
right hand side (RHS) configurations, while their left hand sides (LHS) are the same.
Therefore they are applicable to the same part of the generated design. It plays a
dominant role in the derivation of hybrid design with a mixed character because it
provides the grammar user with multiple-choice rules belonging to varied existing
designs. Accordingly, organising rules in a sub-class rule set facilitates the mixing of

rules relating to varied precedents in the corpus.

On the other hand, adding new hybrid rules to original grammar rules enhances the
individuality by increasing the differences between the generated hybrid design and
its antecedents. Additionally, these rules can be added to both the sub-class rules set
and the instance rules set to enhance the mixture in the hybrid design. In the sub-class
rules set, the new hybrid rules will increase the available options of rules in each set.
Furthermore, a new hybrid rule added to an instance rule will modify it to a set of sub-

class rules which, in turn, offers multiple choice rules.

3.2.3. Synthesis phase of shape grammars for hybrid designs

This phase of a shape grammar is controlled by both the system and the grammar
user. It aims to identify the form of a design solution as a mixture of components from
varied designs in the corpus. It has two main operations: the selection of rules and the
application of rules. In shape grammars for hybrid designs, the adaptation tool
depends on changing the original sequence of rules by selecting rules from a variety

of designs in the corpus. To derive hybrid designs and not existing designs, the
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synthesis phase provides an interactive system for a grammar user to select eligible

rules from different antecedents in the corpus.

The first act of synthesising a hybrid design is for the system to direct the selection of
rules to a specific sub-class rule set. The second act in the selection process is guided
by the system and run by grammar users to control the process of searching for
alternative rules within the search space of the sub-class rules set. The third act in the
application process is run by the system to constrain the possibilities of applying a

rule by restricting its execution to derive only valid designs.

Based on the above, state labels and spatial labels (markers) are required to restrict the
format of rules and the sequence order of their applications (Knight, 1994, 1998). The
computation in a labelled shape grammar “combines two computations - one with
shapes and one with sets of labelled points - that are carried out in parallel and
influence one another mutually” (Stiny, 1990, p. 101). They are used to constrain both
the selection and application of rules to derive only feasible hybrid designs (Table
3.2). The rule selection is controlled by state labels and markers while the rule
application is controlled by markers only. State labels are the alphanumeric characters
attached to the rules to ensure hybridisation by mixing rules derived from varied
existing designs in the corpus. Markers are symbols attached to shapes in rules to
ensure the valid derivation of a hybrid design by restraining the formal and functional
compatibility of its components. The markers control the sequence of rules from one
sub-class rule set to the others, constrain the location where the rule applies, and

restrict the relation between the shapes in the generated design.

Table 3.2: The synthesis phase in shape grammar for hybrid designs

Type of process Type of controller | Control tools

Selection Sub-class rules selection Controlled by system | Markers
Synthesis | process Rule selection Controlled by user State labels
Phase Application Determine the location Controlled by system | Markers

process Determine the parameters | Controlled by user Parameters

3.2.3.1. Rule Selection in shape grammars for hybrid designs
The selection of rules in shape grammars for hybrid component-based design requires

firstly determining the component type by deciding the sub-class rules set from which
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the rules are to be chosen. In a computer implementation of an interactive shape
grammar system, the user is prompted with the available rules for application. A rule
must firstly be selected before applying it. The typical questions in shape grammars

for hybrid designs are:

® Does the grammar system restrict the sub-class rule set from which the next

rule can be chosen?

e If the user is free to select any rule from the sub-class rule set, then the
second question is: Does the grammar restrict which rules can be selected to

achieve hybrid designs and to avoid the derivation of existing designs?

To answer these questions, the following paragraphs focus on the selection of sub-
class rules set and the selection of rules in the synthesis process of shape grammar for

hybrid component-based design.

3.2.3.1.1. Selection of sub-class rule set

This process is run by a grammar system using markers as a technical mechanism to
direct the proper sequence of components in the derivation of hybrid component-
based designs. Their task within the selection process is to ensure the functional
compatibility of the selected rule with the generated design by directing the sequence
of design stages properly. To prevent the improper sequence of components, each rule
inherits the sequence of a next component from its antecedent(s). In this case, the
markers restrict the type of component in the next sub-class rule set from which the

next rule can apply.

Accordingly, the sequence of rules application from sub-class rules set to others is
guided using the marker which symbolizes the component type of the sub-class rules
set. The marker in the left hand side (LHS) of a rule is an indicator to the sub-class
rules set to which it belongs; while the marker in the RHS of a rule is an indicator to
the next sub-class rules set from which the next rule can be selected. In a sub-class
rules set, all rules share the same component marker in their LHS, while there are the
same or different component markers in their RHS. For example, if laboratory chair

designs are defined in terms of shape grammar for hybrid component-based designs,
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then each sub-class rules set define one of the main components of this type of chair'?
such as: bases, lifts, seats, backs and arms. The markers, in the LHS of the sub-class
rules set of chair bases are the symbol of the base, while the marker in the RHS of

these rules are the lift markers which direct the subsequent selection to the sub-class

rule set of chair lifts, as shown in Figure 3.15.

Figure 3.15: Using markers in the sub-class rule set of laboratory chair bases (Source: Author)

However, the markers in the RHS of the sub-class rules set of chair seats are varied.
They direct the user either to end the grammars in case of the stool chair, or to add a
chair back which in turn is followed by the chair arms or the end of the grammar in

case of the non arm chairs, as clarified in Figure 3.16.
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Figure 3.16: Sequence of rule application in case of laboratory chair design

According to that, in shape grammars for hybrid component-based design, the
markers in the RHS of rules in each sub-class rules set represent the similarity and

differences in the sequences of components among the existing designs in the corpus,

"2 The main components of laboratory chairs are concluded from a chair catalogue.
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as shown in Figure 3.16. The use of markers to restrict the next choice of rules with
specific components, based on precedents, leads to the derivation of valid hybrid
design and prevents components from being randomly overlaid - which may lead to

illogical designs.

3.2.3.1.2. Selection of rules

In a shape grammar for hybrid designs, the selection of rules is made by grammar
users under the system constraints. In the theory and practice of shape grammar there
are varied methods of selection. The selection technique of rules can be dependent on
the search technique or independent of it. Two approaches of rule selection can be
distinguished in which the user has a role in the selection process. They are either
direct selection or indirect selection. The differences between them can be attributed
to the use or non-use of the search technique. If it is used, then a further difference is
in the ordering of the selection and the search techniques. In the first approach, users
can select rules and choose matching conditions such as parameters and
transformations. They may decide the location to apply a rule and the sequence of
rules application. In this approach, selecting a rule precedes any search technique if it
is needed, such as in the shape annealing grammars (Cagan & Mitchell, 1993). On the
other hand, indirect selection of rules results from choosing criteria related to design
constraints or optimisation that act as controls on subsequent rule selection and
application. In this approach, search techniques precede any rule selection, such as the

implementation of Siza’s houses grammar (Duarte, 2001).
Methods of search in design can satisfy different criteria, the most relevant being:

e Optimally directed design, which seeks to achieve the functional, technical

and domain requirements and constraints.

¢ Goal directed design, which seeks to achieve the user’s wants, needs,
motivations, and contexts.

Both optimally directed and goal directed searches are used in shape grammar

practice. Shape annealing methods use optimisation criteria to control the derivation

of shape. They apply any rule which has a matching condition and then tests it to

decide if this rule is suitable or not according to the optimisation requirements (Cagan
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& Mitchell, 1993). Examples of goal directed shape grammars are the consumer
products which are “driven by a basic functional decomposition, but the products
themselves are differentiated by form” to achieve style change (Cagan, 2001, p. 73)
(Ahmad & Chase, 2007).

Based on the above, shape grammars of hybrid designs require an approach of rule
selection which combines both direct and indirect approaches. On one hand, the user
interaction is recommended to select rules in the same way as the direct selection
approach. On the other hand, the choice of rules should be constrained in advance, in
the same way as the indirect selection approach, to satisfy the design aim: deriving
innovative hybrid design. Shape grammar for novel component-based hybrid design is
a goal directed search in which the user should be able to select rules from a specific
subset of rules. This subset is part of a sub-class rule set and includes rules which are

eligible to derive the innovative hybrid design.

Accordingly two search mechanisms are suggested to help grammar users to achieve
the innovative hybrid design. The first mechanism uses state labels to identify the
antecedents in the corpus which have no rules or minimum rules in the previous
stages of design derivation. In this case, selecting rules belonging to these antecedents
leads to a hybrid design. The second mechanism attaches innovation metrics of hybrid
designs to the shape grammar. The grammar user receives feedback on the degree of
mixture and individuality each rule offers to distinguish the generated hybrid design

from antecedents in the corpus.

The use of the innovation metrics as a search mechanism in the synthesis phase has
been discussed in detail in section 3.3 of this chapter. The following section clarifies
the ways in which the state labels can constrain the rule options for the grammar user

to derive only hybrid designs.

3.2.3.1.3. State labels in shape grammars for hybrid designs

State labels in each rule are used as indicators of antecedents in two manners:

i.  Current indicators of the rule sources. Rule sources are existing designs in the
corpus from which the current rule is derived. These state labels are constant

values attached to the left hand side (LHS) of each rule in the grammar.
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ii.  Predictive indicators of the possible next rule sources. Next rule sources are
the existing designs in the corpus from which the next rule can be chosen to
derive the hybrid design. These state labels are constant or variable values

added to right hand side (RHS) of each rule in the grammar.

Thus the state labels in shape grammars for hybrid design can be both constant and
variable values. All current indicators are constant state labels. Each antecedent in the
corpus has a label to symbolize it. For example, if the corpus of antecedents is (n);
and there are 5 antecedents in the corpus, then each design has a symbol composed of

the letter d and the number varies among (/-5) as follows:
n=1{dl,d2,d3,d4,d5}

If the rule is derived from d2 and d5 then the current LHS state labels of this rule are:
{d2, d5}. Therefore, all rules in the grammar have LHS state label(s) to indicate one

or some of the antecedents in the corpus # as the rule sources.

On the other hand, predictive indicators have constant or variable state labels. Both of
them are attached to the right hand side (RHS) of each rule in a subclass rule set. The
predictive indicators are defined as either (n/) or (nx). (nl) is a constant state labels
attached to the RHS of all rules which have the initial shape in their LHS as the first
rules to be applied in a grammar. While (nx) is a variable state label attached to all
rules of sub-class rule sets that do not have the initial shape in their LHS. The variable
(x) is the stage number of rule application which is replaced at grammar runtime by an
ascending integer starting from 2 to y. The variable (n2) replaces (nx) in the RHS of a
second rule to be applied. The variable (ny) is attached to the RHS of the last rule to
be applied; whereas (y) is replaced by an integer which represents the total number of
rules required to derive a hybrid design. The use of variable state labels in the RHS of
rules gives the grammar flexibility in applying different numbers of rules and with
different sequences to derive hybrid designs. The same rule can have varied values of
(x) if it is applied multiply to the same design, or applied multiply in different

sequences to more than one design.
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3.2.3.1.4. The user guide grammar in shape grammars for hybrid designs

It is proposed that the user guide grammar for hybrid design may be used to specify at
rule application, the values of the predictive state labels: (n/ and nx). It is a parallel
grammar as “a network of two or more grammars that operate simultaneously”
(Knight, 2003). This guide is added to each rule in all sub-class rule sets to define
automatically at grammar runtime, the values of the RHS state labels of the current
rule. These values are the set of possible antecedents from which the LHS state labels
of the next rule can be chosen. The constant values of state label (n/) exclude the
LHS labels of the current first rule from the set of whole antecedents (n); while the
variable values of state label (nx) of other rules exclude the LHS labels of the current

rule from the set of state labels of the previous rule (n(x—1)).

nl = {n\LHS labels of the current rule}, which is {n — (the designs from which the

first rule is derived)}

nx = {n(x—1)\LHS labels of the current rule}

For example, if the value of 7 is:

n={dl,d2,d3, d4,d5}

And if the first rule is derived from d2 and d5, then the value of n/ is:
nl ={n\d2,d5} ={dl, d3, d4}

If the second rule is derived from d3, then the value of nx is:

nx = {n(x—1)\d3}

n2 ={n(2-I\d3} = {nI\d3} = {(dl, d3, d4)\d3} = {d1, d4}

The LHS state labels of a hybrid rule derived from two original rules is the sum of the
state labels of original rules. For example, if the first original rule has the state labels
{dl, d5}, and the second original rule has the state label {d2}, then the state labels of
the hybrid rule is{d1, d2, d5}.

However, there are two cases in which the value of the variable state label (nx) can be
{@}. The first case results from the non-matching condition between (nx) values and

the LHS labels of all applicable rules in the next subclass rules set. The other case
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happens when the state labels of all antecedents are exhausted in the previous steps of
design derivation. In both cases the value of (nx) is replaced by (nx*) which excludes
the current LHS labels from the set (m). The set (m) is part of the set of whole
antecedents (n), (m € n), and includes state labels of antecedents that have a minimum

number of applied rules in the previous stages of design derivation.
If nx = {@}, then

nx = nx*

nx*= {m\LHS labels of the current rule}

Additionally, if nx* is {@}, then nx* is replaced by nx** which is all antecedents (1)

that are not in both sets (nx and nx*), as follows:
If nx* = {@}, then

nx* = nx**

nx** = {n\(nx+nx*)}

If the generation of hybrid design has a limited number of rules, a specific component
to end the derivation, or both of them, then other constraints on state labels should be
added. In the case of grammars which generate designs with a limited number of rules
v, a state label (ny) on the RHS of last rule in design derivation is defined in the user

guide grammar as ny = 0.
If nx = ny, then ny =0

The only rule in the grammar that has a state label (0) in its LHS is the termination
rule. This rule aims to stop the generation process by removing state labels, markers,

or unwanted lines.

On the other hand, generating designs with a specific component to end the derivation
requires two constraints on state labels to be taken into account. The first constraint
ensures that the final component is added to the generated design while the second
constraint ends the derivation using RHS label ny = 0. With regard to the former
constraint, if the grammar can add the final component at any stage, then the

constraints on rules are as follow:
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¢ In the grammar rules, adding the symbol (") to the LHS state labels of all

rules that have the final component markers in their RHS, such as d1’, d2'.

e At grammar runtime, adding a symbol (') to the values of variable state labels

nx = n(y — 2) defined by the user guide grammar, such as:
nx=n(y—2)={d5, d§, d9'}

The latter condition constrains the choice of rules at the penultimate stage of design

derivation to only rules that add the final component markers.

Accordingly the significant role of the state labels in selecting eligible rules to derive
hybrid designs and not copies of existing is determined. Each rule has current and
predictive indicators defined using constants and variables to identify antecedents in
the corpus from which the current rule is derived and the next rule can be derived.
They also play a role in ending the design derivation using a specific rule to add the
final component, or a required number of rules to complete the derivation. The next
paragraph concerns the constraints on rule application in the synthesis phase of shape

grammars for hybrid designs.

3.2.3.2. Rule application in shape grammars for hybrid designs

In shape grammars for hybrid design, the application of a mixture of rules to generate
the hybrid product requires the use of markers beside state labels to obtain feasible
designs. The rule in the sub-class rule set may apply to different portions of the same
design, as well as to the different designs in the corpus. In addition, different grammar
rules can also apply to the same portion of the design. In these cases, markers as the
spatial labels ensure that the derived design is valid by constraining the rule

application to specific contexts.

In the application process, markers are technical mechanisms to control “where and
how rules apply to designs by distinguishing spatial aspects of rules and designs”
(Knight, 1994, p. 52). They have two main roles in the synthesis of hybrid design
using shape grammars. The first role in the selection process, as discussed in the
preceding section, ensures the functional compatibility between the selected rule and
the generated design. While in the second role, markers play an important role in the

application process by ensuring the formal compatibility between the selected rule
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and the generated design. They control where the rules apply to the designs and which
formal constraints can be applied. The location of markers maintains the proper
spatial relations between the shapes in the generated hybrid design. Figure 3.17 show
how the mixing of grammar rules (without markers) to derive the hybrid designs
could lead to a nonsense composition. The spatial relations between shapes derived by

applying rule 2 then rule 3 are meaningless.

Existing window H a
designs + Initial shape "+
2 3
a+ T a+
Shape rules of /\
existing windows m
b 4 b 5 | | b 6
- o+ > =1+ -+
Hybrid design

having a 2 3
wrong composition -+ > >

Figure 3.17: Hybrid design results from improper adjacency relations between shapes
(Source: Author)

The use of markers to control the generation of proper spatial relations between
shapes in hybrid designs is demonstrated in Figure 3.18. The role of markers in this

example is to restrict the location where the rule can apply.

Existing window H a
designs + Initial shape -

a 1 a 2 a 3
EE + o
labelled shape rules
of existing windows
4 5 | | 6 m
e o /\ e o — e o

a 1 6 a 3 5 I l
Hybrid window + + + +
designs having
proper compositions
a 2 4 a 2 6
=+ —> —> =+ —> —>

Figure 3.18: Using markers to derive hybrid designs with proper adjacency relations
(Source: Author)
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Based on the above, markers in shape grammars for hybrid designs ensure valid
designs by maintaining the formal and functional compatibility between the selected
rule and the generated design. In the selection process, they ensure the proper
sequence of components in design stages by directing the derivation process from one
sub-class rule set to others. Additionally, in the application process, they ensure that
each component is generated and placed in a reasonable relationship with other

components.

3.2.4. Synthesis phase of shape grammars for hybrid design -
Conclusions

In the last section, the tools for synthesising rules in shape grammars for hybrid
component-based designs using state labels and markers were defined. State labels
help to derive hybrid design by directing the user to choose rules from the varied
antecedents in the corpus. Markers in shape grammars for hybrid designs ensure valid
designs by controlling the functional and formal compatibility between components in

the generated hybrid design, as shown in Figure 3.19.

Hybrid Add the final
designs component
State
labels )
Valid Finish the
designs derivation process
. Valid
Markers | —» V?hd sequence of
designs
components

Valid
relations

between shapes

Figure 3.19: Roles of labels in the synthesis phase of shape grammars for hybrid design

To derive novel hybrid designs, the state labels in each rule have dual functions. On
the LHS of rules, the state labels are current indicators having constant values to
represent the antecedents in the corpus from which the current rule is derived. On the
RHS of rules, the state labels are predictive indicators of possible antecedents from
which the next rule can be chosen. With the exception of the first and last rules in the

derivation, the values of state labels in the RHS of all other rules are variable. The

68



Chapter 3 A framework for hybrid adaptation using S.G.

values of RHS state labels are defined by the user guide grammar for hybrid design.
In addition, state labels participate in deriving proper design by controlling the
addition of final component and ending the derivation process. Markers aim mainly
to derive valid designs by directing the proper sequence of components, and the
proper positioning and relations between shapes in the generated hybrid designs.

Their purposes can be summarised as follows:
¢ Guiding the proper sequence from sub-class rules set to the others.
¢ (Constraining the location where rules are applicable.

¢ Controlling the proper spatial relations between shapes in the derived design.

Built on the analysis and synthesis phases of shape grammars for hybrid designs, the

next paragraph concludes the characteristics of hybrid adaptation in shape grammars.

3.2.5. Hybrid adaptation in shape grammars
This paragraph concludes the hybrid adaptation strategies, tools and outputs. There
are three types of possible hybridisation using shape grammars depending on the type

of rules used to derive the hybrid designs, as follows:
e Hybrid designs derived using original rules only.
e Hybrid designs derived using hybrid rules only.

¢ Hybrid designs derived using both original and hybrid rules.

There are similarities and differences in adaptation strategies among these types as
clarified in Table 3.3. All three types use the incremental adaptation approach to
derive the hybrid designs. On the other hand, hybrid designs composed of original
rules only depend on both embedded and attached adaptation; hybrid designs
composed of hybrid rules only depend on attached adaptation; and hybrid designs
composed of both original and hybrid rules depend on embedded and attached

adaptation together.
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Table 3.3: Hybrid adaptation in shape grammars for component-based design
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The adaptation tools of hybridisation using original rules works on rule format and
rule orders. The former changes the rules’ spatial labels (markers) if they exist, or
adds them to the grammar to ensure the derivation of valid designs. The latter changes
the free sequence of rules or adds state labels to ensure the mixture of rules belonging
to a variety of designs in the corpus. Other adaptation tools are used to generate
hybrid rules by combining original rules. The format of original rules is adapted using
tools such as the parametric replacement, replacing an existing shape, merging
existing shapes, subtracting an existing shape and changing or adding spatial labels.
The rule order in hybrid designs composed of hybrid rules only is adapted by
changing or adding state labels, and the grammar structure is adapted by replacing the
original rules with hybrid rules and deleting the original rules from the grammar.
Lastly, the hybrid adaptation tools of rule format and rule order in hybrid design
composed of both original and hybrid rules gather tools of both hybrid adaptation
using original rules only and hybrid rules only, while the adaptation tool of grammar

structure is the replacement of some original rules with hybrid rules.

Tow outputs of hybrid adaptation in shape grammar can be identified. The first output
of all three types of hybrid adaptation results from the attached adaptation strategy. It
is a new grammar for new hybrid designs composed of either adapted original rules
only, hybrid rules only, or both adapted original rules and hybrid rules. The adapted
original rules result from changing or adding state labels and/or spatial labels. The
second output of hybrid adaptation using original rules only results from the
embedded adaptation strategy. It is an original grammar for both new hybrid designs
and existing designs when the hybrid adaptation tool depends only on changing the

free sequence of original rules.

The next section develops the method for assessing the innovation in hybrid

component-based designs using shape grammars.
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3.3. Evaluation method of innovation in hybrid designs

The research in shape grammars for innovative hybrid design aims to incorporate both
the generating and assessing roles of evaluation. In the former, a grammar user,
influenced by feedback signals from grammar rules, is able to choose the rules that
achieve the best innovation measures. In the latter, the degree of innovation in the
generated design is calculated for each applied rule to form feedback loop for a

grammar user at each stage.

To achieve the roles above, shape grammars for hybrid design are associated with
evaluation descriptions that follow compositions and drive the design derivation. The
proposed system is parallel grammars that compute with text and numbers. The
assessment uses calculation as “a method that is applicable whenever prediction is
based on some concise list of simple components, each of which is unambiguous and
certain, and when the dependencies between the components are well known” (Kalay,
2004, p. 318). It works on two levels: the rule evaluation and the generated design
evaluation. By linking the evaluation criteria to each rule in the grammar, two types of

feedback are provided to the user. They are:

i.  Rule evaluation values give feedback to a grammar user before choosing the
rule. They are default values added to each rule during the writing of the

grammar rules.

ii.  Generated design evaluation values give feedback to a grammar user after
applying the rule. Their values are computed and triggered automatically at
shape grammar runtime depending on the previous choices of shape rules in

the derived design.

The feedback obtained from the values of evaluation of rules helps the grammar user
to control the generated design evaluation values which in turn are feedback that may
indicate preferences for the next rule choices. The evaluation criteria in both levels

use metrics of the degree of innovation in the hybrid component-based design.
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The innovation metrics of the rules and generated designs take into consideration the
two main characteristics of the innovative hybrid design which are inferred from the

preceding sections, as follows:

i.  Being a mixture: the hybrid design combines and blends features from the
antecedents in the corpus. This character can be quantified by measuring the

variety and density of hybrid design antecedents used.

ii.  Having individuality: the hybrid design shows differences from the existing
designs in the corpus. This character can be quantified by measuring the

degree of matching to and difference from the antecedents in the corpus.

The next paragraphs clarify how the characteristics of innovation in the hybrid

designs can be measured using rules and grammar.

3.3.1. Innovation measurements via shape rules

It is proposed that a hypothetical definition may be made of the innovative hybrid
design as having high value of variety and density of antecedents in its mixture, and
high value of differentiation from all antecedents in the corpus. The degree of
innovation in the generated hybrid design can be predicted using the grammar rules
which give feedback signals on the mixed character and individuality of each rule.
These characters are the criteria for rule selection to be quantified in rule assessment

method, as follows:

e Rule prevalence value (RPV) is the measure of the mixed character of the

grammar rule.

e Rule geometrical difference value (RGDV) is the measure of the
individuality of the grammar rule in terms of the difference in the rule format

of the current rule from the other rules in the same sub-class rules set.

e Rule sequential difference value (RSDV) is the measure of the individuality
of the grammar rule in terms of the difference in the rule order of the current
rule from the other rules in the same sub-class rules set.

The values of these criteria are assigned by default to each rule in the subclass rule

set.
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3.3.1.1. Rule prevalence value (RPV)

The rule prevalence value (RPV) is a measure of the frequency of the rule in the
corpus of antecedents. It is an indicator to the degree of mixture as the innovation
character of the generated hybrid component-based design. Using rules with high rule
prevalence values to derive hybrid design enhances the mixed character of the
generated design. In this case, a large number of antecedents participate in the
derivation of a hybrid design. It is calculated as a ratio of the number of existing
designs that the current rule is derived from to the total number of existing designs in

the corpus (n), as follows:

Rule prevalence = the number of existing designs that the current rule is derived from

/ the total number of existing designs in the corpus

The rule prevalence value will vary between 1/n and 1. The maximum rule prevalence
value 1 means that the rule is derived from all existing designs in the corpus. This
case is rare in shape grammars for hybrid designs because the heterogeneity of
existing designs means only a small percentage of (or even none) rules are shared
between all antecedents. The minimum rule prevalence value occurs when the rule is

derived from only one existing design in the corpus.

3.3.1.2. Rule geometrical difference value (RGDV)

In shape grammar rules, the individuality of the generated hybrid design can be
measured in terms of its rules format. Rules in the same sub-class rule set can have
the same format but different orders which make them separate rules. In these cases,
rule prevalence value cannot be an indicator of the difference in the rule format.
Accordingly, there is a need to express the individuality in the rule format of the

generated hybrid design via the difference in the rule geometry.

The rule geometrical difference value (RGDV) measures the degree of dissimilarities
in shapes and/or their spatial relations of rules in the same sub-class rule set among
the antecedents in the corpus. It is the ratio of existing designs in the corpus having
different geometries from the current rule to the total number of existing designs in

the corpus. It is calculated as the result of one minus the ratio of existing designs
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having rules in the same sub-class rule set with a similar geometry to the current rule

to the total number of existing designs in the corpus, as follows:

Rule geometrical difference = 1 — (the number of existing designs in the same sub-
class rule set having similar geometry / the total number of existing designs in the

corpus)

High rule geometrical difference value enhances the individuality in the rule format of
the generated hybrid design. It results from a rule having the least number of designs
with a similar rule format in the same sub-class rule set. Maximum rule geometrical
difference value results from an original rule which is derived from one existing

design and having none similar rule format in the same sub-class rule set, as follows:

Maximum rule geometrical difference = 1 — (1/ the total number of existing designs in

the corpus)

Hybrid rules derived from merging the formats of two original rules have new
geometries which boost the individuality of hybrid design. They have a maximum
rule geometrical difference value 1 because no existing design in the corpus has a

similar geometry to the new geometry of a hybrid rule, as follows:

Hybrid rule geometrical difference = 1 — (0/ the total number of existing designs in

the corpus) = 1

In contrast, minimum rule geometrical difference is rare. Its value is O which results
from original rule in the sub-class rule set belonging to all antecedents in the corpus
or having similar rule format to other rules in the same sub-class set which belong to

all antecedents in the corpus.

Minimum rule geometrical difference = 1 — (the total number of existing designs in

the corpus / the total number of existing designs in the corpus) =0

3.3.1.3. Rule sequential difference value (RSDV)

The individuality in hybrid component-based design can also be measured in terms of
rule order. The rules inherit from their precedents the sequences of the next sub-class
rule set from which the next rule can be chosen. Different rules in the same sub-class

rule set can have the same rule order, defined in terms of markers, but different
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formats. They direct the user to choose the next rule from the same sub-class rule set.
Different rule orders can be assessed using rule sequential difference value to reflect
the dissimilarities in rule order in the same sub-class rule set among the existing
designs in the corpus. Rule sequential difference measures the ratio of existing
designs in corpus that a rule has a different sequence from them to the total number of
existing designs in corpus. It is calculated as the result of one minus the ratio of
designs having rules in the same sub-class rule set with a similar sequence to the

current rule to the total number of existing designs in the corpus, as follows:

Rule sequential difference = 1 — (the number of existing designs in the same subclass

rule set having a similar sequence / the total number of existing designs in corpus)

High rule sequential difference value enhances the individuality of the generated
hybrid design. It results from a rule having the least number of designs with similar
rule order in the same sub-class rule set. Maximum rule sequential difference value
results from a rule derived from one design and having none rules with similar

sequence in the same sub-class rule set.

Maximum rule sequential difference = 1 — (1/ the total number of existing designs in

corpus)

In contrast, minimum rule sequential difference value is O which results from original
rule belong to all the antecedents in the corpus or having similar rule order to other

rules in the same sub-class rule set which belong to all antecedents in the corpus.

Minimum rule sequential difference = 1 — (the total number of existing designs in the

corpus / the total number of existing designs in the corpus) =0

Based on the above, the rule assessments criteria are feedback signals that direct the
grammar user to generate innovative hybrid designs with high mixture and

individuality in both rule format and rule order.

3.3.2. Innovation measurements via grammar application
The innovative characters of hybrid component-based design such as being a mixture
and having individuality can be quantified in the generated and final designs via

metrics such as diversity, abundance, matching degree, design geometrical difference
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and design sequential difference. Diversity is the measure of the variety in hybrid
design mixture, while abundance measures the density in the mixture of hybrid
design. The other metrics such as matching degree, design geometrical difference and
design sequential difference are all measures of individuality in the generated hybrid
design. Matching degree is an inverse measure of individuality. On the other hand, the
design geometrical difference and sequential difference are direct measures of
individuality in the generated design. In the case of the former, it is the measure of
individuality in the rule formats of the generated design, and in the latter, it is the

measure of individuality in the rule orders of the generated design.

The innovation criteria are based on comparisons between the generated designs and

the antecedents in the corpus, as follows:

3.3.2.1. Diversity value

Diversity measures the variety of antecedents in the mixture of hybrid design. It is
calculated as the ratio of the number of existing designs participating in the generated

design to the total number of existing designs in the corpus, as follows:

Design diversity = the number of existing designs that the generated design is derived

from / the total number of existing designs in the corpus

Maximum diversity is 1 which results from applying rules belonging to all
antecedents in the corpus. On the other hand, minimum diversity is the case when all

applied rules in the generated design are derived from only one existing design.

Minimum design diversity = 1 / the total number of existing designs in the corpus

3.3.2.2. Abundance value

Abundance measures the density of the presence of antecedents in the mixture of
generated hybrid design. Its value takes into account the repetition of antecedent in
more than one rule, in contrast to diversity value which the repetition of antecedent

does not consider. Its value represents the average number of antecedents in each rule
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of the generated design. It is calculated as the ratio of the sum of existing designs in

the applied rules to the number of applied rules in the generated design, as follows:

Design abundance = the sum of the numbers of existing designs in the applied rules /

the number of applied rules

Maximum abundance value is equal to the total number of existing designs in the
corpus. It is the case when each of the applied rules is derived from all existing

designs in the corpus.
Maximum design abundance = the total number of existing designs in the corpus

Minimum abundance value is 1. It is the case when each of the applied rules is

derived from only one existing design in the corpus.

3.3.2.3. Matching degree value

Matching degree is an inverse measure of the individuality in the hybrid design. It
measures the highest ratio of similarity between one antecedent in the corpus and the
generated design. It is calculated as the ratio of the highest number of rules derived

from one existing design to the number of applied rules, as follows:

Matching degree = the highest number of rules derived from one existing design / the

number of applied rules

In the case of designs derived from hybrid rules only, or a combination of hybrid and
original rules, each hybrid rule is multiplied by (0.5) for matching degree calculation.
The reason is the new format of hybrid rule results from merging two formats of the
original rules. Therefore, the hybrid rule has less resemblance to existing designs than
the original rules. The decrease of matching using hybrid rules enhances the

individuality of hybrid designs derived by hybrid rules.

Maximum matching degree is 1, which results from all applied rules belonging to one
existing design in the corpus. This case leads to minimum individuality in the
generated hybrid design. On the other hand, minimum matching degree and maximum
individuality results from applied rules belonging to varied existing designs in the

corpus in which each existing design has one or none applied rule.
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3.3.2.4. Design geometrical difference value
Geometrical difference of the generated design measures the individuality in the
formats of applied rules. It is calculated as the average of rule geometrical difference

values of applied rules in the generated design, as follows:

Design geometrical difference = the sum of rule geometrical difference values of the

applied rules / the number of applied rules

Maximum geometrical difference in the generated design leads to maximum
individuality. It is resulted from applying rules with maximum rule geometrical
difference values which are derived from one existing design and have no similar rule
format in the same sub-class rule set. On the contrary, minimum geometrical
difference in the generated design is O which results from applying rules with
minimum rule geometrical difference values 0. Each rule, in this case, is either
derived from all the antecedents in the corpus or having similar rule formats to all or
some rules in its sub-class rules set which in total are derived from all existing designs

in the corpus.

3.3.2.5. Design sequential difference value
Sequential difference measures the individuality in the rule orders of hybrid design. It
is calculated as the average of rule sequential difference values of the applied rules in

the generated design, as follows:

Design sequential difference = the sum of rule sequential difference values of the

applied rules / the number of applied rules

Maximum sequential difference value of the generated design is the result of using
rules with maximum sequential difference values. These rules are derived from one
design in the corpus and have no similar rule order in the same sub-class rule set. On
the other hand minimum sequential difference value is O which results from applying
rules with minimum rule sequential difference values 0. Each rule, in this case, is
either derived from all the antecedents in the corpus or having similar rule orders to
all or some rules in its sub-class rules set which in total are derived from all existing

designs in the corpus.
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3.3.3. Innovation assessment of hybrid design - Conclusion

These metrics provide a measure of the innovation of hybrid component-based
designs using shape grammars. The main characteristics of innovative hybrid design
are defined as a mixture of components of antecedents and having the individuality

that distinguishes it from these antecedents.

The grammar user has both feedback signals and feedback loop to derive a hybrid
design with high values of innovation. Feedback signals are default values associated
to all grammar rules to measure the mixed character of rule using rule prevalence
value (RPV), and the individuality in both the rule format and rule order using rule
geometrical difference value (RGDV) and rule sequential difference value (RSDV)

respectively.

The feedback loop, on the other hand, is the innovation measures of a hybrid design
which are updated values added to the generated design after each applied rule. In
every feedback loop, the values of innovation measures resulted from applied rule
became the input data with the feedback signals of the next applicable rules. The
innovation measures are the diversity value which measures the variety of hybrid
design mixture, the abundance value which measures the density of hybrid design
mixture, the matching degree which is an inverse measure of the individuality of
hybrid design, the geometrical difference value which measures the individuality in
the rule formats of the generated hybrid design, and lastly the sequential difference
value which measures the individuality in the rule orders of the generated hybrid

design.

3.4. Implementation — objectives and requirements

The study needs to implement shape grammars for hybrid component-based designs

to achieve three main objectives:

e Firstly, to verify that the proposed method is able to generate hybrid designs

from the corpus of heterogeneous antecedents.
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Secondly, to verify the validity of the proposed measures of innovation in

hybrid designs.

Thirdly, to identify the indicators that the grammar user can take into

consideration to derive hybrid design with high innovation values.

The study aims to implement shape grammars for hybrid component-based design on

corpus of simple architectural configuration such as traditional minaret designs. The

reasons for choosing minaret as antecedents can be attributed to the following matters:

3.5.

Minaret is component-based design composed of easily recognised elements
with superimposed relations that make it a clear and tangible example of

hybridisation.
Minaret can be analysed apart from other mosque components.

The function in minaret is marginal. Therefore, the grammar can focus

exclusively on the formal characters of minaret components.

Minaret is a simple formal composition of several components which can be

analysed in a limited number of original rules.

There are varied designs of minaret which have heterogeneous

configurations.

According to historians, some of the historical minarets were already

generated using hybridisation.

Chapter summary

This chapter has defined shape grammar for hybrid designs as a bottom-up 13

component-based modelling approach. The procedures to derive hybrid design from a

corpus of antecedents using shape grammars have been developed within the analysis

and synthesis phases. Additionally, measurements of innovation in hybrid design are

proposed as indicators to give feedback to grammar users in an evaluation.

" In bottom-up approach, designs are built from known components in anticipation of satisfying
functional requirements.
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In the Analysis phase, to facilitate the mixed character of hybrid component-based
designs, grammar rules are defined in sub-class rule sets to represent the different
configuration of the same component among heterogeneous designs in the corpus.
Each sub-class rule set has multi-choice rules with the same left hand side (LHS) to
enable the grammar user to select from. In addition, the multi-choice rules can be
expanded by adding new hybrid rules to original grammar rules to enhance the

individuality character in the generated hybrid design.

The synthesis phase, on the other hand, ensures the derivation of feasible and novel
hybrid designs by controlling the rule selection and rule application using state labels
and makers. The former is used to constrain the rule selection to generate only hybrid
designs via the user guide grammar. While the latter seeks to generate feasible designs
by directing the sequence of rules from sub-class rule set to other, and controlling

which rule is applicable and where it can be applied.

The evaluation of the innovation degree in hybrid designs is proposed to give
feedback to grammar user on two levels: feedback signals and feedback loop. The
former are default values assigned to rules as indicators of both the mixed character
and the individuality in rules. They are the rule prevalence value (RPV), the rule
geometrical difference value (RGDV), and the rule sequential difference value
(RSDV). The latter, on the other hand, is the innovation metrics of the generated
hybrid designs which are triggered immediately after each stage of rule application.
They measure the variety and density of hybrid design mixture using the values of
diversity and abundance respectively. In addition, they measure the individuality of
hybrid design using the matching degree, the individuality of rule formats in the
generated hybrid design using the design geometrical difference value, and lastly the
individuality of rule orders in the generated hybrid design using the design sequential

difference value.
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4. PREPARING FOR THE IMPLEMENTATION

Chapter three defined a framework of shape grammars for hybrid component-based
designs within two phases of design: the analysis phase and the synthesis phase. In
addition, an assessment method is associated with the derivation of the hybrid design

to measure the degree of innovation in the generated hybrid design.

This chapter presents the initial stages of implementation in three sections. The first
section, 4.1, reviews the morphology of minaret designs in Islamic architecture and
defines the main components and characteristics of minaret design. The second
section, 4.2, identifies the study sample and gives a brief description of each. Lastly,
the specifications of the analysis and synthesis phases to satisfy shape grammars for
hybrid minaret designs are presented in section 4.3. A brief summary of the chapter is

included in section 4.4.

4.1. Introduction to minaret design in Islamic architecture

The reason for choosing minarets as the subject for investigating shape grammar
techniques for deriving hybrid designs can be attributed to its being a simple formal
component-based type. Minarets “seem unrelated to its function of adhan (calling the
faithful to prayer)” (Hillenbrand, 1994, p. 129). The functional and behavioural
attributes of minaret can be neutralised, therefore the minaret can be studied apart
from the mosque’s other components. The role of the grammar user can be interactive
to control the formal and structural attributes in a critic mode. The user can also
explore a variety of syntactical representations of minarets in a way that leads to

hybrid results.

This section reviews minaret design in Islamic architecture. It looks at the different
styles of this building type which varies widely according to the region and time

period. The syntactical anatomy of the minaret components and their relations is
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explained: this reveals the aspects of similarities and differences between varied
minaret designs. In addition, it concludes the design constraints and allowances that

the new hybrid minaret designs can take into account or ignore.

4.1.1. Minarets: terminological definition in Islamic culture

The minaret is the most prominent architectural feature of mosques. Minaret is a word
ultimately derived from the Arabic word meaning "sign" or "mark". The idea of a
minaret first arose during the Umayyad dynasty in Syria (J. M. Bloom, 1991, p. 55). It
is the principal vertical feature of most mosques which “provides a local landmark as
well as allowing the voice of the muezzin'* to carry over a considerable distance when
calling the faithful to prayer” (Frishman, 1994, p. 24). However, other studies
consider that the call to prayer can be adequately accomplished from the roof of the
mosque (Hillenbrand, 1994, p. 129). Grabar argues that “minarets did not appear
systematically until the twelfth century and that their function was not initially
restricted to a purely liturgical purpose connected with prayer, for in some instances
the minaret may also have served as local landmarks or as lighthouses” (Garbar, 1994,
p. 243). Bloom also refers to the use of minarets in some Islamic period to mark the

pilgrimage road (1989, p. 159).

Styles of various minaret designs can be distinguished in different regions and periods
of Islamic history which reflect heterogeneous compositions. In addition, according to
historians, there are already hybrid models which combine characteristics of minarets
of different regions and times. These two reasons, along with the fact that minaret has
simple syntactical configuration in which the function is ineffective, have led to the
choice of minarets for implementing shape grammars for hybrid component-based

designs.

4.1.2. The historical development of minarets

The minaret, as one of the mosque components, is either free standing or attached to
the mosque roof. The review of minarets in this section focuses on the minaret itself
apart from its position in the context of the mosque, and its relations with the other

mosque components.

' Muezzin derived from Arabic which means the man appointed to call to prayer.
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Architectural styles of the minaret down the centuries have been widely different in
various regions (Frishman, 1994, p. 24). Minarets take many shapes — square,
cylindrical, polygonal, spiral, or a combination of several — with each region
developing its specific formal type (Scerrato, 1976, p. 6). In Egypt in the 7" century

and Syria until the 13" century, the minarets are square towers, sitting at the four

Minaret
Head
Joint and
Lantern

. . 1
corners of the mosque as shown in Figure 4.1".

Minaret
Body

Figure 4.1: Minaret of Great Mosque of Ma'arrat al-Numan in Syria in 1099 AD

After that, Egyptian minarets are developed to be squares at the base and circular in
the upper registers, “the shafts were interrupted at intervals by very rich ornamented

. 1
balconies over mugarnas 6

cornices. Surface patterns consisted of niches, arches and
decorative panels”. In general, the decorative and multilayered appearance of the
minarets in Egypt was maintained (Figure 4.2)'", demonstrating in an obvious manner

their originality (Kuban, 1994, p. 97).

'3 Figure 4.1 left: http://en.wikipedia.org/wiki/File:Great Mosque_of Ma%27arrat_al-Numan_03.jpg,
Figure 4.1 right: analytical drawing has been done by the author.

' Mugarnas: “honeycomb or stalactite vaulting made up of individual cells or small niches; often
used as a bridging element”. (Hillenbrand, 1994, p. 599)

" Figure 4.2 left: http://lexicorient.com/e.o/ill/minaret02.jpg, Figure 4.2 right: analytical drawing has
been done by the author.
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Figure 4.2: Al-Azhar minarets in Egypt (10th century AD)

Other examples of Egypt minarets are the two minarets of Al-Hakim's mosque. That
at the north corner is a tall cylindrical shaft on a nearly cubical base; the other at the
west, is a tall square shaft, “surmounted by a series of receding octagonal courses”
(Creswell, 1926b, p. 257). The former has the typical Egyptian style which has
multiple divisions of parts. The lowest part is a cylinder resting on cube. Then there is
“an octagon shaft with blind arch and windows on each side, which give way to a
heavy band of a mugarnas decoration in three distinct tiers and a fluted keel-shaped
dome crowns the whole” (Figure 4.3)18. In the western minaret, there is "a reduction
in the size of the octagonal mugarnas zone and the square lower shaft is pierced by a

double tier of arched windows” (Hillenbrand, 1994, p. 166).

Figure 4.3: Al-Hakim’s northern minaret in Egypt (990-1003 AD)

' Figure 4.3 left: http://www.oldroads.org/images/hakim13.jpg, Figure 4.3 left right: (Hillenbrand,
1994, p. 506).
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In the Fatimid period (909-1171 AD) in Egypt, minarets share common features with
different proportions. They display the characteristic division of the minaret into three
separately conceived superposed tiers. They have square bases often of stone;
tapering, cylindrical brick shafts, and domed lanterns, often of three stories (Figure
4.4)19 (J. M. Bloom, 1984, p. 163). The Isna minaret (Figure 4.4 left) has ‘“‘a square
base some thirty five feet high, generously articulated by windows, rises a plain
tapering truncated cylinder capped by an open pavilion whose eight concave sides

bear a diminutive hexagonal domed aedicule” (Hillenbrand, 1994, p. 165).
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Figure 4.4: Minarets of Isna and al-Mashhad al-Qibli in Egypt (late 11" century)

In Maghrib and Spain, the ninth-century minarets typically have tall square-shafted
minarets (Figure 4.5)20. The minarets there consist of multi-tiered elevations which
tend to be rather smaller in size than the previous one. Three sides have blind
windows, and the fourth has real windows to admit light to the staircase. (Frenandez-

Puertas, 1994, p. 102)

" Figure 4.4 left: Isna minaret from http:/www.panoramio.com/photo/5792962, Figure 4.4 middle:
Al-Mashhad al-Qibli minaret (J. M. Bloom, 1984, p. 163), Figure 4.4 right: analytical drawing has
been done by the author.

0 http://www.sacred-destinations.com/spain/cordoba-mezquita-pictures/slides/d80_2_375.htm
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Figure 4.5: Minaret of Mezquita Cordoba (9" century)

1™ century), the minarets in Iran had seen the emergence of a

In the Seljuk era (form 1
tall, smooth cylinder broken only by small balconies. Iranian minarets in the 12
century were capable of generating surprising variety of forms. They include low
plinths that are flanged, lobed or combination of both (Figure 4.6)*'; others are
“octagonal with elaborate blind arcading, or that are square in ground-plan but pylon-
like in elevation”. In some cases, a circular shaft rests on an intermediate octagon
which is carried by a very plain square plinth. The plinth is quite plain in contrast with
the richly textured upper elevation. Sometimes, the plinth extends to such a height

that it rivals the cylindrical shaft in importance” as in the Kerat minaret (Figure 4.7).

(Hillenbrand, 1994, p. 153)

Figure 4.6: Bases of Iranian minarets

*! Figure 4.6: from (Hillenbrand, 1994, pp. 503, 504)
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According to Creswell, Persian minarets, down to the early part of the thirteenth
century, may be divided into three groups. Firstly, the two minarets at Ghazna (Figure
4.8)** had no descendants. Secondly, the tapering cylindrical shaft is the most
prevalent type such as the minaret at Semnan built in (1170-1171 AD) which is
without base (Figure 4.9)%. Thirdly, the octagon-cylinder type is the only one that
apparently did not stand free, such as Kerat minaret which is an octagonal-cylindrical
type with octagonal shaft of IS meters in height, surmounted by a cylindrical upper

storey of 9 meters (Figure 4.7)24. (1926¢, p. 292)

Figure 4.7: Kerat minaret Figure 4.8: Ghazna minaret Figure 4.9: Semnan minaret

In Mesopotamia, minarets first appeared in the twelfth century and the cylindrical
shaft was popular in the early examples. There are two types of form chosen for the

lower part: a square and an octagon, as follows:

e The first type is a tall, cylindrical shaft on cubic base. One of the examples is
the Great Mosque minaret in Mosul (Figure 4.10)%. Its cylindrical shaft rests
on a lower storey of 8.80 meters square and 15 meters high, with total height

of 45 meters.

*2 Figure 4.8: from http:/static.panoramio.com/photos/original/6271155.jpg
Bhittp://www.risaalaat.com/pictures/sitepic/city/Semnan/Damgan%20Jame %20Mosque %20Minaret, %

20Damgan.JPG
** (Creswell, 1926b, p. 259)

B http://static.panoramio.com/photos/original/9349869.jpg
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e The second type is cylindrical tower on octagonal lower storey (Figure 4.1 1%

and 4.12%"). Both Erbil and Ta’uq minarets have octagonal lower storey with

arched panels, surmounted by a tall, cylindrical shaft. (Creswell, 1926¢, pp.
293, 295)

Figure 4.10: Great Figure 4.11: Great Figure 4.12: Ta’uq
Mosque minaret in Mosul Mosque minaret in Erbil minaret

In Central Asia, architects experimented with another variation, characterised by more
massive proportions and a markedly tapered shaft, as in the Kalyan minaret and
Vabkent minaret in Bukhara built in 1196 AD (Figure 4.13)28. (Hillenbrand, 1994, p.
148; Scerrato, 1976, p. 74)

Minaret
Head

Stalactite

Lantern

Stalactite

Figure 4.13: Vabkent minaret in Bukhara

Zhttp://portal.unesco.org/culture/en/files/14243/10644187603irakmb_II 18 minaret_Erbil.jpg/irakmb
II_18_minaret_Erbil.jpg
Yhitp://www.gerty.nclac.uk/photos_in_album.php?album_id=17&start=180

* Figure 4.13 left: http://www.dwoodworks.com/travel/CA/page48/files/page48 2.jpg, Figure 4.13
right: analytical drawing has been done by the author.
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The minaret of Jam (1191-1198 AD) (Figure 4.14)* in Afghanistan is a sixty meters
tower which “consists of an octagonal base supporting three superposed tapering

shafts separated by mugarnas cornices crowned by a lantern” (J. Bloom, 1989, p.

173).

Figure 4.14: Jam minaret

In India and Anatolia, minarets commonly have their shafts enhanced by semi-
cylindrical grooves (Figure 4.15)™. The details of Qutb minaret in Delhi (1191-1198
AD) (Figure 4.16) 3 acknowledge the influence of eastern Iranian minarets
(Hillenbrand, 1994, p. 158). It “consists of five superimposed tapering shafts
separated by balconies resting on mugarnas corbels. The whole stands on a twenty-
four-sided polygonal base. The lowest story has twenty-four flanges, alternatively
semi-circular and angular; the second story has only semi-circular flutes, the third
story only angular ones. The fourth story is plain and the fifth has semi-circular

flutes” (J. Bloom, 1989, p. 172).

* Figure 4.14 right: (Hillenbrand, 1994, p. 132); Figure 4.14 left:
http://www.flickr.com/photos/7152100 @N04/421954029/sizes/m/in/photostream/
0 (Hillenbrand, 1994, p. 502)

31 http://www.planetware.com/i/photo/old-qutub-minar-delhi-ind008.jpg
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Figure 4.15: Indian type of minaret Figure 4.16: Qutb minaret in Delhi

The elevations of Bibi-ki Masjid minaret (Figure 4.17)%, are the later minarets in
India in 1590 AD at Burhanpur. They are “octagonal, hexadecagonal, cylindrical and
domed, with balconies on brackets separating the various stages”. (Hillenbrand, 1994,

pp. 158, 159)

Figure 4.17: Bibi-ki Masjid minaret in Burhanpur (1590 AD)

32httlg:// www.columbia.edu/itc/mealac/pritchett/0Oroutesdata/1500 1599/akbar/burhanpur/cousens189

2.jp
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The shafts of the Mamluk minarets in Egypt have a characteristic appearance which is
made up of a number of richly decorated segments. In the older types, a square base
carries an octagonal shaft. The last segment is cylindrical in form covered by a ribbed
cap and connected to the rest by a stalactite cornice. In the more recent types, a series
of dimensioning octagons are used. The octagonal base section was surmounted by
two upper sections, smaller in size to end with a tiny pavilion. The stalactite-
connecting elements were incorporated into balconies (Scerrato, 1976, p. 89). The
octagonal minarets, surmounted by small lanterns, became popular under the
influence of these minarets that were relatively common in the eastern lands of Islam

in the period before the Mongol conquest. (J. M. Bloom, 1991, p. 55)

The first example of the square-octagonal-circular type is the minaret of Sangar al-
Gawly (1303-1304 AD) (Figure 4.18)*°, which is “a marked elongation of the two top
storeys at the expense of the shaft; moreover, the lantern, instead of being octagonal,
with a dome circular in plan above it, is itself circular and the octagon forms a

separate storey” (Creswell, 1926b, p. 257).
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Figure 4.18: Sangar al-Gawly minaret

* Figure 4.18 left: (Creswell, 1926b, p. 259), Figure 4.18 right: analytical drawing has been done by
the author.
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Other minarets are regarded as octagonal minarets surmounted with a small lantern,
which is no longer a mabkhara but a little dome supported on columns, such as al-
Maridani (1340 AD) (Figure 4.19)34. In these minarets the square shaft shortens so
much that only its bevelled-off top corners show above the mosque roof, and the
visible part of the minaret commences with an octagonal shaft (Creswell, 1926b, p.

258).
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Figure 4.19: Al-Maridani minaret

In Ta’izz (south of Yemen) (Figure 4.20)35 , the minaret style is a free interpretation of
Ayyubid3 % and Mamluk®’ styles: typical features are polygonal multi-layered minaret
towers, richly articulated with niches and topped with small domes. (Kuban, 1994, p.

99)

 Figure 4.19 left:(Creswell, 1926b, p. 259), Figure 4.19 right: analytical drawing has been done by
the author.

% Figure 4:20: http://girlsoloinarabia.typepad.com/photos/uncategorized/2007/03/28/alashrafiyya.jpg
%% Ayyubid period (1169 -1250 AD)

7 Mamluk period (1250 -1517 AD)
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Figure 4.20: Al-ashrafiyya minaret in Ta’izz

Timurid and Safavid minarets, in the 15" century follow established precedents.
“Mugarnas cornices often five or six-tired, are perhaps denser than before or
developed bolder contrast of solid and void than their predecessors”. Also, there are
slight changes in the form of the balcony in this period, developing a distinctive
overhanging canopy above the railing (Figure 4.21)*®. In Safavid times, the form of a
tapering shallow-domed cylinder is the standardised topmost storey of the minaret

(Hillenbrand, 1994, pp. 157, 158).
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Figure 4.21: Minaret of mosque of Gauhar Shad in Mashhad

* Figure 4.21 right: analytical drawing has been done by the author, Figure 4.21 left: from
http://archnet.org/library/images/one-image.jsp?location_id=5877&image id=12001
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In Turkey, among variant forms of pre-Ottoman minarets, there are “square bases
with blind arcades or with chamfered upper corners, intermediate octagonal drums
with blind arcades, and various types of gadrooning®’ applied to the main shaft”.
Yivili minaret at Antalya (early 13™ century) is the best illustration of the latter
feature (Figure 4.22)*, where “a cannular flange divides the engaged columns from
each other”. The minaret of Hoca Hassan mosque in Konya is the most curious
version of the theme, whose “square shaft has a semi-circular buttress at the center of
each side, and similarly placed buttresses on the octagon above” (Figure 4.23)*'.

(Hillenbrand, 1994, pp. 163, 164)

The distinctive sign of Ottoman Islamic rule is the “sharpened pencil”-like minarets
with conical lead caps (Figure 4.24)*>. Minarets are related to the size of the mosque.

They are slim, circular of equal cross-section.

Figure 4.22: Yivili Figure 4.23: Hoca Hassan Figure 4.24: Blue
minaret minaret Mosque minaret

% In architectural decoration, gadrooning is surfaces worked into a regular series of (vertical) concave
grooves or convex ridges, frequently used on columns.
http://www.britannica.com/EBchecked/topic/211529/fluting-and-reeding

%0 http://www.archnet.org/library/images/one-image-large.jsp?location_id=14341&image_id=139794
4 http://www.fotothing.com/Zodyak/photo/0a700e537b977¢977e7a25b44b39fb08/

42 http://www.sacred-destinations.com/turkey/images/istanbul/blue-mosque/resized/blue-mosque-
minaret-cc-Cybjorg.jpg
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Ottoman minaret rose from a square or polygonal base. The plinth was commonly
square in plan but in elevation its walls sloped sharply inward. The main cylindrical
shaft is “punctuated by one, two or even three circular balconies carried on mugarnas
vaulting. Elongated conical roofs, sheathed in lead and ending in finials, caped the
shafts”. Often the shaft is a polygon and not a cylinder, whereas the angles are so

obtuse that have the visual effect of a cylinder. (Hillenbrand, 1994, p. 164)

4.1.3. Other models of minarets

2

At the same time, there are “non-standard” models of minarets such as Samarra
(Figure 4.25) * and Ghazna (Figure 4.8). Samarra (847 AD) in Iraq, is an
“extraordinary helicoid minaret” that had an impact upon Ibn Tulun spiral minaret
(Figure 4.26)** in Egypt (Hoag, 1968, p. 18). In addition the Ghazna minarets (Figure
4.8) of Bahramash and Masud III in Afghanistan (1099-1115 AD) are tall and slender

having the high lower unique storey in the form of star-shaped polygons.

Figure 4.25: Samarra minaret Figure 4.26: Ibn Tulon minaret

4.1.4. Historical hybridisation in mosque and minaret designs
The literature on Islamic architecture reveals the role of hybridization in generating
some monuments of Islamic architecture including mosques. The fusion of elements

from several styles can be seen which reflects “the Islamic ideal of a refuge formed of

43

http://rubens.anu.edu.au/raider6/iraq heritage/photos/samarra0.jpg
* hitp://www.lifeinthefastlane.ca/wp-content/uploads/2008/10/mosque_ibn_tulun_4sfw.jpg
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endlessly repeated, hypothetically identical, shapes and spaces” (Hoag, 1968, pp. 19,
20). The Mamluk architecture was primarily derived from the Syrian tradition, but it
showed a composite of other contributions that varied from the Iranian to the
Anatolian and from the Maghrebian to Romanesque-Gothic (Scerrato, 1976, p. 88).
Moreover, India, under the Muslim Mogul emperors, developed a mosque type in the
seventeenth century that reflects a hybrid of the other major types derived from

Turkish and Iranian mosques (Scerrato, 1976, p. 7).

The literature also suggests that there was an artistic influence in minaret designs
which moved from west to east and vice versa. For example, the minaret of Ibn Tulun
in Cairo (Figure 4.26), a work of the late ninth or early tenth century is a spiral,
circular in plan, with a staircase outside, a type derived from Samarra (Figure 4.25). It
has the following stylistic features in common with those of the Andalusian Emirates
such as the proportion in which its height is twice its width; the horseshoe arches with
or without frame; and having double blind arches divided by a central column on its
facades. Also, the external staircase around a cylindrical shaft imitates the Abbasid
manner. In addition, the mosque itself, al-Qatai built in (876-79), has Abbasid
characteristics (Frenandez-Puertas, 1994, p. 103) (Creswell, 1926b, p. 257). Also, in
Ottoman Tunis, there is a type of octagonal minaret, “each face richly tiled and the
whole crowned by projecting balcony and steeped pavilion™. It reflects “a blend of the
local tradition with the slender pencil-shaped Turkish minaret, and manages to forfeit

the distinctive qualities of both” (Figure 4.27)*. (Hillenbrand, 1994, p. 142)

Figure 4.27: Hammuda Pasha minaret in Tunis

* hittp://www.trekearth.com/gallery/photo147558.htm
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4.1.5. Syntactical analysis of minaret designs
Minarets components can be classified in the following categories: main components,

joints and secondary components as follows:

¢ Main components of minaret comprise five elements. They are the base
(plinth or socle), the body (shaft), the balcony, the lantern*® and finally the
head (such as dome, cupola) as shown in Figure 4.28. Both lantern and head
are called the mabhkara *’. Some minarets are composed of a body and a
head only; others have all the five components. In addition, in some minarets,
there are multi bodies and balconies unlike the other components such as the

base and head which should be singular.

¢ Joints are transitional elements between main components, especially body

and balcony such as muqarnas as the stalactite-like components and cornices.

¢ Secondary components comprise niches and openings such as entrance and
windows, arcades and ornamental patterns such as Arabic calligraphy,
geometric tracery and floral band.

Minaret
head

Joint: Cornice

an)
N/

Lantern
Balcony
Joint: Stalactite

Minaret
Body

)
L/

Balcony

Joint: Stalactite

Minaret
Body

(1)
\/

Minaret
Base

Figure 4.28: Main components of minaret (Source: author)

% Lantern is the connector between body and head. Its diameter is almost narrower than the body’s
diameter underneath it. It has openings such as arcades or windows which facilitate its function as a
source of light.

*" Mabkhara is “two separate storeys, whose formal and decorative independence from each other is
underlined by the use of different ground-plans: an octagonal storey giving way to a circular one
which bears the crowning dome and finial”. (Hillenbrand, 1994, p. 170)
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In this implementation, the syntactical analysis of the corpus of minarets focuses only

on the main components of minaret: base, body, balcony, lantern and head, in addition

to the joints between them. The secondary components are ignored to simplify the

application by reducing the number of original rules.

4.1.5.1. Formal differences in minaret designs

The main differences in traditional minaret designs that characterise the

heterogeneous corpus of minarets can be determined by:

The number of components in the minaret. This differs from one minaret to

the others.

The sequence of main components from the base to the head. This differs
from minaret to others, as in the following sequences from the bottom to the
top:

Base — body — head

Base — body — lantern — head

Base — bodyl — body2 — body3 — head

Base — body — balcony — lantern — head

Base — bodyl — balconyl — body2 — balcony2 — lantern — head
Different configurations of each main component which have varied sections
such as standard geometrical shapes: square, circle, octagon, polygon of 10,
12 or 16 sides; in addition to other shapes such as: stellar and lobular shape.
Also, the main components may have varied elevations even if the sections
are the same, such as the difference between spherical dome and conical
dome. The minaret heads also may vary in both sections and elevations such

as hemispherical dome, lobed dome, bulbourethral form dome and ribbed

cap.

Different proportions of the main components among minarets are found
(Figure 4.29)" including the following:

* The proportion of width to height of the one minaret differs than other
minarets.

* The proportion of width to height of each component differs from one
minaret to others.

*® (Hillenbrand, 1994, pp. 130, 131)
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* The proportion among components’ diameters of each minaret is different
from one minaret to others.

* The proportion of components’ height of each minaret is also different from
one minaret to others.

* The proportion of each component diameter to the total minaret diameter
varies from minaret to others.

* The proportion of each component height to the total minaret height varies
from minaret to others.

Figure 4.29: Different proportions of minaret designs (Hillenbrand, 1994, pp. 130, 131)

¢ Different shapes of joints can be distinguished, such as Muqarnas (stalactites)

and cornices.

e Different shape of secondary components such as openings, arcades,

ornaments, etc.

4.1.5.2. Constraints and variations in minaret designs

The hybridity in minaret design should take into account the fact that the generated
designs do not deviate from the main stream of traditional minaret designs. The new
design should meet design constraints induced from the old minarets. At the same

time, it can benefit from design variations that the old designs have.
The constraints can be discussed in relation to the number of components, the

geometry of components, and the sequence of components.

4.1.5.2.1. Constraints on the number of minaret components
Despite the fact that there is no specific constraint on the maximum number of

minaret components, for practical reasons this number cannot be infinite. To constrain
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this matter, it is suggested that the maximum number of minaret components in the

new hybrid designs should be determined by the maximum number of components in

the analyzed corpus of antecedents. The minimum number of components in the

minaret design is two - a body and a head which are the essential components of any

minaret.

4.1.5.2.2. Constraints on the geometry of minaret components

The constraints regarding the components’ shapes that can be induced from the

antecedents are:

In most cases, minarets have a symmetrical composition.

If the minaret has multi-bodies of different diameters, then these diameters

are either the same or decrease gradually when ascending.

If the minaret has multi-balconies of different diameters, then the diameters

are either the same or decrease gradually when ascending.

The section of the body should be surrounded by the section of the base, joint
or balcony which precedes it, and the sections of joint, balcony which

follows it.

The section of the joint can be identical to or surrounded by the balcony or

lantern which follows it.

The section of the lantern can be identical to or surrounded by the section of

the joint or balcony which follows it.

The head should be surrounded by the section of the body, joint, balcony or

lantern which precedes it.

4.1.5.2.3. Constraints on the sequences of minaret components

The constraints regarding the components’ sequences that can be induced from the

antecedents are:

The lowest component of any minaret is either the base or the body.

The minaret base should be followed by a body directly or after a joint and/or

balcony.
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¢ The minaret lantern or head should be preceded by a body.
¢ The minaret lantern cannot be followed by a body.

e The upper component of any minaret is a head.

4.1.5.2.4. Variations of minaret design

Variations in the new minaret designs may be made in the following areas:

¢ In spite of the majority of minarets having a symmetrical composition, there
are two paradigms of asymmetrical models: Samarra in Iraq and Ibn Tulun in
Egypt as shown in Figures 4.25 and 4.26. This allows the derivation of

asymmetrical hybrid designs.

e [t is possible to have multi shapes of components’ sections in the same
design such as square, polygon (octagon) and circle in varied sequences.
Creswell asserts that, “the circular part in the Egyptian minarets always
comes above the octagonal, which in its turn rests on a square lower storey”
such as Emir Qusfin minaret (Figure 4.30) (1926a, p. 140). However, other
examples show different sequences using octagonal or eight-pointed-star
polygonal parts above the circular part such as in the Kangah of Faraj minaret

in Egypt (Figure 4.31)*° and Ghazni minaret (Figure 4.32)*° in Afghanistan.

1B
Pice:

Figure 4.30: Emir Figure 4.31: Kanqah Figure 4.32:
Qusfin minaret of Faraj minaret Ghazni minaret

* hittp://2.bp.blogspot.com/ BrntFFiXNSU/SPSKHBG-YI/AAAAAAAACDc/8U1ZoJKiu-E/s1600-
h/sultan.JPG
http://www.archnet.org/library/images/one-image-large.jsp?location_id=12583&image_id=128308
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Accordingly different sections of base, bodies, joints, balconies lantern and
head can be used in the same minaret design. Also, the section of each
component can be differentiated from the sections of both the preceding and
following components which take into account the constraints on surrounded
and surrounding relations. In this case, the sequence of varied shapes is

allowable within the constraints to derive hybrid minaret design.

e There is no canon governing the respective proportions of minaret, either the
whole or parts (Figure 4.29). Similarly in minarets consisting essentially of
multi-bodies, the proportional relationship between one body and others
could vary quiet markedly (Hillenbrand, 1994, p. 154) . For this reason, the
dimensional proportion of the analysed minarets can be parameterised to be

easily manipulated in the new hybrid design.

e [t is possible to have different types of joints such as muqarnas and cornices

between the same or different minaret components.

e [t is possible to have different openings and ornaments on base and body of
the same minaret design.

In conclusion, the review of minarets in the Islamic architecture reveals the actual

presence of heterogeneous models. In addition, exemplars of hybrid historical

minarets already exist. The study, in the next section, presents samples of twelve

minarets to be the subject for implementing shape grammars for hybrid designs.

4.2. Sample of the study: the corpus of 12 minarets

Twelve traditional minarets have been selected to be the corpus of antecedents in
shape grammar for hybrid minarets. To ensure the heterogeneity, the sample includes
non-standard models beside typical ones. It consists of well known minarets which
belong to different regions (Tunisia, Egypt, Iraq, Syria, Turkey, Iran, India, Yemen,
Uzbekistan, and Afghanistan) and different Islamic periods. Each minaret was
analysed syntactically in terms of its components and the relation between them as

follows.
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4.2.1. Minaret of the Great Mosque of Sidi 'Ugba in Tunisia

This is the Umayyad minaret in the Great Mosque of Sidi 'Ugba at Qayrawan, (724-
727 AD). It has the tradition of the tall square-shafted minaret (Figure 4.33)°". The
minaret consists of multi-parts of body and a head. The body is a stepped three-tier
elevation, each tier smaller than the previous one. The square of the tall body is about
10m a side, and the total height of the minaret is about 35m. The second and third
tiers are smaller replicas of the main shaft of the minaret, whereas the third one is
crowned with a lobed dome. The triply-stepped silhouette of the Qairawan minaret
was to remain something of a dead end in the later history of the minaret. (Creswell,

19264, p. 138; Hillenbrand, 1994, pp. 138-140)

Minaret
M Head
Minaret
Body

Minaret
- Body

Minaret
Body

Figure 4.33: Sidi 'Ugba minaret

4.2.2. Minaret of Khanqgah of Faraj b. Barquq in Egypt

The Minaret of Khanqah of Faraj b. Barquq, in Egypt (1398-1411 AD) is the square-
circular-octagonal type. It consists of square base and circular body surmounted by
octagonal lantern with an onion-shaped dome above it. The shafts were interrupted at
intervals by very richly ornamented balconies over joints consisting of mugarnas
cornices. The surface patterns contained niches, arches and decorative panels (Figure

4.34),

>! Figure 4.33 left: (Hillenbrand, 1994, p. 139), Figure 4.33 right: analytical drawing has been done by
the author

>2 Figure 4.34 left: http://2.bp.blogspot.com/ BrntFFiXN8U/SPSKHfBG-
YI/TAAAAAAAACDc/8UIZoJKiu-E/s1600-h/sultan.JPG , Figure 4.34 right: analytical drawing has
been done by the author.
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Figure 4.34: Khanqah of Faraj minaret

4.2.3. Minaret of Friday Mosque of Na'in in Iran
The Na’in minaret (960 AD) (Figure 4.35 )53 maintains the traditional square format in
ground plan of the base only.
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' |
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Figure 4.35: Na’in minaret

> Figure 4.35 left: http://www.flickr.com/photos/53047624 @N00/708078800, Figure 4.35 right:
analytical drawing has been done by the author,
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The innovative body was generated by setting a tapering octagonal shaft on the square
plinth. This shaft is two-thirds of the elevation, which thereafter becomes a tapering
cylinder. The transition from octagon to circle is muted as to be scarcely noticeable. A
cornice carries a substantial balcony and a small, cylindrical shaft surmounted by a
domed lantern pierced by multiple apertures. Apart from a palmette designs on the

cornice, the minaret is devoid of ornament. (Hillenbrand, 1994, p. 148)

4.2.4. Minaret of Jesus in the Umayyad Mosque in Syria

The original construction dates back to (706-715 AD). It is an amalgam of different
architectural styles that characterize the changing political environment. It was
renovated and restored by the Ayyubids, Mamluks and Ottomans after the earthquake
of 1759. It has a Mamluk lower part and an Ottoman top54. The former is a tall square
body, surmounted by a series of receding octagonal courses of small shafts separated

by joints and balconies (Figure 4.36)™.
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Figure 4.36: Jesus minaret

3% http://www.archnet.org/library/sites/one-site.jsp?site_id=7161

> Figure 4.36 left: http://commons.wikimedia.org/wiki/File:Umayyad Mosque Jesus Minaret.jpg,
Figure 4.36 right: analytical drawing has been done by the author.
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4.2.5. Anna minaret in Iraq

This is a freestanding tower which dates to the 1" century AD (Figure 4377 It
consists of a base, two bodies and a head. The octagonal base has an arched opening
on the north side providing access to the interior of the minaret. Its octagonal shaft

leans sidewise.

The minaret is decorated with eight rows of arched niches set in rectangular frames.
Every row is composed of eight niches located on each of the eight sides of the
octagon. Some of these sixty-four niches constitute windows to light the internal
staircase. The shaft ends with an octagonal recessed shaft covered by a low dome.
This recess creates a space for the terrace inscribed inside the minaret envelope; it is
accessible through four arched openings situated on the sides of the octagonal spire

below the dome. >’
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Figure 4.37: Anna minaret

% Figure 4.37 left:
http://www.arabictourism.org/iq//modules/gallery/images/99e6037u2722a9jdbqwf07742.jpg, Figure
4.37 right: analytical drawing has been done by the author.

7 http://www.archnet.org/library/sites/one-site.jsp?site_id=7825
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4.2.6. Yivli Minaret in Antalya, Turkey

The minaret construction dates to the mid 13™ century AD (Figure 438y Its square
stone base is six and a half meters tall and five and a half meters wide has chamfered
upper corners to meet an octagonal transition body carved with a blind niche on each
side. A narrow circular ring precedes the eight semi-circular flanks of the shaft which
are followed by a circular band below the stone muqgarnas and the balcony. The
minaret ends with a lead-covered conical top to cap a simple cylindrical tower above

the balcony. >
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Figure 4.38: Yivili minaret

4.2.7. Minaret of Blue Mosque in Istanbul, Turkey
The minarets of Blue mosque (1609-1616 AD) are fluted, pencil-shaped minarets that
have three balconies with stalactite corbels® (Figure 4.39)61. The shaft is considered

cylindrical because the angles of polygon are so obtuse that the visual effect is that of

Figure 4.38 left: http://www.archnet.org/library/images/one-image-
large.jsp?location_id=14341&image id=139794, Figure 4.38 right: analytical drawing has been done
by the author

> http://www.archnet.org/library/sites/one-site jsp?site_id=12121

%0 Corbel is a bracket of stone, wood, brick, or other building material, projecting from the face of a
wall and generally used to support a cornice or arch. http:/dictionary.reference.com/browse/corbels

®! Figure 4.39 left: http://farm2.static.flickr.com/1216/1464301698 23478f1ed8 jpg?v=0, Figure 4.39
right: analytical drawing has been done by the author
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cylinder. The base has a square plan but in elevation its walls sloped sharply inward

(Hillenbrand, 1994, p. 164)
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Figure 4.39: Blue mosque minaret

4.2.8. Minaret of Qubbat Talha in Sana'a, Yemen
The minaret was built in (1619-1620 AD) and reconstructed in (1831-1832 AD)
(Figure 4.40)%%.
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Figure 4.40: Qubbat Talha minaret

62 Figure 4.40 left: http://www.phase.com/bmcmorrow/image/40669685 , Figure 4.40 right: analytical
drawing has been done by the author.
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It is a square high base topped by an octagonal and circular shaft, single balcony and a
ribbed conical dome. A cornice was used at the top of the base and between the

octagonal and circular shafts.

4.2.9. Minaret of the Wazir Khan Mosque in Lahore, Pakistan

The minaret dates back to (1634-1635 AD). It sits on a square base (Figure 4.41)63, It
has an octagonal shaft rising to a height of over 30 meters. It consists of several stages
which are capped with balcony and kiosk configuration terminated with fluted

cupolas (Figure 4.42)*, all profusely decorated with the tile mosaic. ©
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Figure 4.42: Lantern and head of Wazir Khan minaret

% Figure 4.41 left: http:/www.flickriver.com/photos/rsarwar/sets/72157608139574104/, Figure 4.41
right: analytical drawing has been done by the author.
* http://www.flickr.com/photos/rsarwar/2951256897

65 http://www.ualberta.ca/~rnoor/mosque wazir khan.html
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4.2.10. Minaret of Abu el-Hajaj in Luxor, Egypt
The minaret is located in Aswan and is dated back to (1077-1082 AD) (Figure 4.43)66.

It has a square tall base and a tapering cylindrical shaft covered by dome.
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Figure 4.43: Minaret of Abu el-Hajaj in Egypt

4.2.11. Kalyan minaret in Bukhara, Uzbekistan
The minaret was built in (1127 AD). It has a cylindrical, tapering tower of 45.6 meters

high and 9 meters diameter at the bottom and 6 meters overhead (Figure 4.44)"".
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Figure 4.44: Kalyan minaret

%Figure 4.43 left: (Hillenbrand, 1994, p. 165), Figure 4.43 right: analytical drawing has been done by
the author.

%7 Figure 4.44 left:http://www.dwoodworks.com/travel/CA/page48/files/page48 2.jpg , Figure 4.44
right: analytical drawing has been done by the author.
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The body of the minaret is topped by a lantern-like rotunda with 16 arched
fenestrations. The minaret has a cone-shaped top above the rotunda. A multi-tiered

stalactite is used to crown the entire structure and to join the body with the lantern.

4.2.12. Ghazni minaret in Afghanistan

The minaret was built in (1098-1115 AD). It has a circular stone base. Its body
consists of two shafts. The lower storey is unusual cross section in the form of star-
shaped polygons formed by setting two equal and concentric squares at 45° and about
21 meters height (Figure 4.45)%. Above this portion was a cylindrical shaft which was
destroyed by the earthquake in 1902 AD. The total height of the minaret is 42 meters.
(Creswell, 1926c¢, p. 290; Scerrato, 1976, p. 65). No image of the complete minaret
exists. Figure 4.45 (left) is the situation before the earthquake, the middle image is the
current situation, and the right drawing is the intermediate state assumed by the

author.
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Figure 4.45: Ghazni minaret of Mas’ud III

% Figure 4.45 left: remains of the original state of minaret from (J. Bloom, 1989, p. 158), Figure 4.45
middle: the current state of minaret from http://www.archnet.org/library/images/one-image-

large.jsp?location_id=12583&image id=128308, Figure 4.45 right: analytical drawing for the
proposed complete minaret has been done by the author.

113



Chapter 4 Preparing for the implementation

4.3. Specification of shape grammars for hybrid minarets

This section concerns the definition of shape grammars for hybrid minaret designs.
The general procedures presented in the previous chapter for the analysis and
synthesis phases need to be dedicated to minarets. Writing rules of shape grammars
for the hybrid minarets requires firstly the definition of the original rules within sub-
class rules sets. In addition, the new hybrid rules can be added to increase the number
of possible hybrid designs and to improve their mixed and individuality characters.
On the other hand, detailed definitions of state labels and markers are identified to
constrain rule selection and application to derive feasible hybrid minarets.
Accordingly, the definition of both original rules and hybrid rules of shape grammars
for hybrid minarets including their markers and state labels are elaborated in the next

paragraphs.

4.3.1. Original rules of shape grammars for hybrid minarets

The study adopts parallel grammars which consist of a parametric shape grammar, a
user guide grammar and an evaluation grammar. The twelve antecedents are analyzed
by means of labelled 2D parametric shape grammars to represent their top and front
views. The original rules of shape grammars for hybrid minarets are defined in six
sub-class rules sets. In addition, specific state labels and markers are defined within

the original rules to restrict the resultant designs within the feasible hybrid minarets.

4.3.1.1. Sub-class rules sets of shape grammars for hybrid minarets

The original rules are defined in six subclass rules sets to represent the different
configurations of the main components of minarets: a base, a body, a joint, a balcony,
a lantern and lastly a head. Each rule has a serial symbol composed of (OR + the
sequence number of a rule in the sub-class rules set + a letter indicates the type of
sub-class rules set). For example, the rule symbol (OR3a) refers to the third original
rule of the minaret bases. The number of original rules in each sub-class rules set is

varied as shown in table 4.1.

114



Chapter 4 Preparing for the implementation

Table 4.1: Sub-class sets of minaret original rules

Name of sub-class Symbol of the
set of original rules | original rules
Minaret bases OR (1-7)a
Minaret bodies OR (1-14)b
Minaret joints OR(1-15)c
Minaret balconies OR(1-6)d
Minaret lanterns OR(1-4)e
Minaret heads OR(1-8)f

The initial shape of this grammar consists of centre lines to represent the coordinate
system of minaret top and front views, and the state label n which represents all the

antecedents in the corpus (Figure 4.46).

Initial shape :

Top View  Front View

Figure 4.46: Initial shape in the grammar of minarets

The initial shape exists in the LHS of all original rules of the sub-class rules set of
minaret bases, whereas the letter n is replaced by state labels to represent the specific

antecedents of the current rule (Figure 4.47).

LHS of the rule RHS of the rule
\ d3, d10 \ nl

| | . -
BT
\ \

| \ L=W L>=or<H L>M

Figure 4.47: Example from sub-class rules set of minaret bases

The state labels of antecedents in the corpus are defined in Table 4.2.
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Table 4.2: Labels of the corpus of antecedents

Name of antecedent Label of antecedent
Sidi 'Ugba minaret dl
Khanqah of Faraj minaret d2
Ni’an inaret d3
Minaret of Jesus d4
Anna Minaret ds
Yivli minaret dé
Blue mosque minaret d7
Qubbat Talha minaret ds
Wazir Khan minaret do
Abu el-Hajaj minaret d10
Kalyan minaret di1
Ghazani minaret di12

The LHS of all rules in other sub-class rules sets, such as bodies, joints, balconies,

lanterns and heads, consists of the following matching conditions (Figure 4.48):

e The centre lines to represent the coordinate system in both the plan and the
elevation. This simple and unified representation of the shape in the LHS of
all rules in the sub-class rule set facilitates the free choice of rules and then

the mixture of rules from varied antecedents.

¢ The markers to represent the current sub-class rule set; and, if applicable, the
functional and formal constraints regarding this rule. Only the LHS of rules
in the sub-class rule set of minaret bases have no markers because these rules

are applied once at the beginning of the application.

e The constant state labels to represent the antecedents of the current rule,

whereas each antecedent has a label as clarified in Table 4.2.

LHS of the rule RHS of the rule
‘ d3, di1

e [

\ Db>Dt Db>=or<H DKM

Figure 4.48: Example from sub-class rule set of minaret bodies
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The matching conditions in the LHS of rules make it easy to apply rules belonging to

varied antecedents on the generated hybrid minaret. On the other hand, the RHS of

rules consists of the following elements (Figures 4.47 and 4.48):

The centre lines to represent the coordinate system of both the plan and the
elevation. They are elevated to be located at the top surfaces of the plan and
elevation; except the rules of the sub-class rule set of minaret head (Figure
4.49) in which the centre lines remain in the bottom surface as the end of the

grammar.

The varied configurations of each component in each sub-class rule set.
However, the RHS of one of the rules in the sub-class set of minaret bases
has only the centre lines, the markers and the variable state labels because

some of the antecedents in the corpus have no base.
Parameters of dimensional proportions.
The variable state labels to represent the possible antecedents of the next rule.

The markers to represent the subsequent sub-class rule set with possible
functional and formal constraints regarding this rule. They are placed on the
centre lines in the top surfaces of plan and elevation except the RHS of all
rules in the sub-class set of minaret heads (Figure 4.49) which are devoid of
markers because they are applied once at the final stage to end the design

derivation.

LHS of the rule RHS of the rule

d2 nx
| \
|
2 e e o > - @ - — —
\
‘ \

Db>Dt Db>,= or <H
|

Figure 4.49: Example from sub-class rule set of minaret heads

4.3.1.2. Parametric rules of shape grammars for hybrid minarets

As concluded in the previous section, there is no canon to govern the respected

proportion of minaret components (Hillenbrand, 1994). The minaret can be embodied
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in any dimensions. Therefore, the dimensional proportions in shape grammars for
hybrid minaret design are parameterised. Shapes can be parametric in that the
geometric scale of the shape can be varied. Parameterisation of shapes can increase
the scope of shape grammars enormously and model shapes that could not otherwise
be realistically modelled (Cagan & Mitchell, 1994, p. 175). Parametric grammar is
flexible in shape recognition and able to generate more design variants than a basic
grammar (Chen, 2005, pp. 56, 78). In this case, the individuality character of the

generated hybrid designs is enhanced.

Parameters of minarets are variables that define the dimensional proportions of each
shape. They are used to restrict the configuration within the same topology
irrespective of definite scale values. For example, the proportion of the length, width
and height can be represented as either equality (=) or strict inequality (< or >),
whereas (L) represents a shape length, (W) represents a shape width, (H) represents a
shape height, (D) represents a shape diameter, (Db) represents a base diameter, (Dt)
represents a top diameter, and (M) represents a distance between markers, as shown in

Figure 4.50.

L=W L>=or<H LI>M

Dt

Db

e O

Db>Dt Db>=or<H DKM

Figure 4.50: The parameters of shapes in minaret rules

4.3.1.3. Markers of shape grammars for hybrid minarets

Markers play an important role in deriving valid designs. Main markers and
secondary markers are used in the shape grammar for hybrid minaret designs to
ensure that each component is generated and placed in a reasonable relationship with

other components.
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Main markers symbolize the functional type of each component such as a body (e), a
joint (), a balcony (m), a lantern (0) and a head (o). The main marker in the LHS of
each rule symbolizes the sub-class rule set to which the rule belongs. On the other
hand, the main marker in the RHS of each rule symbolizes the next minaret
component which is inherited from the rule antecedent(s) to direct the user to the
following sub-class rule set. For example, the rule in Figure 4.51 has the body marker
(®) in its LHS therefore it belongs to the body sub-class rule set. At the same time, the
following rule should belong to the sub-class rule set of minaret balcony because its

RHS marker is (m).

LHS of the rule RHS of the rule

do nx
\ | - l &

| ‘
R k.
|

Figure 4.51: Main markers in the LHS and RHS of the rule

The main markers in the RHS of a rule determine the position of added component
which is either surrounding or surrounded by the perimeter of existing component.
They also keep the valid sequence of minaret components which starts, in most cases,
with a minaret base and finishes, in all cases, with a minaret head. The role of these
markers is also to prevent the wrong positioning of components, such as adding the

body above the lantern or adding the lantern or head above the base directly.

Secondary markers, on the other hand, are part of the main markers which aim to limit
the rule application within specific functional and formal constraints derived from the
antecedents. The constraints using secondary markers have two tasks: the first
concerns the functional sequence of the minaret components while the second
concerns the formal sequence of shapes of minaret components. An example of the
functional constraints is the secondary markers of joint and balcony which prevent
forbidden cases such as adding either a joint followed by a lantern or a balcony
followed by a lantern above the minaret base directly or adding either a joint followed

by a body or a balcony followed by a body above the lantern.
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Formal constraints of the secondary markers keep the proper containment relations
between the boundaries of minaret components as found in the antecedents. If the
minaret components share the same boundary diameter, then the added shapes must
be inscribed in the boundary of the component underneath it, except the lobular and
stellar shapes that can be circumscribed by octagonal and circular shapes. Accepted
relations between shapes that share the same diameter are clarified in Figure 4.52. For
example, it is possible to add an octagon or circle (dashed line) above a square
(continuous line), to add a circle (dashed line) above an octagon (continuous line) and
lastly to add the octagon (dashed line) above a stellar (continuous line). However,
other cases are avoided such as adding a square shape above an octagon or a circle, or
adding an octagon above a circle. The reason is although they share the same
diameter, even so the perimeter of a square is longer than the circumference of an
octagon or a circle, and the circumference of an octagon is longer than the

circumference of a circle.

Vad N -~ =S
/ \ / AN
/ \ / \
y / \
\ /]
N, I \ ,
A -~ N v
Ny d N = |, VA
Existing shape @ -—————- Added shape

Figure 4.52: Constraints on the sequence of shapes of minaret components

Detailed descriptions of the functional and formal constraints on the sequence of
minaret components using main and secondary markers in shape grammars of hybrid

minaret designs are listed in the following paragraphs.

4.3.1.3.1. Body markers

Body markers in the RHS of rules direct the user to the sub-class rule set of minaret
bodies. They constrain the location and the formal characteristics of the overlaid
components in case of having the same diameter, length or width. They include the
main marker of body (@) which refer to the possibility of adding any type of body

shapes such as a square, an octagon, a circle, a polygon, etc. This marker includes
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secondary markers with extra constraints, such as adding bodies with an octagonal, a
circular, a lobular or a stellar boundary (), and more specific secondary markers of
adding only a circular, a lobular or a stellar body shape (#). Accordingly, the

relations between body markers are as follows:

o> X OO XD S

4.3.1.3.2. Joint markers

In shape grammar for minaret designs, different minaret components are connected
using joints such as base, body, balcony, lantern and head. The joint markers in the
RHS of any rule direct the user to the sub-class rule set of minaret joints. They specify
the location where the joint can be added and constrain the sequence of next
components. The main marker of joints (<®) allows the user to add any component
above the joint. The secondary markers of the joint have functional constraints on the
type of component to be added above the joint. For example, the secondary joint
marker (®<) allows adding a body or a balcony followed by a body above the joint,
whereas the secondary joint marker (+<®) allows only adding a head or a balcony
followed by a lantern or a head above the joint. In this case, the secondary markers
prevent forbidden cases in minaret designs such as adding a body above a lantern or
adding a lantern or a head above a base directly before adding a body. The relations

between the joint markers are as follows:

<oed <>+«

4.3.1.3.3. Balcony markers

The balcony markers in the RHS of rules direct the user to select rules from the sub-
class rule set of minaret balconies. In all cases, they constrain the location of the
added balcony, and in some case, they restrict the formal characteristic of applicable
balcony and the types of components which follow it. The main markers (M) allows
the user to choose any shape of balcony which can be followed by any component.
The secondary markers of the balcony restrict the shape of the balcony boundary, the
function of the component following the balcony, or both. Examples of the formal
constraints on balcony shape are the balcony secondary marker (M) which allows the

user to add balconies having an octagonal or a circular boundary, and the balcony

121



Chapter 4 Preparing for the implementation

secondary marker (M) which restricts the choice of the balcony’s shape to a circular

boundary only.

The other balcony secondary markers have constraints on the function of next
component, such as the secondary marker (®) which represents a balcony followed
by a body, and the secondary marker (Ol which represents a balcony followed by a
lantern or a head. In addition, a combination of the formal and functional constraints
of the balcony secondary markers can be found, such as the secondary markers ()
and (M) which restrict the choice of the balcony to the ones having either octagonal
or circular shapes and followed by a body component in the case of the former and a
lantern or a head in the case of the latter. Additionally, the balcony secondary markers
() and (Ol) constrain the boundary of the balcony within the circular shape
followed by a body in the case of the former and a lantern or a head in the case of the

latter. The relations between the balcony markers are:

o E-oN HoeN H>ON

4.3.1.3.4. Lantern and head markers

In all rules, these markers constrain the location of the component to be applied and,
in some cases, they restrict their formal characteristics. The boundaries of the lantern
and the head in the corpus of twelve minarets are octagonal, polygonal, or circular.
Therefore, the main lantern marker ([J) adds any lantern shape marker, while the
formal constraint of secondary lantern marker (er ) adds only the circular lantern.
Also the main head marker (O) adds any head shape, while the head secondary marker
(@) adds only a circular boundary shape. Both secondary markers of a lantern and a

head are part of the main markers of a lantern and a head.

02,0598

Table 4.3 lists the markers in shape grammars for hybrid minaret designs.
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Table 4.3: Functions of markers in shape grammars for hybrid minaret designs

Markers| Functional and formal constraints
e Adding any body shape
E/[(;?l)(,ers ‘ Adding octagonal, circulrar, lobular or stellar shapes
' Adding circulrar, lobular or stellar shapes
| Adding any component above joint
‘llf(l)zif'll:ers @ Adding a body or a balcony followed by a body
+< Adding a head or a balcony followed by a lantern or a head
[ | Adding any balcony shape
x Adding an octagonal balcony shape
E/[ilil:lggz ‘ Adding a circular balcony shape
| Adding a balcony followed by a body
(o | Adding a balcony followed by a lantern or a head
Lantern O Adding any lantern shape
Markers JZ[ Adding a circular lantern shape
Head O Adding any head shape
Markers g Adding a circular head shape

4.3.1.4. State labels of shape grammars for hybrid minarets
In shape grammars for hybrid minaret designs, there are 12 antecedents in the corpus

n; each one has a symbol, d1 to d12, as defined in Table 4.2. Therefore n is:
n=1{dl,d2,ds3, ..., d12}

The state label 7 is attached to the initial shape which can be replaced by any label or
subset of labels of the 12 antecedents in the corpus. For example, the third rule in the
base sub-class rules set is derived from the antecedents d3 and d10, therefore the label
n of the initial shape in the LHS of (OR3a) rule is replaced by d3, d10; as shown in
Figure 4.53.

Rule Original rule of sub-class rule set of minaret bases The user gu;de grammar
no. for hybrid design
d3, d10 nl
‘ L nl = {n\d3, d10}
OR —e

3 | ot — — —lete nl = (d1, 2, d4, d5, d6,
| d7,d8, 9, d11, d12)

Figure 4.53: Example of a rule from the base sub-class rules set

The state label n1 is attached to the RHS of all rules in the subclass rule set of minaret

bases. The value of nl is defined by the user guide grammar as the whole twelve
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minarets in the corpus (n) minus the antecedents whose labels are in the LHS of the

current rule (Figure 4.53).

The variable state label nx is attached to the RHS of all rules of the other sub-class
rule sets of minaret bodies, joints, balconies, lanterns and heads. The variable x is an
ascending value which represents the sequence of the rule in the application and
varies from 2 to y. The variable y represents the total number of rules needed to derive
the minaret design which varies in the corpus of antecedents from 3 rules to 12 rules.
Accordingly, the use of the variable state label (nx) maintains the variations in both
the total number of minaret components and their sequences in the analyzed
antecedents. The values of variable nx are specified by the user guide grammar for
hybrid design by excluding the LHS labels of a current rule from the set of state labels

of previous rule (nx-1), as shown in Figure 4.54.

Rule Original rule of sub-class rule set of minaret bodies The user gu}de grammar
no. for hybrid design

| ds, di1 nx

‘ _ !
.. & . - nx = {n(x-1\d3, d11}
|

Figure 4.54: Example of a rule from the body sub-class rules set

To ensure the adding of the minaret head is the last stage of the grammar where x=y,
the symbol () is added as a constraint to the state labels in the LHS of all rules that
have the head markers on their RHS, as shown in Figure 4.55. These rules should be
selected at the penultimate stage of rule application. Therefore, at grammar runtime,
the symbol (') should be added to the set of nx=n(y — 2) in the user guide grammar of

the rule that precedes the penultimate rule.

Rule Original rule of sub-class rule set of minaret joints The user guide grammar
no. for hybrid design

| a4, d12' nx

|
‘ - R S
OSCR %7*4‘*—»4» - —p ﬂ:ﬂ nx = {n(x-1)\d4, d12}
i

Figure 4.55: Adding the symbol (') to LHS rules that add head markers
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The penultimate rule adds the head markers to the generated design in order to add the
head component to the derived shape by the last rule. The state label at the RHS of the
last head rule (nx = ny) is defined in the user guide grammar as zero. The only rule in
the grammar that has a state label (0) in its LHS is the termination rule (Figure 4.56)
which deletes the centre lines from top and front views of the generated design. For
the full list of original rules of shape grammars for hybrid minaret designs, refer to

appendix A-1.

Figure 4.56: The termination rule

4.3.2. Hybrid rules (HR) of shape grammars for hybrid minarets

In shape grammars for hybrid minaret designs, the hybrid rules are isolated from the
original rules and organised in sub-class rule sets of minaret bases, bodies, joints,
balconies, lanterns and heads. The hybrid rules are derived by merging two original
rules belong to the same sub-class rule set. Each rule has a symbol composed of the
letters (HR), the rule number in the sub-class rules set and lastly the letter which is a
symbol of the sub-class. The hybrid rule with the symbol (HR 3b) is the third rule in
the sub-class set of bodies’ hybrid rules. The number of hybrid rules in each sub-class

rules set is defined in table 4.4.

Table 4.4: Sub-class sets of minaret hybrid rules

Name of sub-class | Symbol of the
set of hybrid rules | hybrid rules

Minaret bases HR(1-12)a
Minaret bodies HR(1-23)b
Minaret joints HR(1-22)c

Minaret balconies HR (1-13)d
Minaret lanterns HR(1-12)e
Minaret heads HR(1-8)f
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The state labels in each hybrid rule are the sum of antecedents of its parents. In this
study, the new geometry of a hybrid rule is limited to combining parts of the formal
characteristics of both parents’ rules. The markers which determine the sequence of
the hybrid rule matches one of the parents’ markers or both of them if they have the

same sequence. Table 4.5 shows the different possibilities of hybrid rules by merging

two original rules (A) and (B) in shape grammar for hybrid minaret designs.

Table 4.5: Different possibilities of hybrid rules in shape grammars for hybrid designs

A&B A&B A & other B &other 1 oy idrule | Hybrid rule
Geometry | Sequence sub-class rules sub-class rules Geometry Sequence
Geometry Geometry
Different Different Different Different A+B AorB
Hybrid Different Similar Different Different A+B A=B
rules Different Similar Similar Different A+B A=B
with new | Different Different Similar Different A+B A
geometry | Different Different Different Similar A+B B
Different Similar Similar Similar A+B A=B

Two approaches are used to derive the geometry of the hybrid rules. The first
approach generates hybrid rules using an interpolation process, while the second
approach generates the hybrid rules using an extrapolation process. The term
interpolation is “a method of estimating values that lie between two known values”,
while the extrapolation is a method of estimating values that lie outside a known
range from values within a known range” (Terzidis, 2003, pp. 58, 60). The
interpolation is used to derive symmetrical hybrid rules, while the extrapolation is

used to derive asymmetrical hybrid rules.

4.3.2.1. Symmetrical hybrid rules using interpolation

In shape grammars for hybrid minaret designs, the primary activities of interpolation
are both combining the shapes of the parents’ rules and maintaining their original
characteristics. The formal conventions of the minarets in the corpus, such as the
symmetry, are retained. The shape and the spatial relation in the hybrid rule are
introduced between the shapes and spatial relations of its parent’s original rules, as

shown in Figure 4.57.
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Rule Subclass rule set of minaret body User guide grammar Evaluati £ rul
no. (Hybrid rules) for hybid design valuation of rules
dl, d4 nx
OR Rule Prevalence = 0.166
b & ——8 & ——- . 4} & e nx={n(x-D\d1, d4} Geometrical difference = 0.833
’ Sequential difference = 0.5

L=W L> =or<H DM

nx
OR Rule Prevalence = 0.166
5b £ —— g5 £ —— ra 4’ nx=(n(x—l)\d3, d11 ] Geometrical difference = 0.75
Sequential difference = 0.333
nx

Db>Dt  Db>, =or<H DKM

HR _ Rule Prevalence = 0.25
| e——e e—— o — nx={n(x-I\d1, d3, | Geomerical difference = 1.0
d4,d11} Sequential difference = 0.333

L=W  Lb>Lt Lb> =or<H Li<M

Figure 4.57: Hybrid rule derived using interpolation

4.3.2.2. Asymmetrical hybrid rules using extrapolation

Extrapolation looks beyond the formal conventions of the minarets in the corpus as a
means of discovering new forms. The hybrid rule in this approach seeks the shape that
falls outside the standards in which the rules of parents are known, such as

asymmetrical shape (Figure 4.58).

Rule Subclass rule set of minaret body User guide grammar Evaluati £ rul
no. (Hybrid rules) for hybid design valuation of rules
d1, d4 nx
OR Rule Prevalence = 0.166
1b —— -9 @ ——- - —p T ® nx={n(x-1)\d1, d4} | Geometrical difference = 0.833
’ Sequential difference = 0.5

L=W L> =or<H L>M

d4, d8 nx
OR Rule Prevalence = 0.166
3b o M——- »- 4} nx={n(x-1)\d4, d8} Geometrical qgrrerence =0.583
Sequential difference = 0.333
D> =or<H D<M
d1, d4, d8 nx
| Rule Prevalence = 0.25
HR i
e M——- e —p < - - Geometrical difference = 1.0
TH| E 3 nx={n(x-1)\d1, d4,
! ds} Sequential difference = 0.333

L=W L>=or<H [<M

Figure 4.58: Hybrid rule derived using extrapolation

4.3.2.3. Evaluation of hybrid rules

In the evaluation of the hybrid rule, the rule prevalence value of the hybrid rules is the
ratio of the antecedents of both parents’ rules to the total number of antecedents in the
corpus. The rule geometrical difference value of the hybrid rule having a new
geometry is the maximum value (1.0), while the sequential difference value of the

hybrid rule keeps the same value of one of its parent which has the same sequence

(Figures 4.57 and 4.58).
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The derivations of hybrid rules from original rules are listed in appendix section
A-2-1. In addition, the complete lists of hybrid rules of the shape grammar for hybrid

minaret designs are provided in appendix section A-2-2.

4.4. Chapter summary

The first section of this chapter presented a review of minaret designs in Islamic
architecture. Models of minarets belonging to a variety of periods and regions are
syntactically analysed and the constraints and variations in traditional minaret designs
are defined. Twelve heterogeneous minarets were introduced to be the sample of

shape grammar for hybrid minaret design.

The second section of this chapter identified the detailed descriptions of original and
hybrid rules in shape grammars for hybrid component-based design to suit the sample
of minarets under investigation. The subclass rule sets were defined and both the state
labels and markers were decided. In addition, methods of deriving hybrid rules from

minarets’ original rules were established.

128



Chapter 5 The implementation and results

5. THE IMPLEMENTATION AND RESULTS

In chapter four, a sample of twelve traditional minarets was identified to represent the
heterogeneous corpus and to be the subject of the implementation. In addition, a
framework of shape grammar for hybrid design was refined to cope with hybrid

minarets in particular.

In this chapter, the research hypotheses are put forward in section (5.1). Section (5.2)
presents three stages of implementation, each one with its results. Section (5.2.1)
shows the derivation of four examples of a hybrid minaret using original rules and
hybrid rules to validate the method of shape grammars for hybrid designs. The second
stage, in section (5.2.2), validates the innovation measures of hybrid designs by
testing their ability to distinguish between copies of existing designs and hybrid
designs. Lastly, the third stage, in section (5.2.3), identifies the factors that the
grammar user can take into account to boost the innovation values of a hybrid design.

A summary of this chapter is presented in section (5.3).

5.1. Research hypotheses

Chapter three (section 3.4) put forward three research objectives. Firstly, to verify that
the proposed method of shape grammars is able to generate hybrid designs from the
corpus of existing heterogeneous designs. The second objective was to validate the
proposed measures of innovation in hybrid designs. Finally, the third objective was to
identify the indicators for grammar user to derive hybrid designs with high innovation

values.
To achieve these objectives, the following hypotheses need to be proven.

e The proposed method of shape grammar for hybrid design is capable of

generating hybrid designs and not simply reproducing existing designs.
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5.2

The proposed innovation measures of the mixture and individuality in the
generated hybrid design have higher values in hybrid designs than copies of
antecedents. In addition, hybrid designs composed of hybrid rules have

higher innovation values than hybrid designs composed of original rules.

That the independent variables which the user can control such as the number
of rules used to derive the hybrid design and the rule evaluation factors,
especially the rule prevalence values, can be the indicators of innovation

measures in the generated hybrid design.

Stages of implementation

To achieve the research objectives and to examine the hypotheses, three stages of

implementation were prepared as follows:

Stage 1: examples of the derivation of hybrid minarets using original rules

and hybrid rules separately are clarified.

Stage 2: The original rules of shape grammars are used to derive copies of
the existing minarets with their innovation measures which are compared
with the innovation values of both hybrid designs composed of original rules

and hybrid rules separately

Stage 3: The effects of the number of rules and the rule evaluation factors on
the innovation measures were extracted from the examples in stage 2. In
addition, further investigation on some factors were done using 10 pairs of
hybrid minarets, each one composed of 6 and 10 original rules and hybrid

rules separately.

5.2.1. Stage 1: Examples of hybrid minarets

The method of shape grammars for hybrid design is verified by applying the minaret

grammar to derive examples of hybrid minarets using the original rules and the hybrid

rules separately. In fact, deriving hybrid minaret by mixing both original and hybrid

rules is possible, even so the study applied them separately to identify the difference

between them. The presented examples are derived using (7 or 8) rules as the average

number of rules in the corpus of antecedents which varies between (3—12) rules. The
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method has proved its ability to generate hybrid designs and to avoid the derivation of

copies of existing designs.

5.2.1.1. Examples of hybrid minaret using original rules

The study applied shape grammars to derive hybrid minarets composed of original
rules. The complete lists of original rules of the shape grammar for hybrid minarets
are provided in appendix section A-1. Two examples were derived using seven and

eight original rules and are described in the following paragraphs.

5.2.1.1.1. First example: hybrid design composed of 7 original rules

The first rule in shape grammar of hybrid minaret should belong to the sub-class rules
set of minaret bases which has the initial shape in the LHS of all rules. The rules in
this sub-class add either a base with markers or only markers if the antecedents are
without bases. In this example, the first rule initiates the generation by adding a

circular base to the composition (Figure 5.1).

l;:lf Example 1: Hybrid design derivation - 7 Original rules
| d12 nl
OR _— — - -
Ta ‘
‘ D>H D>M

The user guide grammar

Evaluation of the rule in

Evaluation of the design

for hybid designs the grammar in the grammar
Design diversity = 0.083
nl = {n\d12} Rule Prevalence = 0.083 Design abundance = 1.0

nl = {dl, d2, d3, d4, d5,
de, d7, d§, d9, d10, d11}

Geometrical difference = 0.916
Sequential difference = 0.5

Matching degree = 1.0
Geometrical difference = 0.916

Sequential difference = 0.5

Figure 5.1: Adding the minaret circular base in the first rule

The rule (OR7a) belongs to the antecedent (d12) in the corpus. Therefore, the variable
state label (n/) in the RHS of this rule is defined in the user guide grammar for hybrid
design as it represents the set of whole antecedents in the corpus (n) minus the
antecedent (d12). In this case, the user guide for hybrid designs controls the selection
of the next rule to belong to varied antecedents. The evaluation of the rule has default

values on which the grammar user can depend in selecting the rule. On the other hand,
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the evaluation of the generated design displays at grammar runtime the innovation

values at each stage of the design derivation.

The markers in the RHS of the first rule are the body main markers which allow the
user to add a body component without any restriction on the shape of its boundary.
Therefore, the second rule to apply belongs to the sub-class rule set of minaret bodies
and has body secondary markers in its LHS as part of body main markers to add a
tapering octagonal body above the circular base (Figure 5.2). The rule (OR4b) was
derived from the antecedent (d3) in the corpus. Thus, the user guide for hybrid
designs defines the variable state labels (n2) as the set of the previous rule (n/) minus
the antecedent (d3). The evaluation of the grammar calculated the innovation

measures of the generated hybrid design at this stage.

Rule

0.2 Example 1: Hybrid design derivation - 7 Original rules

1

Db>Dt Db<H Dt=M

OR
4b

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar

Design diversity = 0.166
Design abundance = 1.0
Matching degree = 0.5
Geometrical difference = 0.916
Sequential difference = 0.5

n2 = {n\d3} Rule Prevalence = 0.083
n2 = {dl, d2, d4, d5, d6, | Geometrical difference = 0.916
d7, d8, d9, d10,d11} Sequential difference = 0.5

Figure 5.2: Adding the minaret body above the base in the second rule

The markers in the RHS of the second rule are the body secondary markers which
allow adding the second body with an octagonal, a circular, a lobular or a stellar
boundary shape. According to that, the third rule in the grammar (OR12b) adds an
octagonal body derived from the antecedent (d9) (Figure 5.3). The variable state label
(n3) is defined in the user guide grammars for hybrid designs as the set of (n2) minus
the antecedent (d9). The evaluation of the generated design shows the innovation

measures of hybridity at this stage of the derivation.
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I;:l; Example 1: Hybrid design derivation - 7 Original rules

OR
12b

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar
n3 = {n2\d9} Rule Prevalence = 0.083 gz:;g gx;rs:gc; 2%50
n3 = {dl, d2, d4, d5, d6, | Geometrical difference = 0.583 Matching degree = 0.333
d7,ds, d10, d11} Sequential difference = 0.916 | Geometrical difference = 0.805
Sequential difference = 0.638

Figure 5.3: Adding the second minaret body above the first body in the third rule

The markers in the RHS of the third rule are the main markers of the balcony. These
markers admit the addition of a balcony which has any shape and can be followed by
any component. Therefore, the fourth rule has balcony secondary markers in its LHS,

as part of the balcony main markers, to add the circular balcony followed by a body

(Figure 5.4).
Rule . . . o . .
no.d Example 1: Hybrid design derivation - 7 Original rules
,‘ b, I I
d3, de6, d7, n4
OR
4d

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar
n4 = {n3\d3, 6, d7, d8} | Rule Prevalence = 0333 Design diversity = 0.5
>R . . Design abundance = 1.75
nd = {dl, d2, d4, d5 Geometrical difference = 0.583 . _
R Sequential difference = 0.5 Maiching degree = 0.5
d10, d11} Geometrical difference = 0.749
Sequential difference = 0.604

Figure 5.4: Adding the balcony above the second body in the fourth rule
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The rule (OR4d) was derived from multi antecedents (d3, d6, d7 and d8) in the
corpus. The antecedent (d3) does not belong to the set (n3) which defines the variable
state labels of the previous rule; even so the rule is eligible for selection and
application. In fact, the rules with multi-state labels can be chosen if there is only one
state label belong to the set (nx) of the previous rule. This rule has high rule
prevalence value and boosts the innovation measures of diversity and abundance. On
the contrary, the use of two rules derived from the same antecedent (d3) increases the

matching degree as an inverse measure of individuality.

The markers in the RHS of the fourth rule are the main markers of the body.
Therefore the fifth rule has body secondary markers, as part of the body main

markers, to add the octagonal body above the balcony (Figure 5.5).

Rule

0.5 Example: Hybrid design derivation - 7 Original rules

OR
6b

D<H D<M

The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
n5 = {n4\d4, d8} Rule Prevalence = 0.166 ges?gn dli)ver(slity N 0'?883
n5 = {d1', d2', d5', d10", |Geometrical difference = 0.583| xr o & GRCACE = 7.
di1'} Sequential difference = 0.333 Maching degree = 0.4
’ Geometrical difference = 0.716

Sequential difference = 0.549

Figure 5.5: Adding the body above the balcony in the fifth rule

The rule (OR6b) was derived from two antecedents (d4 and d8) whereas only (d4)
belongs to the set that defines the variable state label (n4) of the previous rule. In the
RHS of this rule the variable state label (n5) is (n(y — 2)), whereas (y = 7) is the total

number of rules to derive the hybrid design in this example. Therefore, the symbol (")
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is added to all state labels in the set of (n5) to constrain the choice of the next rule and
to ensure adding the head markers at the RHS of the next rule. The evaluation of the
grammar shows update values of innovation measures of the generated design at this

stage of derivation.

The markers in the RHS of the fifth rule are the main markers of joints which allow
the user to add a joint followed by any component. The next rule therefore has joint
secondary markers which add the joint component followed by the head (Figure 5.6).
The rule (OR15¢) was derived from the antecedent (d11) which belongs to the set of
variable state labels (n5) of the previous rule. Thus, the user guide grammar defines
the values of the variable state label (n6) by excluding the antecedent (d11) from the
set (n5).

Rule

0.6 Example 1: Hybrid design derivation - 7 Original rules

,,H,,

A
\

OR
15¢

Dt>Db Db>H Dt>M

The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
Design diversity = 0.666
— Rule P 1 =0.083
n6 = {n5\d11} ule Prevalence = 0.08 Design abundance = 1.666

n6 = {dl, d2, d5, d10} Geometrical difference = 0.583

Sequential difference = 0.666 Matching degree = 0.333

Geometrical difference = 0.694
Sequential difference = 0.569

Figure 5.6: Adding the joint above the body in the sixth rule

The head secondary markers in the RHS of the penultimate rule ensure adding a head
with a circular base to the generated minaret at the final stage. The seventh rule is the

final rule in the derivation of the minaret which ends the configuration by adding the
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head with a circular base at the top of the minaret (Figure 5.7). The rule (OR2f) was
derived from the antecedent (d2) which belongs to the set of variable state labels (n6)

of the previous rule. The variable state label of the final rule (ny = n7) is defined in

the user guide grammars as (0).

The final measures of the innovation in the whole generated design have been

Rule
no.7

Example 1: Hybrid design derivation - 7 Original rules

OR
2f

The user guide grammar

Evaluation of the rule in

Evaluation of the design

Geometrical difference =0.916
Sequential difference = 0.0

for hybid designs the grammar in the grammar
Design diversity = 0.75
n7=0 Rule Prevalence = 0.083 Design abundance = 1.571

Matching degree = 0.285
Geometrical difference = 0.725
Sequential difference = 0.487

Figure 5.7: Adding the head above the joint in the seventh rule

calculated at this stage. The values are as follows:

Diversity value is 0.75, whereas the maximum diversity in all hybrid design
is (1.0) which results from selecting rules belonging to all antecedents in the
corpus; while the minimum diversity in hybrid designs derived by original

rules is (0.083) which results from choosing all original rules belonging to

the same one antecedent in the corpus.

Abundance value is 1.571, whereas the minimum abundance in hybrid
designs derived by original rules is (1.0) which results from selecting all

original rules which are derived from only one antecedent in the corpus.
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e Matching value is 0.285 to both (d3 and d8) antecedents, whereas the
minimum matching value in case of hybrid designs composed of seven
original rules is (0.142) which results from antecedents in the corpus having
only one or no rule in the generated design, and the maximum matching
value in hybrid designs composed of original rules is (1.0) which results from

one common antecedent among all applied rules.

e Geometrical difference value is 0.725, whereas the maximum geometrical
difference in all hybrid designs composed of original rules is (0.916) which
results from all applied rules having one antecedent and having no similar
geometry among the other antecedents in the corpus. On the other hand, the
minimum geometrical difference in hybrid designs composed of original
rules is (0) which results from each applied rule having similar geometries to

all antecedents in the corpus.

e Sequential difference value is 0.487, whereas the maximum sequential
difference in all hybrid designs composed of original rules is (0.916) which
results from applied rules having one antecedent and having no similar
sequence among the other antecedent in the corpus. On the other hand, the
minimum sequential difference in all hybrid designs is (0) which results from
each applied rule having a similar sequence to all antecedents in the corpus.

The only rule which has a state label (0) in the LHS is the termination rule which

deletes the centre lines from the top and front views of the minaret (Figure 5.8).

Example 1: Hybrid design derivation - 7 Original rules

Figure 5.8: Termination rule
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5.2.1.1.2. Second example: hybrid design composed of 8 original rules

In the second example, the first rule in the derivation process belongs to the sub-class
rule set of minaret bases and adds a cubical base (Figure 5.9). The original rule
(OR3a) belongs to the antecedents (d3 and d10) which are excluded from the set that
defines the variable state label (n/7). Rules with multi-antecedents boost both diversity
and abundance values. The markers in the RHS of this rule are the body main markers

which allow the user to add a body with any boundary shape.

l;:lle Example 2: Hybrid design derivation - 8 Original rules
d3, d10 nl

1 o o
OR |
| > e

|

|

L=W L<H L>M

Evaluation of the design
in the grammar

Evaluation of the rule in
the grammar

The user guide grammar
for hybid designs

nl = {n\d3, d10}
nl = {dl, d2, d4, ds, d6,
d7, ds, d9, d11, d12}

Rule Prevalence = 0.166
Geometrical difference = 0.583
Sequential difference = 0.5

Design diversity = 0.166
Design abundance = 2.0
Matching degree = 1.0
Geometrical difference = 0.583
Sequential difference = 0.5

Figure 5.9: Adding the minaret base at the beginning of the application

The second rule has body secondary markers in its LHS, as part of the body main

markers, to add a short octagonal body above the base (Figure 5.10).

l;:lze Example 2: Hybrid design derivation - 8 Original rules
ds n2
OR /_ _\
70 | 1#— T % | e e
i ./
L

D>H D>M

The user guide grammar
for hybid designs

Evaluation of the rule in
the grammar

Evaluation of the design
in the grammar

n2 = {nI\d5}
n2 = {dl, d2, d4, dé, d7,
ds, do, d11, d12}

Rule Prevalence = 0.083
Geometrical difference = 0.583
Sequential difference = 0.5

Design diversity = 0.25

Design abundance = 1.5
Matching degree = 0.5
Geometrical difference = 0.583
Sequential difference = 0.5

Figure 5.10: Adding the minaret first body above the base in the second rule
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This rule was derived from the antecedent (dS), therefore the user guide grammar for
hybrid design defines the variable state label (n2) by removing the antecedent (dS)
from the set of variable state label (n/). The markers in the RHS of this rule are the
body main markers which allow adding the body with any boundary shape by the

third rule. The evaluation of the grammar shows the innovation values at this stage.

The Third rule in the grammar has body secondary markers in its LHS which are part
of the body main markers in the RHS of the previous rule. It adds a tapering
cylindrical shaft above the octagonal one (Figure 5.11). The rule (OR5B) belongs to
multi antecedents (d3 and d11) whereas one antecedent (d11) belongs to the set (n2)
which defines the variable state label of the previous rule. Therefore, the user guide
grammar defines the variable state label (n3) by excluding the antecedent (d11) from
the values of the variable state label (n2). The rule has joint main markers in its RHS.
Therefore the next rule in the generation process belongs to the sub-class rule set of

minaret joints.

Rule

no3 Example 2: Hybrid design derivation - 8 Original rules

d3,dl1 n3
|

J &

Db>Dt Db<H Dt<M

/_n

The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
n3 = {n2\d3, d11} Rule Prevalence = 0.166 Design diversity = 0.333
n3 = {dl, d2, d4, d6, d7, | Geometrical difference = 0.75 Demgr.l abundance = 1.666
ds, do, d12) Sequential difference = 0.333 |Matching degree = 0.666

Geometrical difference = 0.638
Sequential difference = 0.444

Figure 5.11: Adding the minaret second body above the first body in the third rule

The fourth rule in the grammar has joint secondary markers in its LHS which restrict

the following components to a head or balcony followed by a lantern or a head.
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Therefore, this rule adds the joint component which is followed by a balcony above
the body (Figure 5.12). The markers in the RHS of this rule are the secondary markers
of balcony which restrict the next choice of balcony rule to ones that have an
octagonal or a circular boundary shape and followed by a lantern or a head. The rule
(OR7c) was derived from the antecedent (d2). The user guide grammar for hybrid
design defines the variable state label (n4) by excluding the antecedent (d2) from the
set (n3) which defines the variable state label of the previous rule. The innovation
measures at this stage of the derivation are calculated and displayed at the evaluation

of the generated design.

l;:l:‘e Example 2: Hybrid design derivation - 8 Original rules
d2 n4
or |7\ .
"IN
Db<Dt Db>H Di=M

The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
n4 = {n3\d2} Rule Prevalence = 0.083 DeS§gn diversity = 0.416
n4 = {d1, d4, d6, d7, d8, | Geometrical difference = 0.833 Des1gq abundance = 1.5
do, d12} Sequential difference = 0.5 Matching degree = 0.5

Geometrical difference = 0.687
Sequential difference = 0.458

Figure 5.12: Adding the minaret joint above the second body in the fourth rule

The fifth rule adds the octagonal balcony above the joint (Figure 5.13). The rule was
derived from the antecedent (d9). The user guide grammar defines the set of variable
state label (n5) by excluding the antecedent (d9) from the values of variable state label
of the previous rule (n4). The markers in the RHS of this rule are lantern main
markers. Therefore the next rule should be chosen from the sub-class rule set of

minaret lanterns. However, there is no match between the values of (n5) and the LHS
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state labels of the lantern sub-class rule set. Therefore, the user guide grammar
considers the value of (n5) as @ and replaces the variable state label (n5) with the
alternative variable state label (n5*%). The values of (n5%*) are the set of the variable
(m) minus the antecedent (d9), whereas (m) is the antecedents in the corpus having

less rules in the previous steps of derivation.

Rule

0.5 Example 2: Hybrid design derivation - 8 Original rules
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The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
n5 = {n#d9} Rule Prevalence = 0.083 Design diversity = 0.5
n5 = {dl, d4, d6, d7, d8, | G.ometrical difference = 0.75 | Design abundance = 1.4
d12} Sequential difference = 0.833 |Matching degree = 0.4
n5 = {Q@} Geometrical difference = 0.699
nsS = n5% Sequential difference = 0.533
n5* = {m\d9}

n5* = {d2, d5, d10, d11}

Figure 5.13: Adding the minaret balcony above the joint in the fifth rule

The sixth rule adds the lantern above the balcony (Figure 5.14). The rule was derived
from the antecedent (d2) which does not belong to the values of the set (n5).
Therefore, the diversity value at this stage of derivation is the same as the previous
stage. The variable state label in the LHS of this rule is (n6) which is normally
defined in the user guide grammar for hybrid design as the value of the initial variable
(n5) minus the antecedent (d2). The sequence of this rule in the derivation is (y — 2),
therefore the symbol (') is added to the values of (n6) to constrain the choice of next
rule to only the rules that have head markers in their RHS. The markers in the RHS of
this rule are the secondary markers of a joint (+<€) which allows adding a head above

the joint or adding a balcony followed by a lantern or a head above the joint.
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Rule

0.6 Example 2: Hybrid design derivation - 8 Original rules

v
(o)
N

D>H D<M

The user guide grammar | Evaluation of the rule in | Evaluation of the design

for hybid designs the grammar in the grammar
n6 = {n5\d2} Rule Prevalence = 0.083 Design diversity = 0.5
n6 = {dl', d4', d6', d7', |Geometrical difference =0.916 D(=',s1gr} abundance = 1.333
ds', d12'} Sequential difference = 0.75 | Matching degree = 0.333

Geometrical difference = 0.735
Sequential difference = 0.569

Figure 5.14: Adding the minaret lantern above the balcony in the sixth rule

The seventh rule adds the octagonal joint above the lantern (Figure 5.15). The rule
was derived from multi-antecedents (d4 and d12) which both of them belong to the
set that defines the variable state label (n6). This rule enhances the diversity and
abundance values of the generated design at this stage. The user guide grammar for
hybrid design defines the variable state label (n7) as the values of (n6) minus the
antecedents (d4 and d12). The markers in the RHS of the penultimate rule are the
head main markers which direct the grammar user to add the head with any base
shape at the final stage of minaret derivation. Therefore, the final rule in the
derivation adds the conical head with polygonal base above the joint (Figure 5.16).
The variable state label (n8), at the RHS of this rule, is defined by the user guide

grammar for hybrid design as zero.
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1::'; Example 2: Hybrid design derivation - 8 Original rules
| ] | ]
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OR % | (i
D>H D>M

The user guide grammar
for hybid designs

Evaluation of the rule in
the grammar

Evaluation of the design
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Rule Prevalence = 0.166
Geometrical difference = 0.833
Sequential difference = 0.666

Design diversity = 0.666
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Matching degree = 0.285
Geometrical difference = 0.749
Sequential difference = 0.583

Figure 5.15: Adding the minaret joint above the lantern in the seventh rule
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The evaluation of the generated design presents the innovation values of the final

hybrid minaret. The values are as follows:

¢ Diversity value is 0.833, whereas the maximum diversity in all hybrid design
is (1) which results from selecting rules belong to all antecedents in the
corpus; and the minimum diversity of hybrid designs composed of original
rules is 0.083 which results from choosing all original rules which belongs to

the same one antecedent in the corpus.

¢ Abundance value is 1.5. The minimum abundance in all hybrid designs
composed of original rules is (1) which results from selecting all original

rules derived from only one antecedent in the corpus.

e Matching value is 0.25 to both (d2 and d3) antecedents. The minimum
matching value in case of hybrid designs composed of eight original rules is
(0.125) which results from antecedents having one or none rule in the
generated design, and the maximum matching value is (1.0) which results

from one common antecedent among all applied rules.

e Geometrical difference value is 0.759, whereas the maximum geometrical
difference in all hybrid designs composed of original rules is (0.916) which
results from applied rules belonging to one antecedent and having no similar
geometries among the other antecedents in the corpus. The minimum
geometrical difference in all hybrid designs composed of original rules is (0)
which results from applying rules having similar geometries to all the

antecedents in the corpus.

e Sequential difference value is 0.51, whereas the maximum sequential
difference in all hybrid designs is (0.916) which results from applying
original rules belonging to one antecedent and having no similar sequence
among the other antecedents in the corpus. The minimum sequential
difference in all hybrid designs is (0) which results from applying rules
having a similar sequence to all the antecedents in the corpus.

The termination rule, which has the state label (0) in the LHS, is applied to delete the

centre lines from the configuration (Figure 5.17).
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Example 2: Hybrid design derivation - 8 Original rules

Figure 5.17: The termination rule

5.2.1.2. Examples of hybrid minaret using hybrid rules

The hybrid rule is derived by merging two original rules (see appendix A-2-1). In
shape grammars for hybrid minarets, the original rules and hybrid rules are organised
separately from each other (see appendix A-1 and A-2-2). In this section, the study
shows two hybrid designs derived using seven and eight hybrid rules belonging to the
sub-class rules sets of minaret hybrid rules. Both symmetrical and asymmetrical

hybrid rules are used in the derivation.

5.2.1.2.1. First example: hybrid design composed of 7 original rules

The first rule in the derivation belongs to the sub-class of hybrid rules of minaret
bases (Figure 5.18). The rule was derived by merging the base configurations of two
original rules which belong to three antecedents (d3, d7 and d10). The user guide
grammar for hybrid designs defines the variable state label (n/) as the set of () minus
the antecedents (d3, d7 and d10). The markers in the RHS of the first rule are the
main markers of the body which allows the user to add a body with any boundary
shape. Therefore, the second rule belongs to the sub-class set of bodies’ hybrid rules

and adds a short body above the base.
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l;:lle Example 1: Hybrid design derivation - 7 Hybrid rules
| d3, d7,d10 | nl
‘ ‘ _ S
HR | 1
122 ——F—— ———— —> ¢+
‘ |
i i Lb=Wb Lt=Wt Lb>Lt
Lb>H Lt=M
The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar
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dg, d9, dl11, d12} Sequential difference = 0.5 Geometrical difference = 1.0
Sequential difference = 0.5

Figure 5.18: Adding the minaret base at the first stage of hybrid minaret generation

The second rule was derived by combining the characteristics of two original rules of
sub-class rule set of minaret bodies (Figure 5.19). The variable state label (n2) was
defined in the user guide grammar by excluding the antecedents (d1, d4, and d5) from
the set (n/) which defines the variable state label of the previous rule. The markers in
the RHS of this rule are also body main markers which guide the next selection to the
same sub-class rule set of minaret bodies. The evaluation of the grammar shows the

innovation measures of the rules and generated designs at each step of the derivation.

l;(l:lze Example 1: Hybrid design derivation - 7 Hybrid rules
di, d4, d5 n2 o
| B - |
HR ! T
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i N
‘ ‘ L=W L>H I>M
The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar
Design diversity = 0.5
n2 = {nl\dl, d4, d5} Rule Prevalence = 0.25 Design abundance = 3.0
n2 = {d2, d6, d§, d9, Geomet.rlcal.dlfference =10 Matching degree = 0.25
di1, d12} Sequential difference = 0.5 Geometrical difference = 1.0
Sequential difference = 0.5

Figure 5.19: Adding the minaret body above the base in the second rule
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The third rule in the grammar was selected from the sub-class rule set of minaret
bodies which adds the second body above the first one (Figure 5.20). The hybrid rule
has three antecedents, only one of them belongs to the set (n2) which defines the
variable state label of the previous rule. The markers in the RHS of this rule are the
main markers of the balcony which allows adding a balcony without any constraints

on its format and its order.

1;:;1; Example 1: Hybrid design derivation - 7 Hybrid rules
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Sequential difference = 0.638

Figure 5.20: Adding the minaret second body in the third rule

The fourth rule was chosen from the sub-class of hybrid rules set of minaret balconies
to add the balcony followed by a lantern (Figure 5.21). The hybrid rule was derived
by merging two original rules extracted from the antecedents (d2 and d9). The
antecedent (d2) belongs to the set (n3) which defines the variable state label of the
previous rule. The markers in the RHS of this rule are the lantern main markers which
allow adding a lantern without any constraint on its boundary shape. The evaluation

of the grammar displays the innovation measures at this stage.
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l;:l: Example 1: Hybrid design derivation - 7 Hybrid rules
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Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.833
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Design abundance = 2.75
Matching degree = 0.25
Geometrical difference = 1.0
Sequential difference = 0.687

Figure 5.21: Adding the minaret balcony above the second body in the fourth rule

The fifth rule is one of the hybrid rules in the lantern sub-class rule set. It adds an

octagonal lantern followed by a joint (Figure 5.22).

l;:lse Example 1: Hybrid design derivation - 7 Hybrid rules
dz2, d11 n5
MR )
e ) > /
D>,=or<H D<M

The user guide grammar
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ns = {nd\d2, d11}
n5 = {d6', d8', d12'}

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.75

Design diversity = 0.75
Design abundance = 2.6
Matching degree = 0.2
Geometrical difference = 1.0
Sequential difference = 0.699

Figure 5.22: Adding the minaret lantern above the balcony in the fifth rule
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The rule has two antecedents (d2 and d11) whereas (d11) belongs to the set (n4). The
total number of rules in this example is seven; therefore the sequence of the fifth rule
is (y — 2) which requires adding the symbol (') to the set (n5) of variable state label in
the user guide grammar. In this case, the choice of the sixth rule is constrained with

rules that add head markers to the generated minaret.

The sixth rule is one of the hybrid rules in the sub-class hybrid rules set of minaret
joints. It adds the joint component followed by a head (Figure 5.23). The hybrid rule
has three antecedents; one of them (d12) belongs to the values of the variable state
label (n5) of the previous rule. The user guide grammar defines the values for the
variable state label (n6) as the possible antecedents for the next rule. The markers in
the RHS of this rule are the head markers which guide the grammar user toward the
subclass hybrid rules set of minaret head. The evaluation of the grammar displays the
innovation measures of the generated design which are calculated and prompted at

grammar runtime.

l;:lg Example 1: Hybrid design derivation - 7 Hybrid rules
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Figure 5.23: Adding the minaret joint above the lantern in the sixth rule
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The final rule adds the head component above the joint (Figure 5.24). The rule has
three antecedents (d6, d7 and dS8); two of them belong to the set (n6) that define the
variable state label of the previous rule. In this step, all antecedents in the corpus have

hybrid rules in the generated design. Therefore, the value of the diversity at the final

stage is (1.0).

The evaluation of the generated design presents the innovation values of the final
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Geometrical difference = 1.0
Sequential difference = 0.0

Design diversity = 1.0
Design abundance = 2.714
Matching degree = 0.214
Geometrical difference = 1.0
Sequential difference = 0.595

Figure 5.24: Adding the minaret head above the joint at the final stage of derivation

hybrid design composed of seven hybrid rules. The values are as follows:

150

Diversity value is 1.0 which is the maximum diversity in all hybrid design. It
results from selecting rules which belong to all antecedents in the corpus. The
minimum diversity in hybrid designs composed of hybrid rules is almost
(0.166) which results from choosing hybrid rules derived by merging two

original rules extracted from the same two antecedent in the corpus.
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Abundance value is 2.714, whereas the minimum abundance in hybrid
designs composed of hybrid rules is almost (2). The minimum abundance
results from selecting all hybrid rules derived by merging two original rules

which belongs to two antecedents in the corpus.

Matching value is 0.214 to both (d4 and d9) antecedents, whereas the
minimum matching value in case of hybrid designs composed of seven
hybrid rules is (0.142) which results from antecedents having at least two
hybrid rules in the generated design. The maximum matching value in hybrid
designs composed of hybrid rules is (0.5) which results from applying hybrid
rules having one common antecedent among all of them. The reason why the
maximum matching is (0.5) in case of hybrid design composed of hybrid
rules and (1.0) in case of hybrid designs composed of original rules is
attributed to the fact that each hybrid rule partially matches the antecedent in
contrast to the original rule which completely matches the antecedent.
Therefore, the calculation of matching degree of the hybrid rule is multiplied

by (0.5).

Geometrical difference value is 1.0 which is the standard value in hybrid
minarets composed of hybrid rules. In shape grammars for hybrid minarets,
all hybrid rules have new geometries derived by merging their parents’
geometries. Therefore, the new geometry of the hybrid rule differs than all

antecedents in the corpus.

Sequential difference value is 0.595; whereas the maximum sequential
difference in all hybrid designs composed of hybrid rules is (0.916) resulted
from the application of hybrid rules having the sequence of one of their
parent rules which belongs to one antecedent and has no similar sequence
among other antecedents in the corpus. On the other hand, the minimum
sequential difference in all hybrid designs composed of hybrid rules is (0),
which results from the application of hybrid rules having the sequence of one
of their parent rules which has a similar sequence to all antecedents in the

corpus.

151



Chapter 5 The implementation and results

The termination rule, which has the state label (0) in its LHS, is applied to delete the

centre lines from the final top and front views of minaret (Figure 5.25).

Example 1: Hybrid design derivation - 7 Hybrid rules

Figure 5.25: Termination rule

5.2.1.2.2. Second example: hybrid design composed of 8 original rules

The second example was composed of 8 hybrid rules. The first hybrid rule initiates
the generation by adding the base from the sub-class hybrid rules set (Figure 5.26).
This rule was derived by merging two original rules belonging to three antecedents
(d3, d5 and d10) which are excluded from the set that defines the variable state label
(nl). The markers in the RHS of this rule are body main markers which guide the

selection of the next rule to the sub-class hybrid rules set of minaret bodies.

l;(l:.lf Example 2: Hybrid design derivation - 8 Hybrid rules
| d3,d5,d10 nl
HR ‘ | & ®
Ta| ———— ————— e e
} L=W L>H L>M

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar

Design diversity = 0.25
Design abundance = 3.0
Matching degree = 0.5
Geometrical difference = 1.0
Sequential difference = 0.5

nl = {n\d3, d5, d10} Rule Prevalence = 0.25
nl = {dl, d2, d4, d6, d7, | Geometrical difference = 1.0
ds, d9, di11, d12} Sequential difference = 0.5

Figure 5.26: Adding the minaret base at the first stage of hybrid minaret derivation
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The second rule adds the first body above the base (Figure 5.27). The rule has three
antecedents (d1, d4 and dS), two of them belong to the set (n/) which defines the
variable state label of the previous rule. The markers of the RHS of this rule are the
body main markers which allow the user to add a body without any restriction on its
shape. The evaluation of the generated design calculates at grammar runtime the

innovation measures at this stage of derivation.

Rule

0.2 Example 2: Hybrid design derivation - 8 Hybrid rules

d1, d4, d5

|
|
,Jr,
|
|

The user guide grammar
for hybid designs

Evaluation of the rule in
the grammar

Evaluation of the design
in the grammar

n2 = {n1\dl, d4, d5}

Rule Prevalence = 0.25

Design diversity = 0.416

Design abundance = 3.0
Matching degree = 0.5
Geometrical difference = 1.0
Sequential difference = 0.5

Geometrical difference = 1.0
Sequential difference = 0.5

n2 = {d2, d6, d7, d8§,
d9, d11, d12}

Figure 5.27: Adding the minaret body above the base in the second rule

The third rule adds the minaret second body above the first body (Figure 5.28). The
rule has two antecedents; one of them belongs to the set (n2) which defines the
variable state label of the previous rule. The markers in the RHS of this rule are the
main markers of the balcony which allows adding a balcony having any boundary
shape and followed by any minaret component. The evaluation of the hybrid design

displays at grammar runtime the innovation values at this stage of design derivation.
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l;:lg Example 2: Hybrid design derivation - 8 Hybrid rules
d3,d9 —- — n3
HR
AL G [ > — T
Db>Dt Db<H Di<M

Evaluation of the design
in the grammar

Evaluation of the rule in
the grammar

The user guide grammar
for hybid designs

Design diversity = 0.5
Design abundance = 2.666
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.638

n3 = (n2\d3, d9}
n3 = {d2, d6, d7, ds,
dil,d12}

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.916

Figure 5.28: Adding the minaret second body above the first body in the third rule

The fourth rule adds the balcony above the body (Figure 5.29). The rule has multi-
antecedents where three of them belong to the set (n3) which defines the variable state
label of the previous rule. The markers in the RHS of this rule are the body main

markers which direct the next selection to the sub-class rule set of minaret bodies.

l;:l: Example 2: Hybrid design derivation - 8 Hybrid rules
d3, d4, d6, n4
d7, d8
HR / (¢
12d| — i > \ > Im
D>H D>M

The user guide grammar
for hybid designs

Evaluation of the rule in
the grammar

Evaluation of the design
in the grammar

nd = {n3\d3, d4, d6, d7,
ds}
nd = {d2, d11,d12)}

Rule Prevalence = 0.416
Geometrical difference = 1.0
Sequential difference = 0.5

Design diversity = 0.75
Design abundance = 3.25
Matching degree = 0.375
Geometrical difference = 1.0
Sequential difference = 0.604
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Figure 5.29: Adding the minaret balcony above the second body in the fourth rule
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The fifth rule adds the third body above the balcony (Figure 5.30). The rule has seven
antecedents; two of them belong to the set (n4) which defines the variable state label
of the previous rule. The markers in the RHS of this rule are the main markers of the

joint which allow adding a joint followed by any component.

l;::lse Example 2: Hybrid design derivation - 8 Hybrid rules
I x =]
d2, d3, d4, do, n5
d7,ds, d12
HR
13b

D<H D<M

The user guide grammar
for hybid designs

Evaluation of the rule in
the grammar

Evaluation of the design
in the grammar

n5 = {nd\d2, d3, d4, de,
d7,ds, d12}
ns = {di1}

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333

Design diversity = 0.916
Design abundance = 4.0
Matching degree = 0.4

Geometrical difference = 1.0
Sequential difference = 0.549

Figure 5.30: Adding the minaret balcony above the second body in the fifth rule

The sixth rule adds a joint followed by a lantern above the third body (Figure 5.31).
The rule was derived from two antecedents (d9 and d11); one of them belongs to the
set of (n5) which consists of one antecedent (d11). Therefore, the variable state label
(n6) is defined as (@) because all antecedents have been exhausted in the previously
applied rules. The user guide grammar replaces the variable (n6) with the alternative
variable (n6*). The user guide grammar defines the variable state label (n6*) as it
represents the set (m) of antecedents which have the less number of applied rules in
the previous steps of the shape generation minus the antecedents of the current rule.

The diversity value of the generated design at this stage is (1.0) as the maximum
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diversity which remains the same in the following steps of rule applications. In
addition the sequence of this rule is (y — 2) whereas (y=8) is the total number of rules
in this example. Therefore, the symbol (') was added to the set of (n6*) to constrain
the choice of the next rule within the rules that have the head markers at their RHS.
The markers in the RHS of this rule are the lantern secondary markers which allow

adding the circular lantern only.

Rule

0.6 Example 2: Hybrid design derivation - 8 Hybrid rules

e =

d9, d11 n6

17¢

Db<Dt Db>H Dt>M

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar

n6 = {n5\d9, d11}

Design diversity = 1.0

n6 = {3} Rule Prevalence = 0.166 Design abundance = 3.666
n6 = n6* Geometrical difference = 1.0 | Matching degree = 0.333
n6* = {m\d9, d11} Sequential difference = 0.833 | Geometrical difference = 1.0
n6* = {dl', d2', d5/, Sequential difference = 0.596
d10', d12'}

Figure 5.31: Adding the minaret joint above the second body in the sixth rule

The seventh rule adds the circular lantern above the joint (Figure 5.32). The user
guide grammar defines the variable state label of this rule (n7) depending on the
empty set of (n6). Therefore, the user guide grammar define (n7) as (@) and replaces
it with the variable (n7*) which represent the set (m) of antecedents which have the
less number of applied rules in the design derivation minus the antecedents (d2 and

d3) of the current rule. The markers in the RHS of the penultimate rule are the head
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secondary markers which add the head having a circular base at the final stage of

design generation.

Rule

0.7 Example 2: Hybrid design derivation - 8 Hybrid rules

[

d2', d3' n7

D>H D=M

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar
n7 = {n6\d2, d3} Rule Prevalence = 0.166 Desi.gn diVCI‘Sity =1.0
n7 = {@} Geometrical difference = 1.0 | Design abundance = 3.428
n7 =n7* Sequential difference = 0.916 MatCth degr.ee =0.357
7% = {m\d2, d3) Geometrical difference = 1.0

n7* B (dl d’5 d10, d12} Sequential difference = 0.642
n/* = , dd, B

Figure 5.32: Adding the minaret lantern above the joint in the seventh rule

The last rule adds the head component above the lantern (Figure 5.33). The rule has a
variable state label (ny = n8) which is defined in the user guide grammar as (0). At
this stage the derivation of minaret top and front views are completed. The evaluation

of the grammar calculates the final innovation measures at this stage.
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Rule

0.8 Example 2: Hybrid design derivation - 8 Hybrid rules

N

[ [

d2, ds, d10 nd

HR = =
o | Y- » O -

‘ ‘ D<H

The user guide grammar | Evaluation of the rule in | Evaluation of the design
for hybid designs the grammar in the grammar

Design diversity = 1.0
Design abundance = 3.375
Matching degree = 0.312
Geometrical difference = 1.0
Sequential difference = 0.561

n8=0 Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.0

Figure 5.33: Adding the minaret head above the lantern at the final stage of derivation

The evaluation of the generated design presents the innovation values of the final

hybrid design composed of eight hybrid rules. The values are as follows:

Diversity value is 1.0 which is the maximum diversity in all hybrid design. It
results from selecting rules belong to all antecedents in the corpus; and the
minimum diversity in hybrid designs composed of hybrid rules is almost
0.166 which results from choosing hybrid rules derived by merging two

original rules belonging to the same two antecedents in the corpus.

Abundance value is 3.375, whereas the minimum abundance in hybrid
designs composed of hybrid rules is almost (2). The minimum abundance
results almost from selecting all hybrid rules derived from two original rules

belonging to two antecedents in the corpus.
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e Matching value is 0.312 to the antecedent (d3), whereas the minimum
matching value in case of hybrid designs composed of eight hybrid rules is
(0.125) which results from antecedents having only two hybrid rules in the
generated design. The maximum matching value in hybrid designs composed
of hybrid rules is (0.5) which results from applying hybrid rules having a one
common antecedent in the corpus. The reason why the maximum matching is
(0.5) in case of hybrid designs derived by hybrid rules and (1.0) in case of
hybrid designs derived by original rules is attributed to the fact that each
hybrid rule is partially matches the antecedent in contrast to the original rule
which completely matches the antecedent. Therefore, the calculation of

matching degree of the hybrid rule is multiplied by (0.5).

¢ Geometrical difference value = 1.0, is the standard value in hybrid minarets
composed of hybrid rules. In shape grammars for hybrid minarets, all hybrid
rules have new geometry derived from merging their parents’ geometries.
Therefore, the new geometry of the hybrid rule has the maximum

geometrical difference than all antecedents in the corpus.

e Sequential difference value is 0.561, whereas the maximum sequential
difference in all hybrid designs composed of hybrid rules is (0.916) which
results from using hybrid rules having the sequence of one of their parent
rules which belongs to one antecedent and have no similar sequence among
the other antecedents in the corpus. On the other hand, the minimum
sequential difference in all hybrid designs composed of hybrid rules is (0),
which results from the application of hybrid rules having the sequence of one
of their parent rules which has a similar sequence to all antecedents in the

corpus.

The termination rule, which has the state label (0) in its LHS, is applied to delete the

centre lines from the final top and front views of minaret (Figure 5.34).
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Example 2: Hybrid design derivation - 8 Hybrid rules

i
[—

Figure 5.34: Termination rule

5.2.1.3. Stage 1: Main findings

The implementation of shape grammars for hybrid designs in stage 1 shows
successive examples of deriving hybrid minarets. Four examples are derived using
(7 or 8) original rules (ORs) and hybrid rules (HRs) separately. These numbers of
rules are the average in the corpus of antecedents which varies between (3-12) rules.
The innovation measures of these examples show varied values of diversity,
abundance and geometrical difference between hybrid designs composed of original

and hybrid rules (Table 5.1).

Table 5.1: Innovation measures of hybrid minaret examples

Hybrid minaret using ORs Hybrid minaret using HRs

Innovation measures

7 original rules

8 original rules

7 original rules

8 original rules

Diversity 0.75 0.833 1.0 1.0
Abundance 1.571 1.5 2.714 3.375
Matching degree 0.285 0.25 0.214 0.312
Geometrical difference | 0.725 0.759 1.0 1.0
Sequential difference 0.485 0.510 0.595 0.561

There are no significant differences in both matching degree and sequential difference
values between hybrid designs composed of original and hybrid rules. In three
examples, the higher values of matching were to the same antecedent (d3) as shown in

Figure 4.35. In spite of the hybrid design composed of hybrid rules has high matching
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(0.312) to the antecedent d3, even so the maximum geometrical difference value (1.0)

AR

boosts its individuality.

Antecedent d3 Hybrid design Hybrid design Hybrid design
Na'in minaret 7 original rule 8 original rule 8 hybrid rule
Matching to d3 = 0.285 Matching to d3 = 0.25 Matching to d3 =0.312

Figure 5.35: Matching degree of three examples of hybrid minaret to the antecedent (d3)

However, the validity of the innovation measures of hybrid designs is questionable
and needs investigation for verification. Therefore, the second stage aims to verify the

innovation measures of hybrid designs.

5.2.2. Stage 2: Innovation measures of hybrid designs versus copies
of existing designs

The second stage investigates the validity of the proposed innovation measures of
hybrid design by applying them to both non-hybrid and hybrid designs. The ability of
these measures to distinguish non-hybrid designs from hybrid ones is the proof of
their reliability. Therefore, the study compares the values of proposed innovation
measures of copies of existing designs with hybrid designs composed of original rules

and hybrid rules separately.

To derive a copy of antecedent, the user guide grammar for hybrid designs is replaced

by the user guide grammar for copies of existing designs. The latter guide defines the
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variable state label in the RHS of each rule as identical to one of the antecedents in
the LHS of the same rule. The variable state labels (n/ & nx) in the RHS of the
applied rules are replaced by the antecedent to be copied (Figure 5.36). For detailed

derivations of copies of existing designs, please refer to appendix section B-1.

l}::)le Original rule of sub-class rule set of minaret bodies
| d3, dil | - nx.-
OR | |
Sb 7‘77+74‘7 4‘777‘7 4’ D
! !
The user guide grammar The user guide grammar for
for hybrid designs copies of existing designs
either nx = d3
nx = {n(x-1)\d3, d11} If the generated copy is d3
or nx =d11
If the generated copy is d11

Figure 5.36: The user guide for copies of the antecedents

The number of rules in the corpus of twelve antecedents varies among (3, 5, 6, 7, 9,
10, 11 and 12) rules. Fair comparison demands that the innovation values of each
copy of existing design is compared with two corresponding hybrid designs derived
from the same number of original rules and hybrid rules. Innovation measures are
calculated for twelve copies of antecedents (Figure 5.37) and twenty four hybrid
designs: twelve of them are composed of original rules (ORs) (Figure 5.38), and the
other are composed of hybrid rules (HRs) (Figure 5.39). For detailed derivations of
the 24 hybrid minarets, please refer to appendix section B-2 for hybrid minarets

composed of (ORs), and section B-3 for hybrid minarets composed of (HRs).
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d1: Sidi 'Ugba minaret
in Qayrawan
724-727 AD

d2: Faraj b. Barquq
minaret in Eagypt
1392-1411 AD

d3: Na'in minaret
in Iran
960 AD

d4: Minaret of Jesus
in Damascus
706-715 AD

d5: Anna minaret
in Iraq
11th century AD

d6: Yivli minaret
in Antalya
mid 13th century AD

d7: Blue mosque minaret
in Istanbul
1609-1616 AD

d8: Qubbat Talha
minaret in Sana'a
1619-1620 AD

i

IRIRNnS

i
i 2

d9: Wazir Khan mosque
minaret in Lahore
1634-1635 AD

d10: Adu el-Haggag
minaret in Eagypt
late 11th century AD

d11: Kalan minaret
in Bukhara
1127 AD

d12: Ghazni minaret
in Afganistan
1099-1115 AD

d

Figure 5.37: Copies of existing designs
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Example 1
Hybrid design: 5 OR

Example 2
Hybrid design: 10 OR

Example 3
Hybrid design: 9 OR

Example 4
Hybrid design: 11 OR

/////
m‘;

i
lWl Nms

Example 5
Hybrid design: 5 OR

Example 6
Hybrid design: 9 OR

Example 7

Example 8

W

Example 9
Hybrid design: 7 OR

Example 10

Example 11

Example 12
Hybrid design: 5 OR

| A

i

Figure 5.38: Hybrid designs composed of original rules
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Example 1
Hybrid design: 5 HR

Example 2
Hybrid design: 10 HR

Example 3
Hybrid design: 9 HR

Example 4
Hybrid design: 11 HR

Example 5
Hybrid design: 5 HR

Example 6

Example 7
Hybrid design: 12HR

Example 8
Hybrid design: 9 HR

Example 9
Hybrid design: 7 HR

Example 10
Hybrid design: 3 HR

Example 11
Hybrid design: 6 HR

Example 12
Hybrid design: S HR

0

<

o

Figure 5.39: Hybrid designs composed of hybrid rules
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5.2.2.1. Results of innovation measures

Innovation metrics measure the mixed character of the generated design via diversity
and abundance on one hand, and the individuality of the generated design via
matching degree, geometrical difference and sequential difference on the other hand.
To avoid the effect of different numbers of rules on the innovation measures, the
results of each innovation measure in each copy of antecedent is compared with the
results of the same measure of two hybrid minarets composed of the same number of
original rules and hybrid rules separately. Table 5.2 shows the results of the
innovation measures in copies of existing minarets, hybrid minarets composed of

original rules, and hybrid minarets composed of hybrid rules.

Table 5.2: Results of innovation measures of copies of existing designs and hybrid designs

Innovation measures of copies of existing designs
State labels | d1 d2 [ d3 | d4 | d5 | d6 | d7 | d8 | d9 | d10 | d11 | d12

No. of ORs 5 10 9 11 5 9 12 9 7 3 6 5
Diversity 0.25 0.583 | 0.666 | 0.416 | 0.416 | 0.583 | 0.583 [ 0.75 0.25 0.25 | 0.333 | 0.583
Abundance 1.8 1.7 2222 | 1.727 1.8 2444 | 375 | 27777 | 1.428 | 1.666 | 1.666 2.4
Matching 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Geo. diff 0.833 | 0.732 | 0.762 | 0.741 | 0.666 | 0.61 | 0.575 | 0.647 | 0.797 | 0.722 | 0.735 | 0.782
Seq. diff. 0.466 | 0.557 | 0.489 | 0.446 0.4 0.425 | 0.423 | 0.509 | 0.69 | 0.333 | 0.555 | 0.399

Innovation measures of hybrid designs derived by original rules

No. of ORs 5 10 9 11 5 9 12 9 7 3 6 5
Diversity 0.833 | 0.833 | 0.833 | 0.916 | 0.583 | 0.833 1.0 0916 | 0916 | 0.583 | 0.833 | 0.75
Abundance 2.0 1.2 1.111 | 1.636 1.6 1.444 | 1.333 | 1.555 2.0 2333 | 2.166 2.0

Matching 0.2 0.2 0.111 | 0.272 0.4 0.222 | 0.25 | 0.333 | 0.285 | 0.333 | 0.333 0.4
Geo. diff. 0.732 | 0.757 | 0.832 | 0.726 | 0.732 | 0.731 | 0.749 | 0.758 | 0.737 | 0.721 | 0.791 | 0.782
Seq. diff. 0.4 0.524 | 0.509 | 0.545 | 0.399 | 0.555 | 0.589 | 0.462 | 0.452 | 0.333 | 0.444 0.4

Innovation measures of hybrid designs derived by hybrid rules

No. of HRs 5 10 9 11 5 9 12 9 7 3 6 5
Diversity 0916 1.0 1.0 1.0 0.916 1.0 1.0 1.0 1.0 0.833 | 0.916 | 0916
Abundance 3.2 2.9 3.555 3.0 3.2 2.888 3.0 3.111 | 3.428 | 3.666 4.0 32

Matching 0.2 0.3 0.222 | 0.181 0.3 0.277 | 0.208 | 0.222 | 0.214 | 0.333 | 0.333 0.3
Geo. diff. 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Seq. diff. 0.499 | 0.574 | 0.509 | 0.537 | 0.399 | 0.453 | 0.527 | 0.555 | 0.487 | 0.361 | 0.472 | 0.566

In the next paragraphs, the results are analysed to verify the measures ability to
recognise the differences between copies of antecedents and hybrid designs on one
hand, and between hybrid designs composed of original rules and ones composed of

hybrid rules on the other hand.
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5.2.2.1.1. Diversity values

The diversity results are presented in Figure 5.40. They show the different values of
variety in the mixture of copies of antecedents and both hybrid designs. In all the
examined cases, the hybrid designs have higher diversity values than the copies of
antecedents. Additionally, the hybrid designs composed of hybrid rules have higher

diversity values than hybrid designs composed of original rules.

Diversity values

dl d2 d3 d4 d5 dé d7 d8 d9 dio di1 di12

m Copies of existing designs Hybrid designs-original rules  m Hybrid designs-hybrid rules

Figure 5.40: Comparing diversity values of copies of antecedents with hybrid designs

5.2.2.1.2. Abundance values

The results of abundance values in Figure 5.41 reflect the density of mixture in copies
of existing designs and hybrid designs. The Graph shows that in 11 of 12 cases the
abundance values of hybrid designs derived by hybrid rules are higher than the
abundance values of copies of antecedents. Furthermore, in all cases, the abundance
values of hybrid designs composed of hybrid rules are higher than the abundance

values of hybrid designs composed of original rules.

Adundance values

O P N W B WU
l
1

d1i d2 d3 d4 d5 dé d7 d8 d9 dio di1 di12
| Copies of existing designs = Hybrid designs-original rules m Hybrid designs-hybrid rules

Figure 5.41: Comparing abundance values of copies of antecedents with hybrid designs
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However, the abundance values of 7 existing designs are higher than the abundance
values of hybrid designs derived by original rules. The reason can be attributed to the
rule prevalence values which enhance the abundance results. In the grammar, the
original rules with high rule prevalence value (derived from more than 3 designs) are
only 5.555%, original rules with medium rule prevalence values (derived from 2 and
3 designs) are 22.222%, and original rules with low rule prevalence values (derived
from one design) are 72.222% (Table 5.3). In fact, the high abundance of existing
designs such as d7 results from the repetition of a rule with high rule prevalence value
in contrast to a hybrid design in which the user guide grammar prevents any rule
repetition, except the cases in which the set of (nx) in the user guide grammar is @.
However, the high percentage of original rules with low rule prevalence value
(72.222%) which were derived from one antecedent in the corpus, confirms the

heterogeneous features of the antecedents.

Table 5.3: Percentage of rule prevalence values in original and hybrid rules

Original rules | Hybrid rules
z{gsl)‘ xule provalence 5.555% 18.888%
?z‘f;‘;‘t‘:tg‘;g{s evalence | 5y 2229 74.444%
(Ll‘;zt;'::ﬁ;’;:ja‘eme 72.222% 6.666%

5.2.2.1.3. Matching degree

The results of matching degrees are an inverse measure of the individuality in the
generated design. Figure 5.42 shows that the copies of existing designs have
minimum individuality resulted from their full match to the antecedents in the corpus.
On the other hand, the results of hybrid designs varied between the maximum
individuality in case of the minimum matching 0.111 and the minimum individuality
in case of the maximum matching 0.4. In 6 cases, hybrid designs derived from hybrid
rules have higher individuality; their matching values are less than the matching
values of hybrid designs derived by original rules. In three cases, the matching values

of both hybrid designs derived by original and hybrid rules are identical.
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Matching values

dl d2 d3 da d5 dé d7 ds8 do dio di11 di12
m Copies of existing designs Hybrid designs-original rules  m Hybrid designs-hybrid rules

Figure 5.42: Comparing matching values of copies of existing designs with hybrid designs

5.2.2.1.4. Geometrical difference values

The results of geometrical difference values in Figure 5.43 reflect the individuality of
the generated design in terms of their rule formats. They shows that hybrid designs
derived from hybrid rules have maximum geometrical difference values as a result of
all hybrid rules having new geometries emerged by combining features from two
original rules. On the other hand, the geometrical difference values of 7 hybrid
designs derived from original rules are higher than the values of copies of existing
designs. In two cases, the geometrical difference values of copies of existing designs

and hybrid designs composed of original rules are the same.

Geometrical difference values

1
0.8
o6 -REE—RIER—B"B—B B—BI'B—a'B—" B—m  B—HI'E—B B—R B—RI!
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Figure 5.43: Comparing geometrical difference values of copies of existing designs
and hybrid designs

5.2.2.1.5. Sequential difference values

The results of sequential difference values in Figure 5.44 reflect the individuality of
the generated design in terms of the rule orders. They show that there is no
remarkable difference in sequential difference values among exiting and hybrid
designs. Nevertheless, in 9 of 12 cases, the hybrid designs composed of the hybrid

rules have higher sequential difference values than the existing design. In addition, the
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sequential difference values of 7 hybrid designs consisting of hybrid rules are higher

than the hybrid designs consisting of original rules.
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Figure 5.44: Comparing sequential difference values of copies of existing designs
and hybrid designs

5.2.2.2. Stage 2: Main findings

Comparing the innovation measures of the mixed character and the individuality of

copies

of existing designs and hybrid designs composed of original and hybrid rules

reveals the following matters:

There are differences between copies of existing designs and hybrid designs.
The metrics of the mixed characters defined in terms of diversity and
abundance are mostly higher in hybrid designs than copies of antecedents.
However, the high abundance values of copies of antecedents compared to
hybrid designs are negative abundance. The reason is the high density of
copies of antecedents is accompanied with low diversity values contrary to
positive abundance of hybrid designs in which the high density is
accompanied with high diversity values. In addition, the hybrid designs in
general have higher individuality described in terms of the matching degree,

the geometrical difference and the sequential difference.

There are differences between hybrid designs composed of original rules and
hybrid designs composed of hybrid rules. In all cases, the mixed characters of
hybrid designs composed of hybrid rules have higher diversity and
abundance, except one case in which the diversity is the same. In addition, in

all cases, the hybrid designs composed of hybrid rules have higher
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individuality in their rule format as a result of having the maximum
geometrical difference values. As well, in most cases, the individuality of
hybrid designs composed of hybrid rules has less matching and higher
sequential difference than hybrid designs composed of original rules.
In conclusion, these results prove that the proposed assessment method of the
innovation in hybrid designs is able to distinguish copies of existing designs from
hybrid design, as well as hybrid designs composed of original rules from hybrid
designs composed of hybrid rules. According to that, the validity of the innovation
assessment of hybrid designs is verified. In the next section, the research investigates

the predictable factors of high innovation in a hybrid design.

5.2.3. Stage 3: Indicators of high innovative hybrid designs

In shape grammars, the application of rules to generate a design space requires a
search technique for a desired solution. In this study, the desired solution is the more
innovative hybrid design. The search process includes many options that the user may
not gain without the aid of the grammar, thus paving the way for possible innovative

design.

In shape grammars for hybrid designs, the search for innovative hybrid design can be
done twice giving the grammar user the potential to explore and compare many
alternative rules during the generation process firstly and to explore a large number of
alternative designs after the generation process secondly. In the former, the grammar
user depends on comparing the feedback signals of high innovative hybrid design.
While in the latter, the results of the innovation measures of hybrid designs can be
compared to automatically guide the user search for the best configuration from the
population of generated solutions. This stage of implementation concerns the first
selection and aims to identify the factors that the grammar user can take into account

to direct the generated hybrid design to have high innovation values.

Being a mixture and having individuality are the main characteristics of innovation in
hybrid designs measured by diversity and abundance for the former, matching degree,
geometrical difference and sequential difference for the latter. They are dependent

variables affected by the independent variables which the grammar user can control in
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the derivation process such as: the number of rules (NR) used to derive a hybrid
design, and the user feedback signals defined in terms of rule evaluation factors. The

latter are default values added to each rule in the grammar to represent the followings:

® The rule prevalence value (RPV) is an indicator of the mixed character in a

generated design.

¢ The rule geometrical difference value (RGDV) is an indicator of the

individuality in a rule format.

e The rule sequential difference value (RSDV) is an indicator of the

individuality in a rule order.

5.2.3.1. Factors affecting innovation: Initial hypotheses

The initial expectations of the effects of the independent variables (the number of
rules (NR) and the user feedback signals including rule prevalence value (RPV), rule
geometrical difference value (RGDV) and rule sequential difference value (RSDV))
on the dependent variables (diversity, abundance, matching degree, design
geometrical difference value and design sequential difference value) are summarised

as follows:

¢ A high number of rules (NR) may have a positive effect on the diversity

which measures the variety of the design mixture.

¢ The different number of rules (NR) may not affect other innovation measures
such as abundance, matching degree, geometrical difference value and

sequential difference value.

¢ A high average of rule prevalence values (RPV) may affect positively the

diversity which measures the variety of the design mixture.

® A high average of rule prevalence values (RPV) has a positive effect on the

abundance which measures the density of the design mixture.

® A high average of rule prevalence values (RPV) may affect negatively the

individuality by increasing the matching degree.
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* A high average of rule prevalence values (RPV) may affect negatively the
individuality in the original rule format by decreasing the geometrical

difference value of the generated design.

* A high average of rule prevalence values (RPV) may affect negatively the
individuality in the rule order by decreasing the sequential difference value of

the generated design.

® A high average of rule geometrical difference values (RGDV) has definitely
a positive effect on the individuality in rule format by increasing the

geometrical difference value of the generated design.

e The average of rule geometrical difference values (RGDV) does not affect
directly other innovation measures such as diversity, abundance, matching

degree, and sequential difference value.

* A high average of rule sequential difference values (RSDV) has definitely a
positive effect on the individuality in rule order by increasing the sequential

difference value of the generated design.

e The average of rule sequential difference values (RSDV) does not affect
directly other innovation measures such as diversity, abundance, matching
degree, and geometrical difference value.

The assumptions regarding the effects of rule numbers (NR) and the average rule
prevalence values (RPV) on the innovation measures need to be verified. On the other
hand, the effects of rule geometrical difference value (RGDV) and rule sequential
difference value (RSDV) on the innovation measures seems to be inevitable.
Therefore, the study in the next paragraphs concentrates on examining the relations
between the independent variables represented by the number of rules (NR) and the
average rule prevalence values (RPV) and the dependent variables represented by the

innovation measures.

5.2.3.2. The effects of the NR and RPV on the innovation measures — phase 1
To verity the assumptions above, the relation between the independent variables and

the dependent variables in the innovation assessment results of the generated designs
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of stage 2 of implementation is investigated. The effects of the number of rules (NR)
and average rule prevalence value (RPV) on the values of diversity, abundance,
matching degree, geometrical difference and sequential difference are calculated

using correlation coefficients.

A correlation coefficient is an indicator of a predictive relationship between two
variables. It is a statistical technique that can show whether and how strongly one
variable can be influenced by changes in another variable. It is used to calculate the
effect of the changes in the number of rules (NR) and the average rule prevalence
values (RPV) on each of the dependent variables in 12 copies of existing designs
(CED), 12 hybrid designs derived by original rules (HD-OR), and 12 hybrid designs
derived by hybrid rules (HD-HR) generated in the previous stage. The results are

presented in Table 5.4 which shows predictive relations such as:

e A correlation coefficient of (1) means that the two variables are perfectly

correlated: If one increase so does the other.

e A correlation coefficient of (-1) means that the two variables are perfectly

inversely correlated: If one increases the other decreases.
e A correlation coefficient of (0) means that the two variables are not related.

e A correlation coefficient close to (0) means that the relation between the two

variables is not certain to be useful.
¢ The study explained the other values of correlation coefficient as follows:

e A correlation coefficient from (0.7 to 1.0) means that the relation between the
two variables is direct strong. While, a correlation coefficient varying from
(=1.0 to —0.7) means that the relation between the two variables is inverse

strong.

e A correlation coefficient from (0.4 to 0.7) means that the relation between the
two variables is direct moderate. While a correlation coefficient from
(0.7 to —0.4) means that the relation between the two variables is inverse

moderate.
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e A correlation coefficient from (0.4 to 0.0) means that the relation between the
two variables is direct weak. While a correlation coefficient varying from

(0 to —0.4) means that the relation between the two variables is inverse weak.

Table 5.4: Correlation coefficient values between innovation measures and each of NR and RPV
in copies of existing designs CED and hybrid designs HD using OR and HR

Innovation measures
Diversity | Abundance | Matching | Geo. difference | Seq. difference

CED NR +0.589 +0.519 0.0 -0.47 +0.232

RPV | +0.662 +0.997 0.0 -0.72 -0.353
HD- NR +0.786 -0.781 -0.5 +0.114 +0.96
OR RPV | -0.363 +0.996 +0.592 -0.299 -0.77
HD- NR +0.887 -0.562 -0.565 0.0 +0.551
HR RPV | -0.649 +0.919 +0.418 0.0 -0.553

The results show that the number of rules (NR) has a strong direct relation with
diversity values in both hybrid designs composed of original rules and hybrid rules.
They are compatible with the research assumption regarding these variables. At the
same time, the number of rules (NR) has a moderate direct relation with diversity
values in copies of antecedents which reflect some difference between copies of

existing designs and hybrid designs.

The relations between the number of rules (NR) and the abundance values show a
moderate direct relation in case of copies of existing designs, while the relations are
strong inverse and moderate inverse in case of hybrid designs derived by original
rules and hybrid rules respectively. The relation between the number of rules (NR)
and the matching degree values show that there is no relation in case of copies of
existing designs, while the relations are moderate inverse in case of hybrid designs
composed of original rules and hybrid rules. The relation between the number of rules
(NR) and the geometrical difference values show a moderate inverse relation in case
of copies of antecedents and a weak direct relation in case of hybrid design composed
of original rules, while there is no relation in case of hybrid designs composed of
hybrid rules. Lastly, the relations between the number of rules (NR) and the
sequential difference values show a weak direct relation in case of copies of
antecedents and a strong direct relation and a moderate direct relation in case of

hybrid designs composed of original rules and hybrid rules correspondingly.
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However, the study assumed that there are no relations between the number of rules
(NR) and the innovation measures such as abundance, matching degree, geometrical
difference and sequential difference. Therefore, the results above need more

investigation for verification.

On the other hand, the relations between the average rule prevalence values (RPV)
and the diversity values reveal a moderate direct relation in case of copies of existing
designs, and weak inverse and moderate inverse relations in case of hybrid designs
composed of original rules and hybrid rules respectively. The results here contradict
the research assumption that there is a direct relation between the rule prevalence
values (RPV) and the diversity values which require more investigation. The relations
between the average rule prevalence values (RPV) and the abundance values show
strong direct relations in both copies of antecedents and hybrid designs composed of
both original rules and hybrid rules. The results here are compatible with the research
assumption regarding these variables. The relations between the average rule
prevalence values (RPV) and the matching degree values show that there is no
relation in case of the copies of antecedents because the whole copies of antecedents
have the maximum matching value (1) irrespective of their rule prevalence values
(RPV), while the relations are moderate direct in both hybrid designs derived by
original rules and hybrid rules. The direct relations between the rule prevalence values
(RPV) and the matching degree values are expected in the research assumption in the

previous section.

The relations between the average rule prevalence values (RPV) and the geometrical
difference values show a strong inverse relation in case of copies of existing designs,
a weak inverse relation in case of hybrid designs derived by original rules, and no
relation in case of hybrid designs derived by hybrid rules because the whole hybrid
rules have the maximum geometrical difference value (1) irrespective of their rule
prevalence values (RPV). Lastly, the relations between the average rule prevalence
values (RPV) and the sequential difference values reveal a weak inverse relation in
case of copies of antecedents, a strong inverse relation in case of hybrid designs
composed of original rules, and a moderate inverse in case of hybrid designs

composed of hybrid rules.
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The correlation results between the independent and dependent variables confirm the
differences between existing and hybrid designs. However, some results of hybrid
designs are contrary to expectation and need more investigation, such as the inverse
relation between the number of rules and the matching degree, the inverse relation
between the rule prevalence values (RPV) and the diversity values. Accordingly, the
research needs to verify the effects of each predictor variable: the number of rules
(NR) and the rule prevalence value (RPV) on the innovation measures of the mixture
and individuality in hybrid designs. Both predictor variables can direct the grammar
user to generate hybrid designs with high innovation. However, the required
investigation should take into consideration to isolate, as much as possible, the effect

of each factor on the other factor.

5.2.3.3. The effects of the NR and RPV on the innovation measures — phase 2

To reduce the mutual influence of the number of rules (NR) and the average rule
prevalence values (RPV) on each other, this study derives 10 pairs of hybrid designs,
5 of them using original rules (ORs) and the others using hybrid rules (HRs). Each
pair consists of hybrid designs derived by 6 and 10 original or hybrid rules. The
number of rules 6 and 10 were chosen to represent the varied numbers of rules in the
corpus which are (3, 5, 6, 7, 9, 10, 11 and 12). The rules in each pair have the same
(4-5) rules to diminish the effects of varied rule prevalence values (RPV) on the
innovation measures. On one hand, the comparison between designs of 6 and 10 rules
in each pair reveals the impacts of the different number of rules (NR) on the
innovation measures. On the other hand, comparison between hybrid designs
composed of the same number of rules (6 or 10) separately, explains the effects of
various rule prevalence values (RPV) on the innovation measures. For detailed
derivations of the 10 pairs of hybrid minarets, please refer to appendix section C-1 for
the 5 pairs of hybrid minarets, each composed of (6 and 10) original rules (ORs), and
section C-2 for the other 5 pairs of hybrid minarets, each composed of (6 and 10)

hybrid rules (HRs).

5.2.3.3.1. The effect of NR on the innovation measures
The results of diversity values of hybrid minarets derived by 6 and 10 original rules

are clarified in Figure 5.45. In 4 of 5 pairs, the diversity of hybrid designs derived by
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10 ORs are higher than the diversity values of hybrid designs derived by 6 ORs. Only

in one case, the diversity values of both of them are the same.

Diversity values of hybrid designs derived by original rules
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Figure 5.45: Diversity values of hybrid designs derived by 6 and 10 original rules

On the other hand, in 3 of 5 pairs, the diversity values of hybrid designs derived by 10
hybrid rules are higher than the ones derived by 6 hybrid rules, as shown in Figure

5.46. In two pairs the diversity results are the same.

Diversity values of hybrid designs derived by hybrid rules
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Figure 5.46: Diversity values of hybrid designs derived by 6 and 10 hybrid rules

In both graphs, the diversity values of hybrid designs composed of 10 rules are either
the same or higher than the diversity values of hybrid designs composed of 6 rules.
The results above are compatible with the strong direct relation, concluded in Table
5.4, between the number of rules (NR) and the diversity values. Also, in all cases, the
diversity values of hybrid designs composed of hybrid rules are the same or higher
than the diversity values of hybrid designs composed of the same number of original

rules

The results of the effect of different number of rules on abundance values of hybrid
minarets derived by 6 and 10 original rules are shown in Figure 5.47. In all 5 pairs,
the abundance values of hybrid designs derived by 6 original rules are higher than the

abundance values of hybrid designs derived by 10 original rules.
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Abundance values of hybrid designs derived by original rules
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Figure 5.47: Abundance values of hybrid designs derived by 6 and 10 original rules

On the other hand, in Figure 5.48, three of the five cases show that the abundance
values of hybrid designs composed of 6 hybrid rules are higher than the abundance
values of hybrid designs composed of 10 hybrid rules. In only two pairs, the
abundance values of hybrid designs composed of 10 hybrid rules are slightly higher
than those composed of 6 hybrid rules.

Abundance values of hybrid designs derived by hybrid rules
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Figure 5.48: Abundance values of hybrid designs derived by 6 and 10 hybrid rules

Accordingly, the abundance values of hybrid designs composed of 6 rules are mostly
higher than hybrid designs composed of 10 rules. These results are compatible with
the previous results in table 5.4 which show the strong inverse relation for hybrid
designs composed of original rules and the moderate inverse relation for hybrid
designs composed of hybrid rules. In addition, the abundance values of hybrid designs
composed of hybrid rules are higher than the abundance values of hybrid designs

composed of the same number of original rules.

As in the abundance results, matching values of hybrid designs composed of six rules
are mostly higher than hybrid designs composed of 10 rules, as shown in Figures 5.49
and 5.50. All hybrid designs derived by 6 original rules have matching values higher
than hybrid designs composed of 10 original rules. In addition, 4 of 5 cases of hybrid
designs derived by 6 hybrid rules have matching values higher than the ones of 10
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hybrid rules. These results are compatible with the inverse relation between the

number of rules (NR) and the matching degree values concluded in Table 5.4.

Matching values of hybrid designs derived by original rules
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Figure 5.49: Matching values of hybrid designs derived by 6 and 10 original rules
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Figure 5.50: Matching values of hybrid designs derived by 6 and 10 hybrid rules

On the other hand, the average of matching values for hybrid designs composed of 6
and 10 original rules are higher than the ones of hybrid designs composed of 6 and 10
hybrid rules.

In 4 of 5 cases, the geometrical difference values of hybrid designs derived by 10
original rules are slightly higher than the values of hybrid designs derived by 6
original rules, as shown in Figure 5.51. This result is compatible with the direct

relation concluded in Table 5.4.
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Figure 5.51: Geometrical difference values of hybrid designs derived by 6 and 10 original rules
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On the other hand, in Figure 5.52, all hybrid designs derived by hybrid rules have the
maximum geometrical difference values (1.0). Therefore, there is no relation between
the different number of rules and the geometrical difference values in case of hybrid

designs composed of hybrid rules.

Geometrical difference values of hybrid designs derived by HRs
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Figure 5.52: Geometrical difference values of hybrid designs derived by 6 and 10 hybrid rules

Lastly, in all cases the sequential difference values of hybrid designs composed of 10
rules are higher than the ones composed of 6 rules, as shown in Figures 5.53 and 5.54.

These results are compatible with the direct relation concluded in Table 5.4
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Figure 5.53: Sequential difference values of hybrid designs derived by 6 and 10 original rules
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Figure 5.54: Sequential difference values of hybrid designs derived by 6 and 10 hybrid rules
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5.2.3.3.2. The effect of rule prevalence values (RPV) on the innovation measures
In Table 5.5, the correlation coefficients are used to show the effects of the average
rule prevalence values (RPV) on the innovation measures of hybrid designs (HD)

derived by 6 and 10 original rules (OR) and hybrid rules (HR).

Table 5.5: Correlation coefficient between the rule prevalence values and the innovation
measures of 10 pairs of hybrid designs using 6 and 10 original and hybrid rules

Innovation measures

Diversity | Abundance | Matching | Geo. difference | Seq. difference
HD -6 ORs -0.273 +1.0 -0.166 -0.6 -0.664
HD - 10 ORs +0.744 +0.986 +0.927 -0.863 -0.851
HD - 6 HRs +0.196 +0.962 -0.038 0.0 +0.316
HD - 10 HRs 0.0 +0.919 +0.418 0.0 -0.148

The effects of the average rule prevalence values (RPV) on the diversity values show
unexpected random relations. In both hybrid designs composed of 6 original rules
(OR) and 6 hybrid rules (HR), the rule prevalence values (RPV) and diversity values
show weak relations. These results are compatible with the weak relation between the
rule prevalence values (RPV) and diversity values in hybrid designs composed of
original rules as concluded in Table 5.4. The rule prevalence values (RPV) and
diversity values show a strong direct relation in case of hybrid designs composed of
10 original rules. However, there is no relation between the rule prevalence values
(RPV) and the diversity values in case of hybrid designs composed of 10 hybrid rules

because all diversity values are 1.0.

The results above confirm that the rule prevalence value (RPV) on its own cannot be a
feedback signal of diversity value. The reason can be attributed to the fact that the
applied rules with high rule prevalence value, which hold multi-state labels in their
LHS, have common antecedents among them. For example, an applied rule with a
rule prevalence value (RPV=0.333) derived from four antecedents in the corpus may
have only one antecedent belong to the set of variable state label n(x-1) of the
previous rule. This rule boosts the diversity value in the same way as the applied rule
derived from one antecedent does. According to that, there is a need to develop a
diversity indicator to reflect the expected raising of the diversity value. The indicator
of diversity (ID) value is equal or less than the rule prevalence value (RPV > ID). It is

calculated to represent the ratio of the number of antecedents of the current rule that
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exist in the set of n(x-1) of the previous rule to the total number of antecedents in the
corpus. However, if the set of n(x-1) is @, it is replaced by the sets {n(x-1)* or
n(x-1)**} whereas the diversity reaches or does not reach the maximum value one; in

these cases the value of the diversity indicator (ID) at this stage is 0/12=0.0.

Unlike the rule prevalence value which is a default value added to each rule in the
grammar, the indicator of diversity (ID) is an updated value added automatically at
grammar runtime to only the eligible rules for selection which have the possible
matching conditions in their LHS. The value of the indicator of diversity (ID) is
calculated and attached to the rule evaluation values as a feedback signal to enable the
grammar user to choose the suitable rule. Its value changes for the same rule at each
stage of design derivation depending on the sequence of rules in the application which

determines the set of n(x-1).

At the same time, the relations between the average rule prevalence values (RPV) and
the matching values are also unexpected. The relations between them are weak in
hybrid designs composed of 6 original rules, hybrid designs composed of 6 hybrid
rules and hybrid designs composed of 10 hybrid rules. On the other hand, the relation
between them is a strong direct in hybrid designs composed of 10 original rules.
These results reveal that the rule prevalence value is also not sufficient to indicate the

matching value.

According to that, an indicator of matching degree (IM) is needed to be in the same
vein as the indicator of diversity (ID). Its value is calculated automatically, at
grammar runtime, as the ratio of the number of antecedents in the LHS of the current
rule which does not exist in the set of the possible antecedents defined by the variable
state label {n(x-1), n(x-1)* and n(x-1)**} of the previous rule to the total number of
antecedents in the corpus. In all cases, the value of the indicator of matching degree
(IM) is less than the rule prevalence value (RPV > IM). If all the antecedents in the
LHS exist in the set of the possible antecedents of the previous rule {n(x-1), n(x-1)*

and n(x-1)**} then, the value of the indicator of matching degree is 0/12=0.0.

The indicators of diversity (ID) and matching degrees (IM) are clarified in the

following examples:
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If the rule is derived from the antecedents: {d3, d4 and d9}, then the rule prevalence

value is (RPV=0.25).

If the set of the variable n(x-1) was defined in the user guide grammar of the previous

rule as: {d1, d3, d6, d9, d11}

Then, the indicator of diversity (ID) is 2/12=0.166, to represent the ratio of the two

antecedents {d3, d9} which exist in the set n(x-1) to total number of the antecedents in

the corpus, and the indicator of matching (IM) is 1/12=0.083, to represent the ratio of

the one antecedent {d4} which does not exist in the set of n(x-1) to total number of
the antecedents in the corpus.

RPV =0.25

i: }11\341%1)682 :l— Updated values

The indicator of diversity (ID) of any other rule has the same rule prevalence value

(RPV=0.25) but different antecedents {d1, d2, d10} is 1/12=0.083 because only one

Default value

antecedent (d1) exists in the set n(x-1) of the last rule, while the indicator of matching
degree (IM) is 2/12=0.166 because two antecedents (d2 and d10) does not exist in the

set n(x-1) of the previous rule.

In table 5.5, the relations between the rule prevalence values (RPV) and the
abundance values are strong direct in all hybrid designs composed of 6 and 10
original rules and hybrid rules. These results are compatible with the relations

concluded in table 5.4.

The relations between the rule prevalence values (RPV) and each of the geometrical
difference values and sequential difference values are moderate inverse in case of
hybrid designs composed of 6 original rules and strong inverse in case of hybrid
designs composed of 10 original rules (Table 5.5). On the other hand, there is no
relation between the rule prevalence values (RPV) and the geometrical difference
values of hybrid designs derived by hybrid rules because all hybrid rules have the
maximum geometrical difference value (1.0). However, the relations between the rule
prevalence values (RPV) and the sequential difference values are weak in case of the
hybrid designs composed of hybrid rules. In spite the fact that the rule geometrical

and sequential difference values are the main feedback signals of the design
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geometrical and sequential difference values, even so in some cases, the rule
prevalence values of original rules can indicate the design geometrical and sequential
difference values with high certainty. For example, original rules with high rule
prevalence values have low geometrical and sequential difference values. On the other
hand, the low certainty results from the original rules with low rule prevalence values
which have high, medium or low geometrical and sequential difference values

(Table 5.6).

Table 5.6: The relations in original rules between the rule prevalence values
and the geometrical or sequential difference values

Geometrical or sequential difference
value of original rules
High Medium Low
High
Rule P 1 1
ule rt'av-a ence value Medium
of original rules
Low °

5.2.3.4. Stage 3: Main findings

The search technique for the innovative hybrid design gives the grammar user the
potential to explore many alternative rules during the generation process. The study
considered that the number of rules (NR) and the rule evaluation factors have
significant effects on the innovation measures. However, the effects of some rule
evaluation factors such as rule geometrical difference values and rule sequential
difference values are definitely positive and limited to some innovation measures such
as design geometrical difference and design sequential difference respectively.
Therefore, the study examined only the effects of the number of rules (NR) and the
average rule prevalence values (RPV) on the innovation measures of hybrid designs
within two phases. In the first phase, the correlation coefficients between the
independent variables and the innovation measures are extracted from the copies of
existing designs and hybrid designs generated in the previous stage. The results on
one hand enhanced the differences between the copies of antecedents and hybrid
designs; and on the other hand showed predicted and in some cases unexpected

effects of the independent variables on the innovation measures. The second phase
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aims were to verify the first phase result and to neutralize the effects of the number of

rules (NR) and the average rule prevalence values (RPV) on each other.

Based on the results of two phases, the relations between the number of rules (NR)
and the innovation measures reveal that the high number of rules (NR) enhances the
diversity of the mixture in hybrid designs composed of original rules (ORs) and
hybrid rules (HRs). In contrast, the high number of rules (NR) may affect negatively
the abundance value as the measure of the density of hybrid design mixture. The
reason can be attributed to the fact that the grammar is derived from the corpus of
heterogeneous antecedents, therefore it has a limited number of original and hybrid
rules with high rule prevalence value (RPV): 5.555% of ORs and 18.888% of HRs
(Table 5.3). In addition, repeating a rule with high rule prevalence value (RPV) is an
exceptional case in shape grammar for hybrid design. Accordingly, the percentage of
rules with high rule prevalence value (RPV) is more likely higher in designs having
few rules than many rules. Furthermore, the high number of rules (NR) strengthens
the design individuality by decreasing the matching degree. It can be justified, to
some extent, for the same reason mentioned above where the low number of rules has
greater chances to choose rules with high rule prevalence values (RPV) which in turn
are most likely to increase the generated design matching degree. Lastly, the number
of rules (NR) has a direct relation with both design geometrical and sequential
difference values except hybrid designs composed of hybrid rules in which the

number of rules does not affect the design geometrical difference values.

The relations between the average rule prevalence values (RPV) and the innovation
measures reveal that high rule prevalence values (RPV) boost the abundance which
measures the density in hybrid design mixture. In contrast, the correlation between
rule prevalence values (RPV) and both diversity and matching degree values reveal
uncertainty relations. The reason why the applied rules with high RPV may not
enhance the diversity values can be attributed to the fact that the applied rules have
some common antecedents in their state labels. Additionally, this reason is more
likely to raise the matching value. These results revealed the need to add other
feedback signals to represent the automated indicator of diversity (ID) and matching

degree (IM). Diversity and matching indicators are two updated values added at
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grammar runtime to rule evaluation values of each eligible rule for selection.
Diversity indicator (ID) calculates the ratio of rule antecedents that exist in the set
n(x-1) of the previous rule to the total number of antecedents in the corpus. While,
matching indicator calculates the ratio of rule antecedents that do not exist in the set
n(x-1) of the previous rule to the total number of antecedents in the corpus. Lastly, the
high rule prevalence values (RPV) have inverse relation with both design geometrical

and sequential differences.

Built on the results above, a key for rule selection is summarized in Figure 5.55 which
can be used to direct the grammar user to a range of possible innovation measures.
The figure presents the effects of the number of rules, the rule prevalence values
(RPV) - defined in terms of the incidence of rule antecedents in the set n(x-1) of
previous rule - on the innovation measures: diversity, abundance matching degree,
geometrical difference and sequential difference. The number of rules (NR) is
constrained to be less than the total number of antecedents in the corpus (ND):
(NR<ND) and grouped to (NR<0.5ND), (NR=0.5ND) or (NR>0.5D). The varied rule
prevalence values (RPV) are classified to high, medium or low which in turn are
classified according to the incidence of rule antecedents in the set of n(x-1), such as

all antecedents, some antecedents or one antecedent.

Figure 5.55 helps the grammar user to decide the number of rules and to realize the
effects of the independent variables on the diversity, abundance, matching degree,
geometrical difference and sequential difference. The grammar user can follow the
tactics to derive hybrid designs with high innovation values and can distinguish the
rules (original or hybrid) that meet the required level of innovation measures (high,

medium or low).
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Figure 5.55: The effects of RPV and NR on the innovation measures of hybrid designs
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5.3. Chapter summary

The study has sought to achieve three objectives; therefore, the implementations of
shape grammars for hybrid minaret designs are presented in three stages. The first
stage show successive examples of hybrid minarets derived using (7 and 8) original
rules and hybrid rules. The second stage removed the doubts about the validity of
innovation measures in a generated hybrid design. The ability of these measures to
distinguish the mixed character and individuality between copies of existing designs
and hybrid designs was the test of their reliability. This was done by comparing the
innovation metrics of copies of antecedents with hybrid designs composed of original
and hybrid rules separately. The results show significant differences regarding

diversity, matching, and geometrical difference especially.

The third stage highlighted the signals of grammar user feedback that contribute
efficiently in deriving hybrid design with high innovation values. The study analysed
the relations between the independent variables: the number of rules (NR) used to
derive a design, and the average rule prevalence value (RPV); and the dependent
variables of innovation metrics: diversity, abundance, matching degree, geometrical
difference and sequential difference in the generated designs from the second stage.
The results revealed disagreement with the research hypotheses in some cases.
Therefore, further investigation was needed to verify these results and to neutralize
the effects of number of rules (NR) and rule prevalence values (RPV) on each other.
This is done by comparing hybrid designs composed of 6 and 10 original and hybrid
rules separately. The results of this phase underlined the need to add automatic
indicators to rule default evaluation system as mechanisms for predictability of both

diversity and matching measures.
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6. DISCUSSION AND CONCLUSION

The research reported in this thesis explores the use of shape grammars to derive
hybrid component-based designs from a corpus of heterogeneous antecedents. The
points of strength and weakness in this method are identified in section 6.1 of this
chapter. The contribution of the study is highlighted in section 6.2. Lastly,

recommendations for further research in this topic are discussed in section 6.3.

6.1. Shape grammar for hybrid designs: strength and
weakness

The implementation of shape grammars for hybrid minarets in the previous chapter
reveals the validity of the method. However, there are sides of strength and weakness

in this method which are reviewed in the following paragraphs.

6.1.1. Strength aspects in shape grammar for hybrid designs

Shape grammar for hybrid design have been developed in chapter three, refined in
chapters four, and implemented to derive hybrid minaret designs in chapter five.
This section highlights areas of strength in this method. Some of these aspects are
attributed to shape grammar method in general and are enhanced in the developed

method at hand whilst others are related specifically to this method.
The main aspects of strength are:

e (QGenerating designs using shape grammars are time and effort saving

compared to traditional design methods.

e Shape grammars for hybrid design are a bottom-up component-based
modelling approach which has the advantage of the ease of use by grammar

users who may know nothing about shape grammars.
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Because of the heterogeneity features of the existing designs in the corpus,
this method is able to generate a large number of hybrid designs from a

limited number of antecedents.

The results of implementing a shape grammar for hybrid minarets prove the
possibility of generating a large variety of new hybrid designs. They
contradicts the views that shape grammars are useful in exploring a large
number of similar variations and are less useful for the new modelling of

existing building (Huang et al., 2009).

In spite of this, there is a set of pre-determined steps in this method that
should be followed to produce a hybrid design, even so there is no prior
knowledge about the final configuration to be derived using this process.
This fact complies with the unexpected and unpredictable characters
associated with the process of generating innovative design using original
shape grammar® whereas surprise is a “strength of grammars because it

opens up new, unimagined design possibilities” (Knight, 1998).

Shape grammars for hybrid designs boost the two aspects of human
innovative design behaviour: exploration and adaptation. It is suitable for
computationally modelling the open-ended nature of design by incorporating
and adapting knowledge drawn from past experiences of valuable precedents.
The search process for a desired solution gives the grammar user the
potential to explore and compare a large number of alternative designs
including many options that the user may not gain without the aid of the
grammar, thus paving the way for highly innovative design. In addition,
hybrid adaptation in shape grammar provides the rules with a new order and
a new format in which the generated hybrid design is incrementally evolved

toward a new state of solution.

There are two levels of exploration in shape grammars for hybrid designs:
internal and external. The internal level happens during the derivation

processes whereas the grammar user has alternative rules to choose from at

The author of original shape grammars creates grammar rules from scratch.
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each stage of application. The external level, on the other hand, happens after
the completion of many hybrid designs to find the best configuration from

the population of generated solutions.

¢ In this method, the selection processes by grammar users can be innovation
measures-guided or self-guided. They allow the user to browse through
applicable rules or generated designs and explicitly select the desired one. In
the former, the grammar user participates in the filtering process using the
evaluation schemes (rule evaluation and grammar evaluation) to filter the
choices of rules during the generation process and the choices of final
designs after completing the generation process. However, the user
dependence on the innovation measures alone in the choice of applicable
rules or final designs may not lead to satisfactory results. Therefore, the
grammar user can use his/her aesthetic preference to guide the selection

process.

e The differences between original rules as keeping the design constraints of
their antecedents and hybrid rules as breaking these restrictions enhance the
variety in the generated hybrid designs which can be derived from original

rules only, mixture of original rules and hybrid rules, or hybrid rules only.

¢ The ability to innovate in any design lies in the ability to generate diverse
alternatives that break away from the norms and the governing constraints.
The use of hybrid adaptation techniques in shape grammars provides
opportunities for the emergence of unexpected or unpredictable designs by
combining original rules to generate hybrid rules. The blended shapes and
spatial relations in a hybrid rule inherit features from its input original rules
leading to emergent features of its own by merging characteristics of their

antecedents.

e The innovation measures in shape grammar for hybrid design are internal
metrics which determine how well the mixed character and individuality in
the generated hybrid designs. Contrary to external metrics such as golden

ratio... etc., the internal metrics here depend on the grammar structure and
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give the grammar indicators such as (NR, RPV, RGDV, RSDV) a larger role

in generating innovative hybrid designs.

The benefits arising from measuring the innovation in hybrid designs can be
attributed to creating a platform for final designs comparison and selection,

and creating feedback signals for generated designs improvement.

To the best of the author’s knowledge, shape grammar for hybrid designs is
the only grammar that makes a link between rules in the grammar and their
antecedents in the corpus. The antecedent role in deriving a hybrid design is
not anonymous but can be traced easily. This feature is useful if the user
wants to select rules belonging to specific precedents in the corpus as sources
of hybridisation. Furthermore, it enables the customization of the whole
corpus of antecedents to be sub-corpus. The computer implementation can
deal with this matter easily. For example, the rules that have the LHS
constant state labels of the customized sub-corpus are active, the others are
inactive. Additionally, the default innovation measures of the active rules are
automatically recalculated to satisfy the new number of antecedents in the

sub-corpus and the new number of rules in each sub-class rules set.

6.1.2. Weakness aspects in shape grammar for hybrid designs

The weakness points in shape grammars for hybrid designs relate in some cases to

shape grammars method in general, while in others are attributed to the method itself.

The main weakness aspects are:

Shape grammars for hybrid design are component-based generative design
process which analyse precedents to a set of components and use them to
build new hybrid designs. However, this simple component-based approach
may not suit alone many classes of architectural and product designs. In fact,
this method is more likely to satisfy specific type of simple formal artefacts

composed of clear components with juxtaposed and containment relations
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whereas these components are the basis for grouping rules in sub-class rule

sets.

¢ The user dependence on the innovation measures to choose a rule or a final
design may not lead him/her to satisfactory results. Despite of the design
configurations being obtainable with rules derived from existing designs with
aesthetic, the grammar alone cannot guarantee aesthetic results of the
generated design from the user point of view (Huang et al., 2009). The reason
can be attributed to the fact that considering aesthetic design principle by
shape grammar to yield pleasing results limits the variety of the generated

designs.

¢ Combing original rules to derive hybrid rules may lead to nonsense
configurations. According to Knight, “understanding the predictabilities of
grammars is central to the successful design of shape grammars in creative
design application” (1998, p. 499). Therefore, the grammar author should be
aware of all the possibilities of deriving and applying the hybrid rules.

e The grammar based computational design is accused of restraining the
creativity of the grammar users who lack “the creative control, responsibility
and challenges they enjoy in traditional design” (Knight, 1998, p. 500). The
user role is limited to select applicable rules according to their innovation
indicators or his/her personal desire and to decide their parameters which are

more likely to be boring mechanical tasks.

e The grammar author cannot deal manually with a large number of existing
designs in the corpus whereas the increase in the number of antecedents leads
to a direct increase in the number of rules as a result of the heterogeneous

characters of antecedents.

¢ Although writing rules in sub-class rule sets makes expanding the grammar
an easy matter if new antecedents are added to the corpus at any time; even
so the default values of rule evaluation (RPV, RGDV and RSDV) in all
grammar rules need to be updated. They should consider the increase in the

total number of antecedents in the corpus on one hand, and the effects of new
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rules on both geometrical and sequential differences values of other rules on
the other hand. These changes are time consuming in case of manual
handling of grammar, contrary to computer implementation which can deal

with them easily and quickly.

6.2. Contribution of the research

The main research contribution can be attributed to the use of hybrid adaptation in
shape grammars and the assessment of the generated hybrid design. Unlike previous
works, which focused on transformation techniques to derive new designs from the
corpus of antecedents, this research concentrated on hybridisation techniques
irrespective of other adaptation techniques. The contribution of this thesis is

summarised in the following paragraphs.

6.2.1. Shape grammars as both interpolation and extrapolation
tools

Previous works on analytical shape grammars enabled the grammar user not only to
understand and generate designs in the original style but to generate new designs in an
extension of the style70. However, except Orsbone et al (2006) on vehicle designs,
shape grammars were applied on a corpus of homogeneous antecedents. The new
designs generated by transforming the original language such as Bosnian house
grammar (Colakoglu, 2001, 2005), Yingzao Fashi grammar (A. Li, 2001), Siza houses
grammar (Duarte, 2005) are interpolations of the building type in which the new

designs data is constructed within the range of a set of antecedents’ data.

In this study, the primary contribution has been to propose an approach that enables
the incorporation of shape grammar method into hybrid adaptation techniques. Shape
grammars for hybrid design create new and different designs from the corpus of
heterogeneous antecedents using interpolation and extrapolation. In the former

process, the hybrid design is derived by original rules only. While in the latter, the

0 Http://www.mit.edu/~tknight/IJDC/frameset_history_analysis.html
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hybrid design is derived by hybrid rules only or a combination between original rules
and hybrid rules in which the data of a new hybrid design is constructed outside the

range of a set of antecedents’ data.

6.2.2. Shape grammars as multi-guides tool for grammar user

The user interaction in shape grammar practices can be classified into three roles
(Chase, 2002). In the first role, the user has a full control on rule selection and
grammar development. In the second role, the grammar user has a partial control on
some aspects of rule selection. While in the third one the grammar user has no control

and the designs are generated without user intervention.

In shape grammar for hybrid designs, the partial control of grammar user is directed
via parallel grammars composed of three descriptive grammars. Firstly, it is the user
guide grammar for hybrid design which restricts the choice of the next rule within a
set of predefined antecedents. Secondly, it is the rule evaluation metrics of the
innovation in hybrid designs which have default values (RPV, RGDV and RSDV) and
automated values (ID and IM) to give grammar user feedback signals before choosing
the rule and to provide ground for comparison between eligible rules for selection.
The last descriptive grammar is the evaluation metrics of the innovation in the
generated hybrid designs which have automated values (diversity, abundance,
matching degree, geometrical difference and sequential difference) to give grammar
user feedback after applying the rule. Through the generation process, these measures
are the feedback loop that can be the input in the next rule selection. After the
completion of derivations, the final measures provide a ground for comparison

between final designs.

6.2.3. Shape grammars as an assessment tool
In previous shape grammar practices, the assessment tools are derived from other
domains such as the aesthetics in case of golden ratio (Shea, 1997), or economics in

the case of costing (Agarwal et al., 1999). In this study, the assessment method is built
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in to the grammar rules to make the shape grammar not only an analytical and

generative tool but also an assessment tool (Figure 6.1).

Generative
tool

Analysis
tool

Shape grammars for

hybrid designs Assessment

tool

Figure 6.1: Tasks of shape grammar for hybrid designs

6.3. Recommendations for future research

This study identified an approach for deriving hybrid designs using shape grammar. A
range of issues have emerged in relation to the proposed approach which requires

further investigation.

6.3.1. Further applications of the method

This study implemented shape grammars for hybrid designs on a corpus of
heterogeneous traditional minarets. More applications on different architectural
artefacts, engineering designs and product designs are required to enhance the

proposed approach.

6.3.2. Enrichment of the method

The central part of shape grammar for hybrid designs involves capturing the
component-based design information and representing it via grammar rules.
Therefore, there is a need to improve this method to suit other architectural products

in which component-based analysis alone is not sufficient.
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6.3.3. Application in other domains
It is possible to identify hybrid adaptation technique in other design computing
domains such as case-based designs. This will offer a platform to compare shape

grammar method with case-based method.

6.3.4. Computer implementation

Shape grammars for hybrid minaret design were conducted manually. A computer
implementation is useful to perform direct housekeeping work such as parametric
shape representation and computation of user guide grammar, innovation indicators
and innovation measures. According to that, creating a user interface will facilitate

and save time for the grammar user compared with the hand-based method.
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Appendix-A

Appendix

Appendix—-A: Rules of shape grammars for hybrid minarets

A-1 Original rules of shape grammar for hybrid minarets

Plan Elevation

Initial Shape:

n={dl, 2, d3, d4, ds, d6, d7, d7, d8, d9, d10, d11,
d12}

nx: is a variable state label to be defined in the user
guide grammar

X: is an ascending integer variable that represents
stages of adding minaret components. x={2, ..., y},

y: is the total number of rules needed to generate the
minaret. In the corpus of antecedents y={3, ..., 12}

m: is a set of designs that have the least number of
applied rules in the perevios steps of design derivation

Parameters of shapes are

L: length, W: width, Lb: base length, Lt: top length,
H: hieght, D: diameter, Db: base diameter, Dt: top
diameter, M: distance betweem markers

Markers:

1-Body markers:

e Adding any body shape

@ Adding an octagonal, a circular, a lobular or

a stellar boby shape

@ Adding a circular, a lobular or a stellar boby shape

2-Joint markers:

<« Adding any component above the joint

«« Adding a body or a balcony followed by a body
4 Adding a head or a balcony followed by a
lantern or a head above the joint

3-Balcony markers:
B Adding any balcony shape
M Adding an octagonal or a circular balcony shape
M Adding a circular balcony shape
o Adding a balcony followed by a body
ol Adding a balcony followed by a lantern or a head

4-Lantern markers:
O Adding any lantern shape
7 Adding a circular lantern shape

5-Head markers:
o Adding any head shape
@ Adding a circular head shape

Rule Subclass rule set of minaret bases User guide grammar|  Evaluation of the Evaluation of the
no. (Original rules) for hybid design original rules generated design
dl, d4, d11 nl L
Rule Prevalence=0.25 Design diversity=
OR G ical diff 075 Design abundance=
la| ———— ———— —p o——e o —— . nl={n\d1, d4, d11} |Geometrical difference=0.75} "y chino degree=
Sequential difference=0.75 G . Lo |
eometrical difference=|
Sequential difference=
d2, d8, d9 nl

L=W L>=or<H M>L

OR -

L=W L>=or<H L>M

da | T

a7
OR -
- [ — — [
L=W D<L L> =or<H D=M

ds nl

D>,=or<H D>M

d12 nl

OR B
Ta| ———— ———— — ol

D>,=or<H D>M

e Rule Prevalence=0.25

-— Rule Prevalence=0.166

— Design diversity=

]
" R S
7nl_?

R I > o) Jali]

]

Rule Prevalence=0.083 -
G ical diff ~0916 Design abundance=
nl={n\d6} cometrical diflerence=0). Matching degree=
Sequential difference=0.5 . Lo |
Geometrical difference=|
Sequential difference=
— Design diversity=
Rule Prevalence=0.083 colen Sversity
G ical diff ~0916 Design abundance=
nl={n\d7} cometrical diflerence=0. Matching degree=
Sequential difference=0.5 . Lo |
Geometrical difference=|
Sequential difference=
- Design diversity=
Rule Prevalence=0.083 colgn Sversity
G ical diff ~0916 Design abundance=
nl={n\d5} cometrical diflerence=0). Matching degree=
Sequential difference=0.5 . Lo |
Geometrical difference=|
Sequential difference=
— Design diversity=
Rule Prevalence=0.083 oian versiy
G ical diff ~0.916 Design abundance=
nl={n\d12} cometrical diflerence=0. Matching degree=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=|
Sequential difference=

Geometrical difference=0.583
Sequential difference=0.75

nl={n\d2, d8, d9}

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=|
Sequential difference=

Geometrical difference=0.583
Sequential difference=0.5

nl={n\d3, d10}

Sequential difference=0.5 Geometrical difference=|

Sequential difference=
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Rule Subclass rule set of minaret bodies User guide grammar| Evaluation of the Evaluation of the
no. (Original rules) for hybid design original rules generated design
d1, d4 nx
d hd Design diversity=
Rule Prevalence=0.166 e.slgn Hversity _
OR G rical difference=0.833 Design abundance=
1b —> ot d nx={n(x-1)\d1, d4} [Geometrical difference=0. Matching degree=
Sequential difference=0.5 . Lo
Geometrical difference=
LW Lo —or<H L>M Sequential difference=
dr' nx
Design diversit
Rule Prevalence=0.083 e_.“gn, Wer?l
OR G ical diffe —0.833 Design abundan
n| e e——e —P mx={n(x-D\d1)  [Geometrical difference=0.833 \poicing egree=
Sequential difference=0.5 P .
Geometrical difference=
LW L>.—or<H L>M Sequential difference=
d2, d3, d6, d7, d8, d12 nx
Design diversity=
Rule Prevalence=0.5 e.slgn Hversity _
OR G cal difference=0.416 Design abundance=
3p| T S —— 8 —> i nx={n(x-1)\d2, d3, Seomelrtl.?‘lld.:.f élerfLi() 333 Matching degree=
de, d7, d8, d12} equential ditierence=L. Geometrical difference=
D> =or<H' D<M Sequential difference=
d3
Design diversity=
Rule Prevalence=0.083 cesign civersity
OR G ical difference=0.916| Design abundance=
| i e P mx=(n(x-1\d3} - Geometical difference=0.916 . cping degree=
Sequential difference=0.5 P .
Geometrical difference=
Sequential difference=
Db>Dt Db>, =or<H Dt=M
d3, d11
Design diversity=
Rule Prevalence=0.166 e_.“gn, Wer?l Y
OR G ical diff —0.75 Design abundan
b e e (D) nx={n(x-1\d3, d11) | Geometrical difference=075 | \poicing egree=
Sequential difference=0.333 R
Geometrical difference=
DbsDt  Db>, = or<H Dt<M Sequential difference=
d4, d8 nx
Design diversity=
Rule Prevalence=0.166 e.slgn Hversity _
OR G ical difference=0.583 Design abundance=
6p| T E w——& —p N nx={n(x-1)\d4, dg} |Geometrical difference=0. Matching degree=
Sequential difference=0.333 : . _
Geometrical difference=
Sequential difference=
D> =or<H D<M
ds nx
o—o Design diversity=
Rule Prevalence=0.083 e_.“gn, Wer?l Y
OR . . -0.583 Design abundan
7b| ®—— ®——e —P oo nx=({n(x-\d5) ~ Geometrical difference=0383 y;yping gegree=
Sequential difference=0.5 P .
Geometrical difference=
Sequential difference=
D> =or<H D>M
ds5', d6', d7', d8' nx
Design diversit
Rule Prevalence=0.333 e_.“gn, Wer‘“ o
OR G ical diff 0416 Design abundance=
gh| ®F——8 B ——8 —>p ——- nx={n(x-1)\d5, d6, esomemgal dl»fferenceio.S Matching degree=
d7,d8} equential difference=0).. Geometrical difference=|
Sequential difference=
D> =or<H D=M
d6 nx
Design diversity=
Rule Prevalence=0.083 e.slgn Iversity _
OR G rical difference=0.583 Design abundance=
op | i E—— —> T nx={n(x-1)\d6} eometrical difference=0. Matching degree=
Sequential difference=0.5 : . _
Geometrical difference=
Sequential difference=
D> =or<H D=M
d6 nx
Design diversity=
Rule Prevalence=0.083 csign diversity
OR G ical difference=0416| Design abundance=
0h| ®——% ®——e — > mx=(n(x-1\d6}  Geometrical difference=0.416) . cping degree=
Sequential difference=0.5 P .
Geometrical difference=
Sequential difference=
D> =or<H D=M
d6 nx
Design diversity=
Rule Prevalence=0.083 e_.“gn, Wer‘“ y _
OR G ical diff —0.916 Design abundance=
11b| ®&—i—® ®—— .- —> S nx={n(x-1)\d6} cometrical difference=0. Matching degree=
Sequential difference=0.5 . . _
Geometrical difference=
Sequential difference=
D> =or<H D=M
do nx
L L Design di ity=
Rule Prevalence=0.083 e.slgn Hversity _
OR G rical difference=0.583 Design abundance=
12p| *F——®% &—— L —p —r—- nx={n(x-1)\d9} cometrical difference=0. Matching degree=
Sequential difference=0.916 . . |
Geometrical difference=
Sequential difference=
D> =or<H D<M
dio’ nx
—- — Design diversity=
Rule Prevalence=0.083 e_.“gn, Wer‘“ Y
OR ™ G ical diff —0.75 Design abundan
13p| &—— & #—— .- — f{ - nx={n(x-1)\d10} cometrical difference=0.75| -y, ching degree=
Sequential difference=0.5 P .
Geometrical difference=
Sequential difference=
Db>Dt Db>,=or<H D&M
d12 nx
Design diversity=
Rule Prevalence=0.083 csign diversity _
OR G ical difference=0.916| Design abundance=
14b| & ——% & —— .- —p N nx={n(x-1)\d12} eometrical difference=0. Matching degree=
Sequential difference=0.5 : . _
Geometrical difference=
D>, —or<H D>M Sequential difference=
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Rule Subclass rule set of minaret joints User guide grammar|  Evaluation of the Evaluation of the
no. (Original rules) for hybid design original rules generated design
d2 nx S
OR OI\—/I' Rule Prevalence=0.083 Dzz;;inait‘v:;;ﬁi;
le| 1B st —— had —p nx={n(x-1)\d2} Gesometricvallf‘ivfffference:_(()).8533 Matching degree=
L=W LeLb LsH L=V equential difference=0.5 \Gomeqrical difference=]
Sequential difference=
nx . . .
Design diversity=
OR @F Rule Prevalence=0.25 Dez;lil;b:-‘\:é;]ie:
2 nx={n(x-1)\d6 Geometrical difference=0.583| Mal%hing degree=
Db<Dt Db>H  Di=M d7, d8} Sequential difference=0.5 |G o meqrical difference=
Sequential difference=
nx . . .
Design diversity=
OR w Rule Prevalence=0.083 Deii“vil;b:ﬁ:“y;e:
3¢ nx={n(x-1\d2} Geometrical difference=0.583 Mél‘\;hing degree=
. Db<Dt Db>H  Dt=M Sequential difference=0.5 |0 neqrical difference=
Sequential difference=
d3 nx L
OR ol —le Rule Prevalence=0.083 Dzi:;“ﬁ::;z:z;
do | B A ——- e el l:l nx={n(x-1)\d3} (Geometrical difference=0.916 Mélching degree=
Sequential difference=0.5 G . . |
Db<Dt DbsH Di=M eometrical difference=|
Sequential difference=
d3 nx I
Design diversity=
OR — — Rule Prevalence=0.083 Dez;lil;b:l\:;:;ie:
Sc| € —i—> +—— > B nx={n(x-1)\d3} Geomelri'cal L!ifference:().‘)l() Mal%hing degree=
Db<Dt Db>H Di=M Sequential difference=0.833 Geometrical difference=
Sequential difference=
d4 nx e
Design diversity=
Rule Prevalence=0.083 esign diversity _
OR S Design abundance=
6c| HT TR e —— e nx={n(x-1)\d4} Geometrical difference=0.833 Matching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.5 | etrical difference=]
Sequential difference=
d2 R
Design diversity=
OR Rule Preva}ence:0.083 Design abundance=
To| i —— > nx={n(x-1)\d2} Geometrical difference=0.833 Matching degree=
Sequential difference=0.5 Geometrical difference=
Sequential difference=
d4 R
Design diversity=
OR Rule Preva}ence:0.083 Design abundance=
Qo | B t—— > nx={n(x-1)\d4} Geometrical difference=0.833 Matching degree=
Sequential difference=0.5 Geometrical difference=
Sequential difference=
d4',d12'
Rule Prevalence=0.166 De{slgn dwersny:_
OR L Design abundance=
9¢ - — P e ——- > nx={n(x-1)\d4, d12} Geometrical difference=0.833 Matching degree=
Sequential difference=0.666 Geometrical difference=
Sequential difference=
ds nx e
Design diversity=
*—e Rule Prevalence=0.083 esign diversity _
OR S Design abundance=
10c| *+—i—» et—— - —p PRIPS nx={n(x-1)\d8} Geomeln.cal ‘?1fference:0.833 Matching degree=
L=W LoLb LbsH LM Sequential difference=0.833 Geometrical difference=
Sequential difference=
do nx S
Design diversity=
OR ﬁr Rule vPreva.lence:0.083 Design abundance=
lle| **—i—»s et—— > —p oo nx={n(x-1)\d9} Geomem.cal L'hfference:().‘)l() Matching degree=
L=W LoLb LbsH LoM Sequential difference=0.833 Geometrical difference=|
Sequential difference=
ds nx S
_ Design diversity=
OR 7%7 Rule Prevalence=0.083 Design abundance=
12¢| s*—i—>e st—— e —p - nx={n(x-1)\d8} Geomelnvcal c.hfference:O.Qlﬁ Matching degree=
Db<Dt Dbs>H Di=M Sequential difference=0.833 Geometrical difference=
Sequential difference=
@ ™ Rule Prevalence=0.083 Design diversity=
- — u va =0. N
Di bundance=
%lz it i > —p - m nx={n(x-1)\d9} \Geometrical difference=0.916 l\j:l:%:iigu;e;nec::
N Db>Dt Db>, =or<H Di=M Sequential difference=0.666 Geometrical difference=
Sequential difference=
dit nx e
Design diversity=
Rule Prevalence=0.083 esign diversity _
OR S Design abundance=
l4e| +—i—> *—— > nx={n(x-1\d11} Geometrical difference=0.583 Matching degree=
- =] Sequential difference=0.833 . N |
Db<Dt  Db>, =or<H Di=M Geometrical difference=|
Sequential difference=
drr nx o
g Ny _ Design diversity=
OR i N Rule Prevalence=0.083 Design abundance=
15¢c| —i—> —— > —Pp & g nx={n(x-1\d11} Geometrical difference=0.583 Matching degree=
ool 4// Db<Di Db>, zor<H DM Sequential difference=0.666 |, o o difference=]
Sequential difference=
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Rule Subclass rule set of minaret balconies User guide grammar| Evaluation of the Evaluation of the
no. (Original rules) for hybid design original rules enerated design
g y! gl g g 14
d2 nx
Design diversity=
OR 7’—0—0—‘7 Rule Prevalence=0.083 De:;nab:::i;lnie:
1d | om——meem— — - —p o|-e nx={n(x-1)\d2} Gesomemcf‘ll ":_ffffe'encei%'gslﬁ Matching degree=
L=W L>H L>M equential difference=0.5 5o o etrical differences|
Sequential difference=
d2 nx
Design diversity=
OR K \ — — Rule Prevalence=0.083 De:;nab:::i;lnie:
2| M —— o —— - —p {vfs nx={n(x-1)\d2} ~ |Geometrical difference=0.983 1.\ cping gegree=
\\j D>H D>M Sequential difference=0.833 Geometrical difference=|
Sequential difference=
d2' nx L
Design diversity=
OR /\ Rule Prevalence=0.083 De:;nab:::i;lnie:
3d O —— b - —— RS > nx={n(x-1)\d2} Geomelr.lcal ﬂlfférenc 0.75 Matching degree=
\;/ D>H D>M Sequential difference=0.916 Geometrical difference=
Sequential difference=
d3, d6, d7, d8 nx
Design diversity=
OR 7E— Rule Prevalence=0.333 De:;;i:b::é;;ie:
4d o —— meem — —- e —p |efe nx={n(x-1)\d3, d6, Geomelncf:l dl.f.fference:O.SSI% Matching degree=
D>H D>M d7, d8} Sequential difference=0.5 Geometrical difference=
Sequential difference=
d4 nx I
Design diversity=
OR m Rule Prevalence=0.083 De:;;i:b::é;;ie:
5d o —— moom-— —- e —Pp e e nx={n(x-1)\d4} Geomelnsﬂl d}f\feren#:().ﬁ Matching degree=
D>H D>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d9 nx o diversitve
OR / \ ST Rule Prevalence=0.083 Dg:g"a:'u‘f;:‘;z;:
6d ,—— o —-—- = ’ ol g nx={n(x-1)\d9} Geometr.lcal .d.l‘ﬂerenc 0.75 Matching degree=
K/ D>H D>M Sequential difference=0.833 Geometrical difference=
Sequential difference=
Rule Subclass rule set of minaret Lanterns User guide grammar| Evaluation of the Evaluation of the
no. (Original rules) for hybid design original rules generated design
nx
OR Rule Prevalence=0.083 Dlsz;inddbLV:JZ:Z::
le w nx={n(x-1)\d3} Geomem.cal t?hfference:O.QlG Matching degree=
Sequential difference=0.916 G o
eometrical difference=|
D> =or<H D=M Sequential difference=
nx
Design diversit
OR Rule Prevalence=0.083 De:;nab::;:nce:
2% M nx={n(x-1)\d2} Geomeln?al d}fference:O.QlG Matching degree=
Sequential difference=0.75 G o
eometrical difference=|
D> =or<H D<M Sequential difference=
nx
Design diversity=
OR B > Rule Prevalence=0.083 De:;nab::;:nie:
— _ Geometrical difference=0.916) e _
3e nx={n(x-1)\d9} S Matching degree=
Sequential difference=0.75 : . |
Geometrical difference=
D> =or<H D<M Sequential difference=
nx
Design diversity=
OR Rule Prevalence=0.083 De:;nab::;:nie:
de non nx={n(x-1\d11} [Geometrical difference=0.916| \r.\cping degree=
Sequential difference=0.75 : . |
Geometrical difference=
D>, =or<H D<M Sequential difference=
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Rule Subclass rule set of minaret heads User guide grammar| Evaluation of the Evaluation of the
no. (Hybrid rules) for hybid design original rules generated design

dl

Design diversity=
Design abundance=
Matching degree=
Geometrical differen
Sequential difference=

nx
D=2H
nx
Design diversity=
Rule Prevalence=0.083 D e“gn Wer,“)f -
esign abundance=

nx=0 Ge(;msmc?% ;!:;.ffsfrsncs‘:i)ﬁlﬁ Matching degre
cquential ditterence= Geometrical difference=
Sequential difference=

Rule Prevalence=0.083
Geometrical difference=0.916|
Sequential difference=0

OR

| A A nx=0

d2

OR

Db> or <Dt Db<H

d3,d11 nx

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=

Rule Prevalence=0.166
nx=0 Geometrical difference=0.833|
Sequential difference=0

OR
3| FB—i—F

De.=or>t Sequential difference=
d4,d12 nx
. Design diversity=
OR Ge Rule ?rclvg.l;fncc—l)ll ?)68'43 Design abundance=
af o—1—06- —-o——0o— - — nx=0 cometrical difference=0.83 Matching degree=
Sequential difference=0 P, o
De —orsH Geometrical difference=|
s Sequential difference=
d5,d10 nx
Design diversity=
OR Ge Rule Prel\/;-l?fncef();lj())ﬁsn Design abundanc
5¢ - R S S nx=0 cometrical difference=0.83 Matching degree=
Sequential difference=0 P, o
DsH Geometrical difference=|
Sequential difference=
de, d7 nx
Design diversity=
OR Ge Rule ?relv;.l?:wf()llif(;ﬁs” Design abundance=
6f A S S & - — nx=0 cometrical difference=0.83 Matching degree=
Sequential difference=0 P,
e " Geometrical differen
L= or>]

Sequential difference=

nx
m Rule Prevalence=0.083 Di:;lina?)t:/:;::z::
— - Geometrical difference=0.916| ¢

ds

OR
7f H——F nx=0 L o Matching degree=
D> =or<H Sequential difference=0 Geometrical difference=
d9 nx Sequential difference=
—— § o Design diversity=
OR v | N n Rule ?ﬁs;;}:fms{).(_)?)f&gm Design abundance=
8f oo oo —> \ ; nx=0 cometrical difference=0. Matching degree=
\S [ Y Sequential difference=0 G ical diffe _
S De. - or oH cometrical difference=
’ Sequential difference=
0
1
\ Termination rule
e —»
|
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A-2 Hybrid rules of shape grammar for hybrid minarets

A-2-1 Derivation of hybrid rules
Merging original rules to derive hybrid rules for each component are presented as

follows.

Minaret base

Rule Dreivation of hybrid rules of minaret base User guide grammar|  Evaluation of the | Evaluation of the
no. for hybid design rules generated design
do nl
OR B F ﬁ - Rule Prevalence=0.083 [?e ifgﬂ,‘iﬁ:zizz;
4| ———— ———— — nl={n\d6} Geomelngal d1fference:0.9l6 Matching degree=
L=W Sequential difference=0.5 G ical diff ]
> = or<H eometrical difference=
L=M Sequential difference=
d7 nl
—- -— Design diversity=
OR VARt / ( Rule Prevalence=0.083 D e:isglginabilvlzzlni o=
5a I —p 7 nl={n\d7} Gx?somelnc_all ‘y_l;:rellcei%il o Matching degree=
EV{ mD:}l; equential difference=0.5 e ometrical difference=
DM Sequential difference=
de, d7 nl
- - Design diversity=
HR F 1 Rule Prevalence=0.166 De:;nab:.lv:c‘i-;i,e:
la I —> nl={n\d6, d7} ("geomeln_cTldc.lglerenci:ols.() Matching degree=
EV{ mD:}& equential difference=0.5 e ometrical difference=
DM Sequential difference=
do, d7 nl
— — Design diversity=
HR 25 gg Rule Prevalence=0.166 De:;nab:.lv:c‘i-;i,e:
2a - T —> nl={n\d6, d7} ("geomeln_cTldc.lglerenci:ols.() Matching degree=
I;V{ orD:III- equential difference=0.5 )\ Ge o metrical difference=
D=M Sequential difference=
d7 nl
- — Design diversity=
OR Nand / < Rule Prevalence=0.083 De:;nab:.lv:c‘i-;i,e:
S5a I T —> 7 nl={n\d7} Gx?somelnc_all ‘y_l;:rellcei%il o Matching degree=
EV{ mD:}l; equential difference=0.5\Ge ometrical difference=
DM Sequential difference=
ds nl
—- -— Design diversity=
OR m Rule Prevalence=0.083 De:;nab:.lv:c‘i-;i,e:
6a - T —> nl={n\d5} Gx?somelnc_all ‘y_l;:rellcei%il o Matching degree=
D>M= or<H equential difference=0.5 )\ Geometrical difference=
B Sequential difference=
ds, d7 nl
— — Design diversity=
HR m Rule Prevalence=0.166 De:;nab:.lv:c‘i-;i,e:
3a - T —» nl={n\d5, d7} Geomelr{cal t?h\fference:l.() Matching degree=
Di<Db Sequential difference=0.5 G ical diff |
Dho. = or <H eometrical difference=
DM Sequential difference=
d2, d8, d9 nl
Design diversity=
OR Rule Prevalence=0.25 De:;nab:.lv:c‘i-;i,e:
2a| ——i—— ———— —p > nl={n\d2, d8, 9} [Ggometrieat difference=0.383) ytqiching degree=
EV{ e equential difference=0. Geometrical difference=
LeM Sequential difference=
d7 nl
— — Design diversity=
OR Nand / < Rule Prevalence=0.083 De:;nab:.lv:c‘i-;i,e:
4a - T —> b4 nl={n\d7} Gx?somelnc_all ‘y_l;:rellcei%il o Matching degree=
I;V{ orD:III- equential difference=0.5\Ge o metrical difference=
M Sequential difference=
d2,d7,d8, d9 nl
HR - > Rule Prevalence=0.33 [?e ifgﬂ,‘iﬁ:zizz;
fo| ———— ———— —> nl={n\d2, 7, d8, d9}| Geometrical dHerence=] 0} “yjquching degree=
ﬂiw—b l;l;WlLi-g;Ll equential difference=0.75 | oo metrical differences|
o Sequential difference=
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Rule] Dreivation of hybrid rules of minaret base User guide grammar| Evaluation of the Evaluation of the
no. for hybid design rules generated design
d12 nl
—- -— Design diversity=
OR Rule Prevalence=0.083 D esign blve:l Y _
(Geometrical difference=0.916| esign abundance=
Ta| ——i—— ———— —Pp @ nl={n\d12} S ol dif 3 _0'5 Matching degree=
gz, = or<H equential difference=0.5 | Ge o merical difference=
Sequential difference=
d7 nl
—- -— Design diversity=
OR Rule Prevalence=0.083 cesien 1ve£||"s1 Y _
> yaRe (Geometrical difference=0.916 Design abundance=
Sa| — T T T b4 nl={n\d7} i . Matching degree=
L=W L>D Sequential difference=0.5 G ical diff _
Lo = or ot eometrical difference=
D=M Sequential difference=
d7,d12 nl
—- -— - Design diversity=
HR E G Rule P.re‘:vla‘lievg.ce—o.‘lfé 0 Design abundance=
Sa| — T T T —> § B nl={n\d7, d12} cometrical difference=1. Matching degree=
a _ g degl
Db>Dt Sequential difference=0.5 G ical diff _
Dho, - or <H eometrical difference=
DM Sequential difference=
dé nl
- - _ Design diversity=
OR 5 Rule vl"relv;l;:fnce—o.ggz 6 Design abundance=
da| ———— ———— —p nl={n\d6} eomelm'a ifference=0. 16 Matching degree=
L=W Sequential difference=0.5 G ical diff _
Lo = or <H eometrical difference=
L=M Sequential difference=
d5 nl
— -— Design diversity=
OR Rule Prevalence=0.083 D esign blve:l Y _
(Geometrical difference=0.916 esign abundance=
6a| — T — ———— —p oo nl={n\d5} A Or N Matching degree=
oo Sequential difference=0.5 | Geomerrical difference=
Sequential difference=
ds, dé6 nl
HR - B Rule Prevalence=0.166 DDethn ilvegslly:_
> Geometrical difference=1.0 | o Canee
6a| — T T T e nl={n\d5, d6} cometrical ¢ . Matching degree=
L=W Sequential difference=0.5 G ical diff _
o = or<H eometrical difference=
LM Sequential difference=
d3, d10 nl
OR - B Rule Prevalence=0.166 DDethn ilvegslly:_
Geometrical difference=0.583) - o ho e
3a| ——i—— ———— —p o nl={n\d3, d10} cometrical il - Matching degree=
EW, or <H Sequential difference=0.5 Geometrical difference=
oM Sequential difference=
d5 nl
—- -— Design diversity=
OR D:D 5 Rule vl"relv;l;:fncezo.ggz 6 Design abundance=
6a| — i T — —> 8- nl={n\d5} eometrical di erencei 916 Matching degree=
BZM: or<H Sequential difference=0.5 Geometrical difference=
Sequential difference=
d3, d5, d10 nl
—- -— Design diversity=
HR Rule Prevalence=0.25 D esign blve:l Y _
> Geometrical differen os gl aounCanee=
Ja| —— i —— ———— oo nl={n\d3, d5, d10} cometrical d . Matching degree=
L=W Sequential difference=0.5 G ical diff _
Lo = or<H eometrical difference=
oM Sequential difference=
d5 nl
—- -— Design diversity=
Rule Prevalence=0.083 esign civersity _
OR S - Design abundance=
6a| ——i—— ———— —p oo nl={n\d5} Geomelncfil d{fferenc?—0.916 Matching degree=
oo Sequential difference=0.5 | neqrical difference=
Sequential difference=
d2,d8, d9 nl
Rule Prevalence=0.25 De{slgn dlverslly:_
OR A 053 Desien abundance=
2a| ——i—— ———— —p nl={n\d2, d8, d9} Geomelm.:al d.lfference—O.‘ 83 Matching degree=
t;w, or <H Sequential difference=0.75 Geometrical difference=
LM Sequential difference=
d2, d5, d§, d9 nl
— Design diversity=
- > Rule Prevalence=0.333 esign civersity _
HR G ical diff Design abundance=
ga| ——i—— ———— — P - > nl={n\d2, d5, d8, d9}| Geometrical difference=1.0"} " yy. o Gegree=
a _ g degi
D>, = or<H Sequential difference=0.75 G ical diff _
DM eometrical difference=
Sequential difference=
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Rule
no.

Dreivation of hybrid rules of minaret base

User guide grammar|

for hybid design

Evaluation of the
rules

Evaluation of the
generated design

OR
Ta

OR
2a

HR
9a

di2

d2, d8, d9

B

—>

e

D>, = or <H
D>

M

nl

L=W

L>, =or<H
L<M

nl

(0

.

-

nl={n\d12}

nl={n\d2, d8, d9}

nl={n\d2, d8, d9,
di12}

Rule Prevalence=0.083

Sequential difference=0.5

Rule Prevalence=0.25

Sequential difference=0.75

Rule Prevalence=0.333
Geometrical difference=1.0
Sequential difference=0.75

Geometrical difference=0.916|

Geometrical difference=0.583

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundan
Matching degree=
Geometrical difference=|
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

OR
3a

OR
Ta

HR
10a

D>, =or<H
i1 DM
nl
L>,=or<H
L>M
nl
—o- m
D>, = or<H
D>M
nl
—e- m
L=W
L>, =or<H
L>M

nl={n\d3, d10}

nl={n\d12}

nl={n\d3, d10, d12}

Rule Prevalence=0.166
Geometrical difference=0.583
Sequential difference=0.5

Rule Prevalence=0.083

Sequential difference=0.5

Rule Prevalence=0.25
Geometrical difference:
Sequential difference=

Geometrical difference=0.916|

Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

D

sign diversity=
n abundan
Matching degree=
Geometrical difference=|
Sequential difference=

OR
Ta

OR
6a

HR
11a

nl
NN

D>, = or<H
D>M

nl
AR

D>, = or<H
D>M

nl
N

D>, = or <H
D>M

nl={n\d12}

nl={n\d5}

nl={n\d5, d12}

Rule Prevalence=0.083

Sequential difference=0.5

Rule Prevalence=0.083
Geometrical difference=0.916
Sequential difference=0.5

Rule Prevalence=0.166
Geometrical difference=1.0
Sequential difference=0.5

Geometrical difference=0.916|

Design diversity=

Geometrical difference=|
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

OR
3a

OR

HR
12a

d3,d10

——————— —>
di2

7777777 e
d3, d10, d12

7777777 e
d12

——————— —>
ds

——————— —>
ds, d12

7777777 e
d3, d10

7777777 e
d7

7777777 e
d3, d7,d10

L=W

L>, =or<H
L>M

N

b

L1 Lb=Wb Lt=Wt

Lb>, = or <H
Li=M

nl={n\d3, d10}

nl={n\d7}

nl={n\d3, d7, 10}

Rule Prevalence=0.166
Geometrical difference=0.583
Sequential difference=0.5

Rule Prevalence=0.083
Geometrical difference=0.916
Sequential difference=0.5

Rule Prevalence=0.25
Geometrical difference=1.0
Sequential difference=0.5

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degrex
Geometrical difference=|
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=
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Minaret body

Rule Dreivation of hybrid rules of minaret body User guide grammar|  Evaluation of the | Evaluation of the
no. for hybid design rules generated design
dl, d4 nx
OR e Rule Prevalence=0.166 D]Z:is;"ai;‘f;:ﬁz;

| ®——e -e—— o —p e ®

nx={n(x-1)\d1, d4} Geometrical difference=0.833)

Matching degree=
Sequential difference=0.5 ching degr

Geometrical difference=
Sequential difference=

- — Design diversity=

Rule Prevalence=0.166

OR G ical diffe =075 Design abundance=
5b —> AN nx={n(x-1)\d3, d11} | Geometrical difference=0. Matching degree=
Sequential difference=0.333 PN —
Geometrical difference=
DbsDt  Db>. =or<H Dt<M Sequential difference=
nx
Design diversity=
HR Rule Prevalence=0.333 De:is;nab::é;;ze:
—p nx={n(x-1\d1, d3, | Geometrical difference=1.0 R _
1b d4,d11) s ial diff 0333 Matching degree=
’ cquential diHlerence=..33 1Geometrical difference=
Sequential difference=
L=W Lb>Lt Lb> =or<H Lt<M
dar nx
Design diversity=
Rule Prevalence=0.083 esign diversity _
OR G ical diff e=0.833 Design abundance=
2b o —— 9% & — - L o 4’ nx:(n(x—l)\dl) e&)memc.a 1 ?rElch 5 Matching degree=
Sequential difference=0.5 . " u
Geometrical difference=
L=W L> =or<H L>M Sequential difference=
d1o’ nx
—- — . Design diversity=
OR Rule Prevalence=0.083 Design abundance=

nx={n(x-1\d10} Geometri.cal d}fferenc =0.7.
Sequential difference=0.5

13p ®——% +—— - —p £

Matching degree=
Geometrical difference=

Db>Dt  Db>, =or<H Di=M Sequential difference=

dr', d1o' nx
Design diversit
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

HR Rule Prevalence=0.166

| e——e o—— P —p nx={n(x-1\d1, d10} Geomeljcal tflif\ference:l.o
Sequential difference=0.5

L=W Lb>Lt Lb> =or<H Lt=M

d6 nx
Design diversit
OR G Rule _Pre;j_lfefnce:0.0f)}gm Design abundance=
b —p - nx={n(x-1)\d6} cometrical difference=0. Matching degree=
Sequential difference=0.5 . . |
Geometrical difference=
Sequential difference=

-— _ Design diversity=
Rule Prevalence=0.083 Design abundan

nx={n(x-1)\d3} Geomelric.al difference:0.9l6 Matching degree=
Sequential difference=0.5 . . |
Geometrical difference=

Sequential difference=

OR B
4| H—— & E—— 3 —p .
Db>Dt Db>, =or<H Dt=M

- Rule Prevalence=0.166 Design diversity=
Design abundance=

nx={n(x-1)\d3, d6} | Geometrical difference=10 | “yo(cping gegree=
Sequential difference=0.5 . . |
Geometrical difference=
Sequential difference=

Db>Dt Db>, =or<H Dt=M
Design diversity=
Design abundance=
Matching degree=
Geometrical difference=

OR
14p| ®——® - ——8 —> r}
Sequential difference=

- - Rule Prevalence=0.083 Design diversity=
OR . - . Design abundance=
4b . e —— —p 5 nx={n(x-1)\d3} Geomelnc.al dlfference—0.9l6 Matching degree=
Sequential difference=0.5 . . |
Geometrical difference=

Rule Prevalence=0.083
nx={n(x-1\d12} Geomelric.al difference:0.9l 6|
Sequential difference=0.5

Sequential difference=
Db>Dt Db>, =or<H Dt=M
- Rule Prevalence=0.166 Design diversity=
Geometrical difference=1.0 Design abundance=
nx={n(x-1)\d3, d12 tcal difference=1. Matching degree=
{n(-D\d3, ) Sequential difference=0.5 atcing cegree

Geometrical difference=
Sequential difference=

D>, =or<H D=M
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d2, d3, d6, d7

ds, d11,d12
HR

nx
5h| ®—i— % ®—— o —p /

Db>Dt Db>, =or<H Dt<M

Db>Dt Db>, =or<H Dt<M

nx={n(x-1\d2, d3,
d6,d7, d8, d11, d12}

Rule Prevalence=0.583
Geometrical difference=1.0
Sequential difference=0.333

Rule Dreivation of hybrid rules of minaret body User guide grammar| Evaluation of the Evaluation of the
no. for hybid design rules generated design
d2, d3, d6, d7, d8, d12 nx
Design diversity=
Rule Prevalence=0.5 e“gn Wer?l y _
OR N h » Design abundance=
3| & e e — P nx={n(x-1\d2, d3, [Geometrical difference=0 416 naching degre
d6,d7, d8, d12) | >eauental difference=0.333 | Geometrical difference=
D>, =or<H D<M Sequential difference=
d3,dl11 nx
—- — Design diversity=
OR Rule Prevalence=0.166 D e_v“gnf Wer?l y _
. . esign abundance=
5b . —— - - o —p { nx={n(x-1)\d3, d11} Geomeln.cal t}llfference:0.833 Matching degree=
Sequential difference=0.333 | 5 Tl
eometrical difference=|
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

d6

OR

op| ®——& w—— L
d3

OR

nx

D> =or<H D=M

nx
" T ) T %%» m

Db>Dt Db>, =or<H Dt=M

nx={n(x-1)\d6}

nx={n(x-1)\d3}

nx={n(x-1)\d3, d6,
ds}

Rule Prevalence=0.083
Geometrical difference=0.583
Sequential difference=0.5

Rule Prevalence=0.083
(Geometrical difference=0.916|
Sequential difference=0.5

Rule Prevalence=0.166
Geometrical difference=1.0
Sequential difference=0.5

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundan
Matching degree=
Geometrical difference=
Sequential difference=

nx={n(x-1\dl, d4}

nx={n(x-1)\d4, d8}

nx={n(x-1)\dl, d4,
8}

Rule Prevalence=0.166
Geometrical difference=0.833
Sequential difference=0.5

Rule Prevalence=0.166
Geometrical difference=0.583
Sequential difference=0.333

Rule Prevalence=0.25
Geometrical difference=1.0
Sequential difference=0.333

Design diversity=

Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=|
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=|
Sequential difference=

d3, d6 nx
- .
HR N
6b| ®—i—® B - =$
>V
Db>Dt Db>, zor<H  Di=M
dl1, d4 nx
OR o
| ®——e e—— o —Pp ® ®
L=W L>.=or<H L>M
d4, d8 nx
OR
6h| ®—i—%, =—— L 3 —p St
D> =or<H D<M
dl, d4,d8 nx
HR
TH| e w——- L —p —r—-
L=W IL> =or<H L<M
d1, d4 nx
OR i -
b| ®——e -e—— o —Pp e —o
L=W L>.=or<H L>M
ds nx
e —
OR
7| W L 3 —Pp e —o
D>, =or<H D>M
dl1, d4, ds nx
HR i -
gp| W—i—e —— °- —Pp e —o
L=W L>.=or<H L>M

nx={n(x-1)\d1, d4}

nx={n(x-1)\d5}

nx={n(x-1)\d1, d4,
ds}

Rule Prevalence=0.166
Geometrical difference=0.833
Sequential difference=0.5

Rule Prevalence=0.083
Geometrical difference=0.583
Sequential difference=0.5

Rule Prevalence=0.25
Geometrical difference=1.0
Sequential difference=0.5

Design diversit
Design abundan
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundan
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=
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Rule Dreivation of hybrid rules of minaret body User guide grammar| Evaluation of the Evaluation of the
no. for hybid design rules generated design
dl, d4 nx
OR ® ® Rule Prevalence=0.166 Dzi:i“éﬁ;::ﬁz;
Ib| & ®—— e —b» qee nx=(n(x-D\d1, d4} [Geometrical difference=0.8331 ;1 cping degrec=
Sequential difference=0.5 Geometrical difference=
L=W Ls>.=or<H L>M Sequential difference=
d9 nx
] = Design diversity=
OR Rule »Preva»lencezo.g&%s 3 Design abundance=
6| & m—— L —p —r— nx={n(x-1)\d9} (Geometrical difference=0.583 Matching degree=
Sequential difference=0.916 Geometrical difference=
Sequential difference=
D> =or<H D<M
dl, d4,d9 nx
] = . Design diversity=
HR Rule Ifreval»enuef(]_zij Design abundance=
9p| & w—— e —> T nx={n(x-1)\dl, d4, Geomel.ncal. d}fference—l.o Matching degree=
9} Sequential difference=0.916 Geometrical difference=
L=W Ls>.=or<H L<M Sequential difference=
dl, d4 nx
® ® _ Design diversity=
OR Rule ?‘reva.l?nce_(‘). 166 Design abundance=
b o o o . . » ° ° nx={n(x-1\dl, d4} Geomelm»al d{llerellce:(].SSS Matching degree=
Sequential difference=0.5 Geometrical difference=
L=W L>, =or<H L>M Sequential difference=
d2, d3, d6, d7, d8, d12 nx
< > - Design diversity=
OR G RUIE.: frEJ?IFnCS_O'S P Design abundance=
3p| H—— e w—— L —Pp —t— nx={n(x-1)\d2, d3, |Geometrical difference=0.416 Matching degree=
do, d7, d8, d12} Sequential difference=0.333 |Go, rnorrical difference=
D> =or<H D<M Sequential difference=
dl, d2,d3, d4 nx
de6, d7, d8, d12 - > 5 Design diversity=
HR nx={n(x-1)\d1, d2, Gi‘izf;ﬁﬂ?&:;??? 0 Design abundance=
- ——e o —— o —p —— cal dil ce=1. i -
10b d3, d4, d6, d7, d8, Sequential difference=0.333 |, Malfhl‘nlg;ef%ree .
d12} cometrical difference=|
L=W L> =or<H L<M Sequential difference=
d1, d4 nx
L L Design diversity=
OR Rule Prevalence=0.166 Design abundance=
b & — — & 8 ——- o —p ® Y nx={n(x-1)\dl, d4} Geonnelngal d{llerellce:(].833 Matching degree=
Sequential difference=0.5 Geometrical difference=
L=W L> zor<H L>M Sequential difference=
d6 nx
Design diversity=
OR Rule Prevalence=0.083 Dei:;illab:l\l:;;‘xxcy:e:
b - . e - . o nx=(n(x-l)\d6} Geomelnc»al lelerenL 1416 Matching degree=
Sequential difference=0.5 Geometrical difference=
D> zor<H D=M Sequential difference=
dl, d4, d6 nx
® ® Design diversity=
HR Rule Prevalence=0.25 Design abundance=
1| *—— & +—— o —p *——o nx={n(x-1)\dl, d4, Geomelqcal qﬂference:l.() Matching degree=
Sequential difference=0.5 . . |
dé6} Geometrical difference=
L=W L> zor<H L>M Sequential difference=
dr' nx
. Design diversity=
OR Rule »Prevﬂ»lem,ef()_()SS Design abundance=
b e—i—e e—— . » nx={n(x-1)\dl}  |Geometrical difference=0.833| Matching degree=
Sequential difference=0.583 Geometrical difference=
L=W L> zor<H L>M Sequential difference=
ds', d6', d7', d§' nx
Design diversity=
Rule Prevalence=0.333 .
= - Des abundance=
O3bR s H—— L —p - nx={n(x-1)\d5 (Geometrical difference=0.416| I\Z:‘i:i;gu:e;;:i
dé, d7} Sequential difference=0.583 Geometrical difference=
D> -or<H D=M Sequential difference=
dl', d5', d6', d7', d§' nx
HR \dl. d5 Rule Prevalence=0.416 Dzi:i“éﬁ;::ﬁz;
op| e——e s—— . > ol o nx={n(x-1\dl, d5, | Geometrical difference=1.0 Matching degree=
de, d7, d8} Sequential difference=0.583 Geometrical difference=
L=W L> zor<H L>M Sequential difference=
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d2, d3, d6, d7, d8, d12 nx
< > Design diversity=
Rule Prevalence=0.5 s_.“gn, Wsr‘“ y _
OR G rical diffe e=0.416 Design abundance=
| e e - — > e nx={n(x-1)\d2, d3, Se"me“t{f*l‘ o gy |  Matching degree=
de6, d7, d8, d12} cquential ditference=0. Geometrical difference=
D>, =or<H D<M Sequential difference=
d4, d8 nx
Design diversity=
Rule Prevalence=0.166 esign Qiversity _
OR G cal diff -0.583 Design abundance=
6| ®—j—w w—— —> mx={n(x-1)\d4, 8} |Geometrical difference=0.583) yy, ching degre=
Sequential difference=0.333 LT e o
Geometrical difference=
Sequential difference=
D> =or<H D<M
d2, d3, d4, d6, d7, d8, d12 nx
- > e Design diversity=
HR nx={n(x-1)\d2, d3, GR“IE‘P_‘SV{‘;?;F“O-5831 o | Desien abundance=
> — eometrical ditfference=1. .
13b d4, d6, d7, d8, d12} s L Matching degree=
equential difference=0.333 : . _
Geometrical difference=
Sequential difference=
D> =or<H D<M
d6 nx
Rule Prevalence=0.083 De§1gn dlverslly:7
OR G wical diff ~0.416 Design abundance=
10p] ®——® ®—— —>p -—t— nx={n(x-1)\d6} cometrical ditlerence=0. Matching degree=
Sequential difference=0.5 LT o
Geometrical difference=
D>, =or<H D=M Sequential difference=
d6 nx
Rule Prevalence=0.083 De§1gn dlverslly:7
OR G ical difference=0.583 Design abundance=
op| ®——& —p -——- nx={n(x-1)\d6} cometrical difference=0. Matching degree=
Sequential difference=0.5 . . _
Geometrical difference=
D> =or<H D=M Sequential difference=
d6 nx
Rule Prevalence=0.083 De‘.slgn‘ dlver‘slly:
HR G ical diff —1.0 Design abundanc:
14b - —— B B —— 4} - ——| nx={n(x-1)\d6} eomeln‘ca _l erence=1. Matching degree=
Sequential difference=0.5 LT oo o
Geometrical difference=
D>, =or<H D=M Sequential difference=
dl1, d4 nx
2 L 2 Design diversity=
hd hd Rule Prevalence=0.166 s_.“gn, Wsr‘“ y _
OR G ical diffe +0=0.916 Design abundance=
b| *e——e e—— —p o——o nx={n(x-1)\d1, d4} |[Geometrical difference=0. Matching degree=
Sequential difference=0.5 : . _
Geometrical difference=
L=W L>,—or<H L>M Sequential difference=
d9 nx
= = Rule Prevalence=0.083 De§1gn dlverslly:i
OR G ccal diffe 0.583 Design abundance=
12p & & —p — nx={n(x-1)\d9} cometrical difference=0.583 Matching degree=
Sequential difference=0.916 LT e o
Geometrical difference=
Sequential difference=
D> =or<H D<M
d1, d4, d9 nx
= = Rule Prevalence=0.25 Ds:slgn dlvsrsny:7
HR G rical diff 0 Design abundance=
15b] & & ®—— - i nx={n(x-1)\d1, d4, S wms‘_l‘l;‘:i_ffl ‘ere‘ni : Matching degree=
d9} equential difference=0. Geometrical difference=
L=W L>,—or<H L<M Sequential difference=
d1, d4 nx
® ® Rule Prevalence=0.166 De§1gn dlverslly:i
OR G cal diff ~0916 Design abundance=
b| & —i—e & —— —p e ° nx={n(x-1)\d1, d4} |Geometrical difference=0. Matching degree=
Sequential difference=0.5 LT oo o
Geometrical difference=
L=W L>.=or<H L>M Sequential difference=
ds nx
® ® Rule Prevalence=0.083 Ds:slgn dlvsrsny:7
OR G ical difference=0.583 Design abundance=
To| T A il - -~ nx={n(x-1)\d5} cometrical difference=0. Matching degree=
Sequential difference=0.5 : . _
Geometrical difference=
Sequential difference=
D> =or<H D>M
dl1, d4, d5 nx
Rule Prevalence=0.25 De‘.slgn‘ dlver‘sll){:_
HR G ical diff Design abundance=
16b| & & &—— —> - —e nx={n(x-1)\d1, d4, | Geometrical difference Matching degree=
Sequential difference=( LT e o
ds} Geometrical difference=
L=W L>.=or<H L>M Sequential difference=

215




Sequential difference=0.916

Appendix Appendix-A
Rule Dreivation of hybrid rules of minaret body User guide grammar|  Evaluation of the Evaluation of the
no. for hybid design rules generated design
d1, d4 nx
® ® Design diversity=
OR Rule Prevalence=0.166 De:is;inab:.:/:;;;ie:
I B - (a1 4] (Gremeril e 4910 uin e
q —  |Geometrical difference=
L=W L>, zor<H  LsM Sequential difference=
d2, d3, d6, d7, d8, d12 nx
OR < > Rule Prevalence=0.5 Dl)e:?linair:ézﬁi::
.- & s —p < nx={n(x-1\d2, d3, |Geometrical difference=0.416 e ”
3b d6, d7,d8, d12} | Sequential difference=0.333 Matching degree=
cED RS q 777 |Geometrical difference=|
D> =or<H D<M Sequential difference=
dl, d2, d3, d4, nx
HR do, d7, d8, d12 Rule Prevalence=0.666 Dl)e:is;"a‘;r:;zﬁ;
& — o o — —- o —p PR S nx={n(x-1)\d1, d2, | Geometrical difference=1.0 o _
17b d3, d4, d6, d7, d8, | Sequential difference=0.333 Matching degree=
T e B EO q 777 |Geometrical difference=|
LW L>, cor<H  L<M d12} Sequential difference=
d1, d4 nx
OR e Rule Prevalence=0.166 Dl)e:is;"a‘;r:;zﬁ;
b & —— @ @ — —- P, P Py nx={n(x-D\d1, d4} Geomelrlgal d{fferencei0.916 Matching degree=
Sequential difference=0.5 . . .
Geometrical difference=
LW L>, cor<H  LsM Sequential difference=
dé nx
OR Rule Prevalence=0.083 DDefls;in\dblLl\;f(:S\lr:Z::
3b O S nx={n(x-1)\d6} Geomelrlgal d{fferencei0.4l6 Matching degree=
Sequential difference=0.5 . . .
Geometrical difference=
D> =or<H D=M Sequential difference=
dl, d4, d6 nx
Rule Prevalence=0.25 Design diversity=
HR A Design abundance=
18b| & —i— & & —— e B nx={n(x-1)\d1, d4, Geomelr{cal §1fference:l.0 Matching degree=
d6) Sequential difference=0.5 Geometrical difference=
LW L>, 2or<H LM Sequential difference=
d1' nx
Design diversity=
OR Rule Prevalence=0.083 D ;:;ndbtl\;z;;z o=
b| & ——¢& & —— e nx={n(x-\d1'} Geomelqcal §{fference:0.833 Matching degree=
Sequential difference=0.583 : . _
Geometrical difference=
LW L>, 2or<H  LsM Sequential difference=
ds', de', d7', d8' nx
Design diversity=
Rule Prevalence=0.25 .
— Des abundance=
C3)bR - QA nx={n(x-1\d5, d6, - \Geometrical difference=0.416 1o S0 He
d7,d8} Sequential difference=0.583 ung cegree=
Geometrical difference=
D> —or<H DM Sequential difference=
dl', ds', d6', d7', d§' nx
Design diversity=
HR Rule Prevalence=0.416 Defis;inabtlvne(::nZe:
19b| ®—j— ¢ & —— .- — BN nx={n(x-1)\d1, d5, Seomel{lfzg.?;ffere.nie[):sl;; Matching degree=
d6, d7, d8} equential difference=0. Geometrical difference=|
LW L> —or<H L=M Sequential difference=
di2 nx
Design diversity=
OR Rule Prevalence=0.083 De:;linab:.:/:;;;ie:
Pt I R . ‘o | o nx={n(x-1)\d12) |Geometrical difference=0.916 Maihmg dogrens
Sequential difference=0.5 LT o
Geometrical difference=
D> —or<H DsM Sequential difference=
do nx
- » Design diversity=
OR Rule Prevalence=0.083 Design abundance=
[ A nx={n(x-1)\d9 Geometrical difference=0.583 atehi _
12b {n(x-D\d9) Sequential difference=0.916 | . “raiching degree=
Geometrical difference=
D M Dev Sequential difference=
L =or
9, d12 nx - - Design diversi
HR = = Rule Prevalence=0.166 Design abundance=
e e L Geometrical difference=1.0 | Matching degree=
= * @ L o 4’ R L 3 = -
20b nx={n(x-1)\d9, d12} Geometrical difference=

D>, =or<H D<M

Sequential difference=
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d3 nx
- — Design diversity=
OR 5 Rule ?relv;i.lfefncezo.ggf&g 16 Design abundance=
4p| T = —> nx={n(x-\d3} ~ Gometrical diticrence=0. Matching degree=
Sequential difference=0.5 : . |
Geometrical difference=
Sequential difference=
Db>Dt Db>, zor<H Di=M
d9 nx
- " _ Design diversity=
OR - Rule ?Iiv;l;ﬂce—(\lg(gﬁjxs Design abundance=
12p] ®*——® w—— L —> i nx={n(x-1)\d9} eometrical difference=0. Matching degree=
Sequential difference=0.916 PR .
Geometrical difference=
b 4 Dem Sequential difference=
>, = or < <
d3, d9 nx
— — Design diversity=
- Rule Prevalence=0.166 esign clversity _
HR G trical diff e=1.0 Design abundance=
21p| & ——® ®—— L S —p — nx={n(x-1)\d3, d9} S come 'HT?:l'ff‘ erenio 916 Matching degree=
equential difference=0. Geometrical difference=
Sequential difference=
Db>Dt Db>, =or<H Dt<M
d3 nx
- - Rule Prevalence=0.083 Design diversity=
OR 5 <cal diff —0.916 Design abundance=
4p| i = —> nx={n(x-\d3} ~ ocometrical diticrence=0. Matching degree=
Sequential difference=0.5 : . |
Geometrical difference=
DDt Dbs, =or<H DM Sequential difference=
d3, d11 nx
- — 7 Design diversity=
OR fany Rule l?{?val.e;ce—({- 1_66 Design abundancy
5b S P —p nx={n(x-1)\d3, d11} Geometr.lml .d‘n erence=0.75 Matching degree=
Sequential difference=0.333 : . .
Geometrical difference=
DDt Dbs, =or<H DieM Sequential difference=
3, d1l nx Design diversity=
HR - - Rule Prevalence=0.166 Design abundanc
ical diff ce= Matching degree=
- ® e - —p nx={n(x-1\d3, d11 Geometrical difference=1.0 hing deg
22b t {nG-1) } Sequential difference=0.333 |Geometrical difference=
Sequential difference=
Db>Dt Db>, =or<H Dt<M
d3 nx
- - Rule Prevalence=0.083 Design diversity=
OR 5 <cal diff —0.916 Design abundance=
4p| B ® W bl —> nx={n(x-1)\d3} cometrical difference=0. Matching degree=
Sequential difference=0.5 : . |
Geometrical difference=
Db>Dt  Dbs, =or<H Dt=M Sequential difference=
d10’ nx
- — _ Design diversity=
OR ey G Rule l?re\l/zl_eflflce—o.ofg 75 Design abundance=
13 ®——% ®—— = —Pp R - nx={n(x-1)\d10} cometrical difference=(). 7> Matching degree=
Sequential difference=0.583 : . .
Geometrical difference=
DDt Dbs, =or<H DM Sequential difference=
d3', d10' nx
—- — Design diversity=
Rule Prevalence=0.166 esign clversity _
HR G wrical difference=1.0 Design abundance=
23| T - —> LE nx={n(x-1)\d3, d10} S come 'HTZ'ff‘ erentefsé% Matching degree=
equential difference=0.5 Geometrical difference=
Sequential difference=
Db>Dt Db>, zor<H Di=M
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a2 nx Design diversity=
OR -\—/.. Rule ?reva.lence:0.0XB Design abundance=
lo| i ct—— . —p nx={n(x-1)\d2} Geomeln({al d{fference:O 833 Matching degree=
L=W LLb Lb>H LM Sequential difference=0.5 | Geometrical difference=
Sequential difference=
nx Design diversity=
OR w Rule Prevalence=0.083 Design abundance=
6c nx={n(x-1)\d2, d4} Geomelri({al di.fference:0.833 Matching degree=
Db<Dt Db>H Di=M Sequential difference=0.5  |\Geometrical difference=
Sequential difference=
nx
Design diversity=
HR W Rule Prevalence=0.166 Design abundance=
le nx={n(x-1)\d2, d4} Geomelri'cal &'ﬁfference: 1.0 Matching degree=
L=W I>H L<M Sequential difference=0.5 |\Geometrical difference=
Sequential difference=
nx
Design diversity=
HR w Rule Prevalence=0.166 Design abundance=
2 nx={n(x-1)\d2, d4} Geomelri'cal &'ﬁfference: 1.0 Matching degree=
L=W LtsLb LbsH LM Sequential difference=0.5 |Geometrical difference=
Sequential difference=
nx Design diversity=
OR .\—/.. Rule Prevalence=0.083 Design abundance=
le nx:{ n(x-1 )\d2} Geomelric'al di'fferenc 0.833 Matching degree=
L=W LtsLb Lb>H Lt=M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
nx Design diversity=
OR w Rule Prevalence=0.25 Design abundance=
2% nx={n(x-1)\d6, d7, Geomelric'al di'fference:0.583 Matching degree=
Db<Dt Db>H  Dt=M ds} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
nx Design diversity=
HR E‘ Rule Prevalence=0.333 Design abundance=
3¢ nx={n(x-1)\d2, d6, d7 Geometrical difference=1.0 | Matching degree=
Db<Dt Db>H  Dit=M ds} Sequential difference= Geometrical difference=
Sequential difference=
nx Design diversity=
HR E‘ Rule ?reval§nce:0.333 Design abundance=
4c nx={n(x-1)\d2, d6, d7 Geometrical difference=1.0 | Matching degree=
L=W LtsLb LbsH Lt=M 8} Sequential difference=0.5 |Geometrical difference=
Sequential difference=
de, d7, d8 nx Design diversity=
OR w Rule Prevalence=0.25 Design abundance=
2| e - —— e nx={n(x-1)\d6, d7, Geomelric'al di'fferenc 583 Matching degree=
Db<Dt Db>H Dt=M ds} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d4 nx Design diversity=
OR w Rule F’reva}ence:0.0SS Design abundance=
6o | i e—— e nx={n(x-1)\d4} Geomelnc'al dl'fference:().833 Matching degree=
Db<Dt Db>H Dt=M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d4, d6,d7, d3 nx Design diversity=
HR w‘ Rule ?reval§nce:0.333 Design abundance=
Sc | TR et —— > nx={n(x-1)\d4, d6, | Geometrical difference=1.0 | Na(ching degree=
Db<Dt Db>H — Di=M d7, d8} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
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dz Design diversity=
OR Rule Prevalence=0.083 Design abundance=
2% e A - nx={n(x-1)\d2} Geomelric.al di.fference:O.SXB Matching degree=
Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d2 nx Design diversity=
OR w Rule Prevalence=0.083 Design abundance=
6c e A - nx={n(x-1)\d2} Geomelric.al di.fference:0.833 Matching degree=
Db<Dt Db>H Di=M Sequential difference=0.5 |\Geometrical difference=
Sequential difference=
d2 nx Design diversity=
HR w Rule Prevalence=0.083 Design abundance=
o e ] > nx={n(x-1)\d2} Geomelrilcal cliifference:l.O Matching degree=
Db<Dt Db>H Dt=M Sequential difference=0.5 | Geometrical differences|
Sequential difference=
d3 nx Design diversity=
OR @» Rule _Preva_lence:(].(]XB Design abundance=
5 - > e > —p S I nx={n(x-1)\d3} Geomeln_cal t‘:hfference:O.916 Matching degree=
D>H  D=M Sequential difference=0.833 | Geometrical difference=
Sequential difference=
d4', d12' nx Design diversity=
OR /\ TG—V—V—GT Rule ?reva_lence:(). 166 Design abundance=
% e ] - — > nx={n(x-1)\d4, d12} Geomelnlcal §1fference:0.833 Matching degree=
K/ D>H  D>M Sequential difference=0.666 |Geometrical difference=|
Sequential difference=
d3', d4', d12' nx Design diversity=
HR T@—’—e—r Rule l_’reval.ence:O.ZS Design abundance=
7 e ] - — > nx={n(x-1)\d3, d4, Geomellncal.dlfference:l.0 Matching degree=
\\/ D>H  D>M d12} Sequential difference=0.666 |Geometrical difference=
Sequential difference=

d2 nx Design diversity=
OR ﬂ\—/l‘ Rule lPreva}ence:0.0S,? Design abundance=
lo | st e » nx={n(x-1)\d2} Geomelnc.al dl.fference:().833 Matching degree=
L=W L>Lb Lb>H Lt=M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d9 nx Design diversity=
OR j__’.:'.:r Rule .Preva.lence:(].(]XB Design abundance=
Lo| s®—i— b et e —p nx={n(x-1)\d9} Geomelnf:al Llhfference:(].‘)l() Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 | Geometrical difference=

Sequential difference=

d2,d9 nx

Design diversity=
! © Design abundance=
nx={n(x-1)\d2, d9} Geometrical difference=1.0 Matching degree=

Rule Prevalence=0.166

HR

$
\
!
1
$
!
!
!

L=W Lt>Lb Lb>H Lt=M Sequential difference=0.5 |Geometrical difference=
Sequential difference=
ds nx Design diversity=
OR ® ® Rule lPreva}ence:0.0S,? Design abundance=
00| i e > » nx={n(x-1)\d8} Geomelnc.al dl.fference:().833 Matching degree=
L=W L>Lb Lb>H LM Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d9 nx Design diversity=
OR ‘E.’:'.T Rule .Preva.lence:0.083 Design abundance=
Lo| s —i— b et > —p nx={n(x-1)\d9} Geomem_cal L.hfference 0.916) Matching degree=
L=W L>Lb Lb>H LM Sequential difference=0.833 | Geometrical difference=|
Sequential difference=
dg, d9 nx Design diversity=
HR &——e Rule Prevalence=0.166 Design abundance=
OC | et e - e > nx={n(x-1)\d8, d9} Geomel_rical.differem =1.0 Matching degree=
L=W LeLb Lb>H LM Sequential difference=0.833 | Geometrical difference=|
Sequential difference=
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a9 nx Design diversity=
OR ~EQ’:'Q:‘7 Rule Prevalence=0.083 Design abundance=
le| +—i—> e—— e » nx={n(x-1)\d9} Gsomem.cal 41‘1’.161'an =0.916(  Matcl ing degree=
L=W LoLb LbsH LM Sequential difference=0.833 |Geometrical difference=
Sequential difference=
d4 nx Design diversity=
OR w Rule Prevalence=0.083 Design abundance=
6o | i e —— e nx={n(x-1)\d4} Geomemc.al dlfference:0.833 Matching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d4, d9 nx
Design diversity=
HR w Rule Prevalence=0.166 n abundance=
10c| se—1—be ot > nx={n(x-1)\d4, d9} | Geometrical difference=10 | y(ching degree=
Db<Dt Db>H DeM Sequential difference=0.5 |Geometrical difference=|
Sequential difference=
d9 nx Design diversity=
OR ‘\:”:"T Rule Prevalence=0.083 Design abundance=
Lle| s*—j— e et——- e —p nx={n(x-1)\d9} Geomeln.cal §1ffemnce:0.916 Matching degree=
L=W LoLb LbsH LM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
a2 nx Design diversity=
OR (w Rule Prevalence=0.083 Design abundance=
T et - - nx={n(x-1)\d2} Geomsmc.ul dl.t‘t.ersm. .833| Matching degree=
Db<Dt Db>H Dt=M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d2,d9 nx
Design diversity=
HR w Rule Prevalence=0.166 Design abundance=
11e et ] - nx={n(x-1\d2, d9} Geomeln.cal r:hfference:l.O Matching degree=
Db<Dt  Db>H Di>M Sequential difference=0.5  |Geometrical difference=
Sequential difference=
d9 nx Design diversity=
OR ‘\:.’:"]7 Rule Prevalence=0.083 Design abundance=
le| s*—j— > —— e —p nx={n(x-1)\d9} Geomeln.cal §1ffemnce:0.916 Matching degree=
L=W LoLb LbsH LoM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
dg nx
— — Rule Prevalence=0.083 Design diversity=
OR . .
12¢| =P t——r e —p . @ nx={n(x-1)\dg} [Geometrical difference=0.916 n abundance=
¢ Db<Dt DbsH DM Sequential difference=0.833 e _m% :et;grs =
eometrical difierence=|
Sequential difference=
ds, d9 nx Design diversity=
HR @ Rule Prevalence=0.166 Design abundance=
1oc| s*—i— > —— e —Pp nx={n(x-1)\d8, d9} Geomel.ncal.tj.l.lfference:l.0 Matching degree=
Db<Dt Db>H Dt>M Sequential difference=0.833 | Geometrical difference=
Sequential difference=
d9 nx Design diversity=
OR ~E.’:'Q:,— Rule Prevalence=0.083 Design abundance=
Le| s*—j— e et—— e —p nx={n(x-1)\d9} Geomeln.cal §1ffemnce:0.916 Matching degree=
L=W LoLb LbsH LoM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx Design diversity=
OR Te-’—’—eT Rule Prevalence=0.166 abundance=
9% nx={n(x-1)\d4, d12} Geomslr%cul Eii.t:fersnn 1833]  Matc ing degree=
Db<Dt Db>H Dt=M Sequential difference=0.666 |Geometrical difference=|
Sequential difference=
nx
Design diversity=
HR j:E:r Rule Prevalence=0.25 Design abundance=
13¢ nx={n(x-1)\d4, d9, Geomel.rical.difference: 1.0 Matching degree=
Db<Dt Db>H DM d12} Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx
g Design diversity=
HR N «E’e_-‘;lg:r Rule Prevalence=0.25 n abundance=
l4e| i ——— > 4’ d’ nx={n(x-1)\d4, d9, Gsomstvrllcalvt.l‘lﬁvsrs.ncszl.() ing degree=
S Db<Dt Db>H DM d12) Sequential difference=0.666 |Geometrical difference=|
g Sequential difference=
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nx Design diversity=
OR 7*_’:,']’ Rule Prevalence=0.083 Design abundance=
e nx={n(x-1\d9} Gcomclr{cal Qlffcrcncc:0.9l6 Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx Design diversity=
OR @ Rule Prevalence=0.25 Design abundance=
2 nx={n(x-1)\d6, d7, [Geometrical difference=0. Matching degree=
Db<Dt DbsH DM a8} Sequential difference=0.5 |Geometrical difference=|
Sequential difference=
nx Design diversity=
HR g Rule Prevalence=0.416 Design abundance=
15¢ nx={n(x-1)\d6, d7, Geometri'cal L.iiffsrencszl 0 Matching degree=
Db<Dt DbsH DM ds8, d9} Sequential difference=0.5 |Geometrical diffe
Sequential difference=
nx Design diversity=
OR 7?’:,']’ Rule Prevalence=0.083 Design abundance=
llc nx={n(x-1\d9} GsomslriAcal L.iifferencs:().‘)l() Matching degree=
L=W LtsLb LbsH LM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx Design diversity=
OR w Rule Prevalence=0.083 Design abundance=
l4c nx={n(x-1\d11} Geomelr{cal (.hfference:().SS} Matching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx Design diversity=
HR @ Rule Prevalence=0.166 Design abundance=
16¢ nx={n(x-1)\ d9, d11} | Geometrical difference=1.0 | Maiching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.833 |Geometrical difference=,
Sequential difference=
nx Design diversity=
OR j:.y:y.:r Rule Prevalence=0.083 Design abundance=
llc nx={n(x-1)\d9'} Gsomslri'cal L.iifferencs:O.glﬁ Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 |Geometrical difference=
Sequential difference=
= nx Design diversity=
OR \ Rule Prevalence=0.083 Design abundance=
A ica iff — -
15¢ ) nx={n(x-1\d11} Geometn.n.dl @tfsrsn =0.583|  Mat ing degree=
J Db<Dt Db>H  Dt=M Sequential difference=0.666 |Geometrical difference=
Sequential difference=
= nx Design diversity=
HR N Rule Prevalence=0.166 Design abundance=
3 G trical difference=1.0 chi -
17¢ ) nx={n(x-1)\d9, d11}| beometrical 5 Matching degree=
j Db<Dt Db>H  Dt=M Sequential difference=0.666 |Geometrical difference=
= Sequential difference=
nx Design diversity=
OR j—_’.:'o:r Rule Prevalence=0.083 Design abundance=
e nx={n(x-1)\d9} Geomeln'cal Qlfference:0.9l6 Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 |Geometrical difference=
Sequential difference=
nx Design diversity=
OR f\ Tg—ar Rule Prevalence=0.083 Design abundance=
5¢ =] =) nx={n(x-1)\d3} Gsomslri'cal L.iifferencs:O.glﬁ Matching degree=
\\J DsH D=M Sequential difference=0.833 |Geometrical difference=
Sequential difference=
nx
N Design diversity=
HR N ‘\E—y:rar Rule Prevalence=0.166 Design abundance=
\ ica iff o -
18¢ £1 nx={n(x-1)\d3, d9} Geometrical difference=1.0 Matching degree=
/

Db<Dt  Db>H DM

\

Sequential difference=t(

Geometrical difference=|
Sequential difference=
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d9 nx Design diversity=
OR ‘E.’:'.:r Rule .l’reva.lence:0.083 Design abundance=
Lo| w—i— et e — > nx={n(x-1)\d9} Geomelr{cal Q{fference:0.9l6 Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
L=W LeLb Lb>H LM
d3 nx
OR -l:l—.. Rule Prevalence=0.083
do | e e e nx={n(x-1)\d3} Geomelncfil dl.fference:0.9l6 Matching degree=
D>H D<M Sequential difference=0.5 |Geometrical difference=|
Sequential difference=
d3, d9 nx
Design diversity=
HR E Rule P}'evalc?l?f:e:O. 166 Design abundance=
190 s e ew——r e nx={n(x-1)\d3, d9} Geometl‘{cal L.h-t-isrem. 0 Matching degree=
Db<Dt DbsH DM Sequential difference=0.5 |Geometrical difference=|
Sequential difference=
d9 nx n diversity=
OR ‘E.’:'.:r Rule .l’reva.lence:0.083 Design abundance=
Lo| =t—i— et e — > nx={n(x-1)\d9} Geomelr{cal (.ilfference:0.9l6 Matching degree=
L=W Lt>Lb Lb>H LM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
L=W LLb Lb>H LM
d3 nx Design diversity=
OR -l:l—. Rule .Preva.lsnce:().OSS Design abundance=
do | e e e nx={n(x-1)\d3} Gsomsmcvul dl. fe ence=0.916| Matching degree=
DsH D<M Sequential difference=0.5 |Geometrical differen:
Sequential difference=
d3, d9 nx
Design diversity=
HR -Er.. Rule P}'evalc?nce:O. 166 Design abundance=
Q00| T e > nx={n(x-1)\d3, d9} Geomelqcal (.11-f-ference:l.0 Matching degree=
Db<Dt  Db>H Di<M Sequential difference=0.5 |Geometrical difference=|
Sequential difference=
d11 nx Design diversity=
OR w Rule Vl’revavl?nce:().OSS Design abundance=
lo| +—i—> +——r > nx={n(x-1\d11} Geometm.: dAlﬁsrsncs:().SSS Matching degree=
Db<Dt Db>H Di=M Sequential difference=0.75  |Geometrical difference=|
Sequential difference=
dg nx Rule Preval 0083 Design diversity=
OR - - ule Prevalence=().05. Design abundance=
loc| i —— e 4’ o @ nx={n(x-1)\d8} Geomelr{cal Q{fference:0.9l6 Matching degree=
Db<Dt Dbs>H  Di=M Sequential difference=0.833 |Geometrical differen
Sequential difference=
dg, d11 nx Design diversity=
HR 7@7 Rule Prevalence=0.166 D n abundance=
2e| €—i—> > — > i nx={n(x-1)\d8, d11} Geomel}'lcal. difference=1.0 Matching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.833 |Geometrical difference=
Sequential difference=
a9 nx Design diversity=
OR 7m7 Rule Prevalence=0.083 Design abundance=
Be| a—i—w -—— - » e | g nx={n(x-1)\d9} Gsomsm.cul Lvhvt-terence 0.916| Matching degree=
Db>Dt Db, =or<H Di<M Sequential difference=0.666 |Geometrical differen
Sequential difference=
dg nx Rule Preval 0.083 Design diversity=
OR - - ule Frevalence=().05. Design abundance=
loc| we—i— e e —» . @ nx={n(x-1)\d8} Geomelr{cal (.ilfference:0.9l6 Matching degree=
Db<Dt Db>H  Dt=M Sequential difference=0.833 |Geometrical difference=
Sequential difference=
dg', d9' nx
HR 7@7 Rule Prevalence=0.166
2¢ ot - - ’ e | ) nx=(n(x-1)\d8, d9} Geomet.ricalv Liiffsrem. =1.0 Matching degree=
Db<Di Db>H  Di=M Sequential difference=0.666 |Geometrical differen
Sequential difference=
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d2 nx
Design diversity=
OR T Rule Prevalence=0.083 Design abundance=
Id| —— e — —. e —p PP nx={n(x-1)\d2} Geomelnc.al dl.fference:O.Qlﬁ Matching degree=
L=W L>H I>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d3, de, d7, d8 nx
Design diversity=
OR *S* nx={n(x-1)\d3, d6, Rule Prevalence=0.333 Design abundance=
4d - e — —- e —p tele - 47, d8) Geomelnc.al dl.fference:O.SSS Matching degree=
L=W L>H I>M ’ Sequential difference=0.5 Geometrical difference=
Sequential difference=
d2, d3, d6, d7, d8 nx
Rule Prevalence=0.416 Design diversity=
HR a nx={n(x-1)\d2, d3, v Design abundance=
1d o e — —- e —p |ele |- E ‘{iéf d7,)d8} Geomem.cal c.llfference:l.O Matching degree=
L=W L>H I>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d2, d3, d6,d7, d8 nx
Design diversity=
HR 7@’ nx={n(x-1)\d2, d3, Rule Prevalence=0.416 Design abundance=
o | W—— meem-— —- _me —p ele |- d6, d7, d8} Geomeln.cal &.11fference:l.0 Matching degree=
. > Sl Sequential difference=0.5 . N .
L=W L>H L>M Geometrical difference=
Sequential difference=
d2 nx
Design diversity=
OR 7’—.—‘7 Rule Prevalence=0.083 Design abundance=
Id| —— mem—-——. _me —p PP nx={n(x-1)\d2} Geomemc.al dl.fferenc 0.916 Matching degree=
L=W L>H L>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d4 nx S
OR Rule Prevalence=0.083 DDe:%lgn dwemlyi
m . " esign abundance=
5d - — Moo — —- e —p P PN nx={n(x-1)\d4} Geomemr‘:al d.lfference:().75 Matching degree=
D>H D>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d2, d4 nx S
HR / Rule Prevalence=0.166 DDe§1gn dwerm{,__
TT—‘T . N esign abundance=
3d - — e — —- _me —p PP nx={n(x-1)\d2, d4} Geomem.cal c.llfference:l.O Matching degree=
\ D>H D>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d2,d4 . nx Design diversity=
HR 7HHW Rule Prevalence=0.166 Design abundance=
4d | W meem — — e —p PP nx={n(x-1)\d2, d4} Geomem.cal c.llfference:l.O Matching degree=
L=W L>H I>M Sequential difference=0.5 Geometrical difference=
— Sequential difference=
d2 nx
Design diversity=
OR 7’—.—.7 Rule Prevalence=0.083 Design abundance=
Id| —— eem--— —. e —p PP nx={n(x-1)\d2} Geomelnc.al dl.fferenc 916 Matching degree=
L=W L>H L>M Sequential difference=0.5 Geometrical difference=
Sequential difference=
d2 nx S
OR /x Rule Prevalence=0.083 DDe§1gn leCrSlly—7
TE—ET S esign abundance=
2d O — - - ———- e —p 515 nx={n(x-1)\d2} Geomeln.cal &'11fference:0.583 Matching degree=
\j D>H D>M Sequential difference=0.833 Geometrical difference=
Sequential difference=
d2 nx S
HR f Rule Prevalence=0.083 DDe§1gn dwemly‘:
TE—BT . N esign abundance=
5d - —— o —-—- - —p 515 nx={n(x-1)\d2} Geomel.ncal'dlfference:l.0 Matching degrees=
K D>H D>M Sequential difference=0.833 Geometrical difference=
Sequential difference=
d2 nx S
HR rw Rule Prevalence=0.083 DDe:%lgn dwemlyi
TE—ET L esign abundance=
6d | W—i— mom-——- e —p a1 nx={n(x-1)\d2} Geomel.ncal.dlfference:l.0 Matching degrees=
LJ Sequential difference=0.833 Geometrical difference=
Sequential difference=
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d2 nx

= Design diversity=

OR 7’—.—.—‘7 G Rule .P‘ljev;le‘:yce—f)g?z Design abundance=

1d | & Reem ——- - —p e nx={n(x-1)\d2} esomelm_all (;lflferengei())_ 516 Matching degree=
L=W L>H L>M equential difference=0.5 | o e ences]
Sequential difference=

a9 nx Design diversity=

Rule Prevalence=0.083 . _

OR ? A > Design abundance=

6d | Wi —— ®  —p ata nx={n(x-D\d11) | eometrical dfference=0.73 | njayching degree=
K/ D>H - D>M equential difference=0. Geometrical difference=

Sequential difference=

dz, a9 nx Design diversity=
Rule Prevalence=0.166 .
HR ? ? . y Design abundance=
7q| W —— > —p e nx={n(x-1\d2, o) | Jeometrical difference=1.0 | yparching degree=
D>H D>M Sequential difference=0.833 ]
Geometrical difference=

Sequential difference=

—’—‘—E—Eﬂ— Rule Prevalence=0.166 DDE:“gn dlversﬂyi
. - esign abundance=
nx={n(x-1)\d2, d9} | Geometrical difference=1.0 Matching degree=
Sequential difference=0.833 . ) |
Geometrical difference=
— Sequential difference=

HR

§
|
|
)
§
!
!
L
&R

d2 nx
Rule Prevalence=0.083 Design diversity=
OR N B G e I‘Elvdil-;:ﬂtﬂf '70 916 Design abundance=
1d| ®—— o —— - P oo nx={n(x-1)\d2} [deometrical difference=0. Matching degree=
Sequential difference=0.5 s e
L=W L>H L>M Geometrical difference=

Sequential difference=

d2' nx Design diversity=
OR /\ T?—?T Rule Prevalence=0.083 Design abundance=
3 o — o M — - oS — nx={n(x-1)\d2} Geomelr_lcal _dllference:().75 Matching degree=
\;/ DsH DsM Sequential difference=0.916 Geometrical difference=
Sequential difference=
d2 nx Design diversity=
HR T?—GT Rule Prevalence=0.083 Design abundance=
od - ——- - — nx={n(x-1)\d2} Geomelx:lcal _dlfference:O.75 Matching degree=
\ DsH D>M Sequential difference=0.916 Geometrical difference=|
Sequential difference=
42 L nx R
HR 7’—(9—9“— Rule Prevalence=0.083 Dlziiséinqgi:v::l—::z;:
l10d| ®—i—mom-——- - —Pp nx={n(x-1)\d2} Gseome"i,“l‘l gl;fference_T]O(;Qlé Matching degree=
L=W L>H L>M equential difference=0.916 Geometrical difference=
— Sequential difference=
d2 nx I
Design diversity=
OR ( \ TE—ET Rule Prevalence=0.083 De:;nabg:é;ze:
> o — o M — - oS > a-lo nx={n(x-)\d11} Geomeln.cal L.hllerence:(].SSS Matching degree=
\\j DsH  DsM Sequential difference=0.833 | o oot difference=|
Sequential difference=
d2 nx Design diversity=
OR T?—?T Rule Prevalence=0.083 Design abundance=
3d WM ——- % 4’ nx={n(x-H\d2} Geomelx:lcal _dlfference:O.75 Matching degree=
K/ DsH D>M Sequential difference=0.916 Geometrical difference=|
Sequential difference=
d3, d6, d7, d8 nx
OR _ : : _ Rule Prevalence=0.333 DDeiiS;nquv:ﬁZ;
- meem — —- . —p —|-efe x={n(x-1)\d3, d6, d7,Gcometrical difference=0.583 'y r.\ pino degree=
4d g degi
DsH  DsM s} Sequential difference=0.5 Geometrical difference=|
Sequential difference=
d2', d3', d6', d7', d&' nx
Design diversity=
HR / \ Rule Prevalence=0.416 De:;nabluv: é;ze:
14 - oo S —» nx={n(x-1)\d2, d3, Geomel_ncal_ difference=1.0 Matching degree=
\\/ D>H D>M de, d7, d8} Sequential difference=0.916 Geometrical difference=|

Sequential difference=
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nx
Design diversity=
- — Rule Prevalence=0.333 .
Design abundance=
o o — - o Lo |— m nx={n(x-1)\d3, d6, |Geometrical difference=0.583 oo s e
4d A, Matching degree=
DsH  DsM d7, d8} Sequential difference=0.5 |5 L fitferonces
Sequential difference=
nx . . P
Rule Prevalence=0.083 Deflgn div ersllyi
OR m A . Design abundance=
5q | M e e nx={n(x-1)\d4} G;:omem(.:all jlff;erence_—(()).l Matching degree=
D>H - D>M equential difference=0.5 |G e qrical difference=|
Sequential difference=
nx

HR

12| e

:

D>H D>M

nx={n(x-1)\d3, d4,
de, d7, d8}

Rule Prevalence=0.416
Geometrical difference=1.0
Sequential difference=0.5

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

OR

OR

HR

nx

|

D>H D>M

nx

:

6d | M — -

D>H D>M

/
NN AN

nx={n(x-1)\d2}

nx={n(x-1)\d9}

nx={n(x-1)\d2, d9}

Rule Prevalence=0.083
Geometrical difference=0.583
Sequential difference=0.833

Rule Prevalence=0.083
Geometrical difference=0.75
Sequential difference=0.833

Rule Prevalence=0.166
Geometrical difference=1.0
Sequential difference=0.833

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
Design abundance=
Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=

Design abundance=

Matching degree=
Geometrical difference=
Sequential difference=
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d3' nx
Design diversity=
OR Rule Prevalence=0.083 Design abundance=
le o F—— = nx={n(x-1)\d3} Geomelr%cal qifference:0.916 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D=M Sequential difference=
d2 nx
Design diversity=
OR Rule Prevalence=0.083 Design abundance=
e | B—i—8 B—— = M nx={n(x-1)\d2} Geomelrigal d?fference:0.916 Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
d2', d3' nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
le| #F——H& F—— - nx={n(x-1)\d2, d3} Geometrical difference=1.0 | Vatching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D=M Sequential difference=
d2,d3 nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
e | BF—i—H B—— - M nx={n(x-1)\d2, d3} Geomelrjcal .d‘ifference: 1.0 Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D=M Sequential difference=
d2,d3 nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
3e| B —8 B a M nx={n(x-1)\d2, d3} | Geometrical difference=1.0 | Maching degree=
= Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
dz2', d3' nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
fe | B=——8 B——- = w nx={n(x-1)\d2, d3} Geomel.ricalfiifference:1.0 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D<M Sequential difference=
d3' nx
Design diversity=
OR Rule Prevalence=0.083 Design abundance=
le = S R = S— - nx={n(x-1)\d3} Geomelr%cal qifference:0.916 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D=M Sequential difference=
do nx
Design diversity=
OR - B Rule .l)reva}e{lce:0.083 Design abundance=
3e| B——8 B—— g W nx={n(x-1)\d9} Geomemr_:al d_lflerence:().‘)l(y Matching degree=
= Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
d3', d9' nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
Se H— g E—— - nx={n(x-1)\d3, d9} Geomel.ricalfiifference:1.0 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D=M Sequential difference=
d3,d9 nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
6e o F—— = W nx={n(x-1)\d3, d9} Geomelr_lcal _dlflerence: 1.0 Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D=M Sequential difference=
d3,d9 nx
Design diversity=
HR - B Rule Prevale.:nf:e:O. 166 Design abundance=
7e | B=——a8 B——- g W nx={n(x-1)\d3, d9} Geomelr_lcal _dlflerence: 1.0 Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
d3', d9' nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
ge | B —i—8 B—— = m@ nx={n(x-1)\d3, d9} Geomel.ricalfiifference:1.0 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D<M Sequential difference=
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4e

HR
1le

HR
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D>, =or<H D<M
nx

D> =or<H D<M
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D>, =or<H D=M
nx
3 I.ﬂﬂ.ﬂ“ ]
D>, =or<H D<M

nx={n(x-1)\d9}

nx={n(x-1)\d11}

nx={n(x-1)\d9, d11}

nx={n(x-1)\d9, d11}

(Geometrical differen:

Rule Prevalence=0.083
\Geometrical difference=0.916|
Sequential difference=0.75

Rule Prevalence=0.083
=0.916
Sequential difference=0.75

Rule Prevalence=0.166
Geometrical differenc
Sequential difference:

Rule Prevalence=0.166
Geometrical difference=1.0
Sequential difference=0.75
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nx
Design diversity=
OR Rule Prevalence=0.083 Design abundance=
2e M nx={n(x-1)\d2} (Geometrical difference=0.916/  Nacching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
nx
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Rule Prevalence=f 3 i o=
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D> =or<H D<M Sequential difference=
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HR Rule Prevalence=0.166 Design abundance=
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Sequential difference=0.75 |Geometrical difference=|
D>,=or<H D=M Sequential difference=
nx
Design diversity=
HR Rule Prevalence=0.166 Design abundance=
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D> =or<H D<M Sequential difference=
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Matching degree=
Geometrical difference=
Sequential difference=
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Matching degree=
Geometrical difference=
Sequential difference=

Design diversity=
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Sequential difference=
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HR Rule Prevalence=0.25 De:?;inabLV:JZ;Ze—
N etri ifferes e= " -
1 g g 4’ i nx=0 Gcomum.cal tj.l{ffuruncu—l.O Matching degree=
% Sequential difference=0.0 Hns
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OR ﬁ - Rule Prevalence=0.083 De:?;inabLV:JZ;Ze—
4 A\ e 1 i — N -
2 g g 4’ / B nx=0 Gwmclnc.al dl.f‘fcrcncc—0.916 Matching degree=
Q=2 Sequential difference=0.0 : : -
Db b Dbeil Geometrical difference=
> or <] < Sequential difference=
ds, d10 nx
Design diversity=
OR f\ Rule Prevalence=0.166 Dc‘;;;i:b:.:’:;;ic:
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do nx
Design diversity=
OR 2 i\\ Rule Prevalence=0.083 De:?;inabLV:JZ;Ze—
’ N ica iff o " -
8f oo —o— o ’ . ! nx=0 Gsomemc.dl d{tferem.e 0.916 Matching degree=
u Sequential difference=0.0 . . _
N e or sH Geometrical difference=
»=or Sequential difference=
de6, d7, d9 nx
Design diversity=
HR Rule Prevalence=0.25 De:?;inabLV:JZ;Ze:
3f IR I . . nx=0 Gcomcm.cal tj.l{ffcrcnc =1.0 Matching degree=
Sequential difference=0.0 - oo |
De —orsi Geometrical difference=
< =or>] Sequential difference=
d3,dl11 nx
Design diversity=
ox N Rule Prevlence-o.16_ | D dhensit=.
3f IR I 4’ nx=0 Gcomcmc.al d{ffcrcncc:0.833 Matching degree=
Sequential difference=0.0 - oo |
De —orsi Geometrical difference=
=or Sequential difference=
d9 nx
Design diversity=
OR 7\ Rule Prevalence=0.083 | S8 i RN
f \ ical dif o -
sf 2 i S S 2 4’ / \ nx=0 Gsomemc.dl d{tferem.e 0.916 Matching degree=
\ Y/ Sequential difference=0.0 s T 3ice o]
N> D<= or sH Geometrical difference=|
=or Sequential difference=
d3, do, d11 nx
Design diversity=
HR 200 Rule Prevalence=0.25 D;;linﬂbt‘\:[;;;ze:
PV e > ! \ -0 Geometrical difference=1. sien. 1ce”
4f \ / nx=t R, Matching degree=
N Y Sequential difference=0.0 TS ..
o De. = orsH Geometrical difference=|
»=or Sequential difference=
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di nx Design diversity=
Rule Prevalence=0.083 esign Qiversity _
OR Lo . Design abundance=
1If S —- L nx=0 Geometm.vdl dl” ence=0.916| Matching degree=
Sequential difference=0.0 G ical diff |
Dol eometrical difference=|
- Sequential difference=
d4, d12 nx
Design diversity=
Rule Prevalence=0.166 esign Qiversity _
OR . . Design abundance=
4f 65— -—o——0— - — nx= Geometrical difference=0.833) Matching degree=
Sequential difference=0.0 : . |
D<= or>H Geometrical difference=|
o Sequential difference=
dl, d4, d12 nx
Rule Prevalence=0.25 De§1gn diversity=
HR G wrical differ 0 Design abundance=
5f| Eoi—H H—E - - nx=0 Ssoms lI{LT dA;f Slsmio 0 Matching degree=
De —orsH cquential ditierence=t-0 |Geometrical difference=
T Sequential difference=
ds, d10 nx Desian diversitye
fe) Rule Prevalence=0.166 esign Qversity=
R Geomerical difference=0.833| D cSiEn abundance=
5| FB——8 H——F nx= cometrical dille e Matching degree=
- Sequential difference=0.0 : . |
Dok Geometrical difference=
Sequential difference=
d9 nx
— = o o Design diversity=
OR 7 N % Rule VPlevd.lsm.sf().083 Design abundance=
8f ———— 4’ w\ ; nx=0 Geometrical difference=0.916| Matching degree=
N p Sequential difference=0.0 : . |
N> D<= or>H Geometrical difference=|
T Sequential difference=
ds, d9,d10 nx
Design diversity=
CEN Rule Prevalence=0.25 esign Qiversity _
HR 4 3 G wrical difference—1.0 Design abundance=
of o —p 4 nx=0 cometrical dilference=1. Matching degree=
\S Y Sequential difference=0.0 : . |
Sz D<= or>H Geometrical difference=|
T Sequential difference=
d4, d12 nx
Design diversity=
Rule Prevalence=0.166 8181 Civersity
OR G crical diff +=0.833 Design abundance=
Af | OO 8T o —» >‘< - - nx=0 cometrica’ Cuijerence="1. Matching degree=
Sequential difference=0.0 : . |
D<= or sH Geometrical difference=|
o Sequential difference=
d9 nx
—= o . Design diversity=
OR 7 ‘ N Rule VPleVd.l?nLS—().()S3 Design abundance=
it Geometrical difference=0.916) .
gf | ©o— —o- —o——o— —p 4 ! nx=0 AL AL : Matching degree=
> Sequential difference=0.0 e o a
N De = orsH Geometrical difference=
o Sequential difference=
d4, d9, d12 nx
Design diversity=
Rule Prevalence=0.25 esign diversity _
HR G rical difference1.0 Design abundance=
7f I e —> {»4 - - nx=t cometrical drierence=1. Matching degree=
Sequential difference=0.0 : . |
D<= or sH Geometrical difference=|
e Sequential difference=
d8 nx Desien diversit
esign diversity=
Rule Prevalence=0.083 S8 p ) y _
OR G ical diff ~0.961 Design abundance=
7t S — = F—— —p - - nx=0 cometrical difference=0. Matching degree=
Sequential difference=0.0 LT e |
D=2H Geometrical difference=
a Sequential difference=
d6, d7 nx
Design diversity=
Rule Prevalence=1.66 gn, We‘,“ y _
OR G wical diff 0=0.833 Design abundance=
6f | F—i—F H—g - - nx= eometrica’ Qi erence=0. Matching degree=
Sequential difference=0 . ol
Geometrical difference=
Sequential difference=
de, d7, d8 nx
Design diversity=
Rule Prevalence=0.25 esien diversity _
HR G wrical difference—1.0 Design abundance=
8f S — = F—— —p - - nx=0 cometrical dilference=1. Matching degree=
Sequential difference=0.0 : . |
D<= orsH Geometrical difference=|
o Sequential difference=
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Rule Subclass rule set of minaret base User guide grammar| Evaluation of the Evaluation of the
no. (Hybrid rules) for hybid design rules generated design
do, d7 nl
- - Rule Prevalence=0.166 De'slgn leErSlly=7
HR S o Design abundance=
la| — /7 — —T— T — nl={n\d6, d7} Gseomelr{czi\l dt?l;lfference:_;)ls.o Matching degree=
EV\” mD<<ll‘I equential difference=0.5 \Geometrical difference=
DM Sequential difference=
do, d7 nl
- — Design diversity=
HR Z g Rule Pvrevale.:nce:O. 166 Design abundance=
Qa| — T T —> nl={n\d6, d7} Gseomem.c?l dq;gferenci Matching degree=
II::V{ orD:III- cquential difference=0.5 )\ Geometrical difference=
DM Sequential difference=
ds, d7 nl
—- — Design diversity=
Rule Prevalence=0.166 esign civersity _
HR L Design abundance=
—p Geometrical difference=1.0
3a| ——i—— ———— nl={n\d5, d7} At — Matching degree=
Di<Db Sequential difference=0.5 G ical diff _
Dbo. - or <H eometrical difference=
Di=M Sequential difference=
d2,d7,ds, d9 nl
- > Rule Prevalence=0.33 De{slgn dwersny:_
HR . " - Design abundance=
4a| ——i—— ———— —p nl={n\d2, d7, d8, d9} geomelr'lcla(liilffferencfa 17:) Matching degree=
II:EWP I:;W( LI[J(J;[L! equential difference=0.75 1 Ge o merical difference=
o Sequential difference=
d7,d12 nl
_ — Design diversity=
Rule Prevalence=0.166 eSIEN CIVersity _
HR G ccal diff -10 Design abundance=
Sa| — T T —> {} nl={n\d7, d12} eometrical difference= I Matching degree=
Db>Dt Sequential difference=0.5 G ical diff _
Dho & or <H eometrical difference=
Di=M Sequential difference=
ds, d6 nl
—- -— Design diversity=
Rule Prevalence=0.166 esign civersity _
HR S Design abundance=
Geometrical difference=1.0
6a| ——i—— ———— —p e —o nl={n\d5, d6} e = Matching degree=
L=W Sequential difference=0.5 G ical diff _
o - or<H eometrical difference=
LM Sequential difference=
d3, ds, d10 nl
- B Rule Prevalence=0.25 De{slgn dwersny:_
HR i ) Design abundance=
Ta| ——j— ———— —> qeie nl={n\d3, d5, 10} | Geometieal diference=l 0 | narching degroe=
& i:v‘i or<H equential ditference=0.5 \Ge smetrical difference=
LoM Sequential difference=
d2,ds, ds8, d9 nl
— Design diversity=
- > Rule Prevalence=0.333 esign civersity _
HR G ical diff —10 Design abundance=
8| — T T T T e o nl={n\d2, d5, d8, d9} Seomelr'lclad'flf erencfa 75 Matching degree=
& [D;M: or<H cquential difference=0.75"\Geometrical difference=
Sequential difference=
d2, d8, d9, d12 nl
HR .“:|N Rule Prevalence=0.333 D‘zi:ti"ﬁi‘:’:;::z;
7777777 — > JN S nl={n\d2, d8,d9, | Geometrical difference=1.0 sien _
9a d12} Sequential difference=0.75 Matching degree=
BZ'M: or<H q ~'7 |Geometrical difference=
Sequential difference=
d3, d10, d12 nl
- B Rule Prevalence=0.25 De{slgn dwersny:_
HR R ) Design abundance=
10a —p PPN nl={n\d3, d10, d12} Geomem.cal L.hfference:l.() Matching degree=
\\ L=W Sequential difference=0.5 G ical diff _
o = or<H eometrical difference=
LsM Sequential difference=
ds, d12 nl
—- -— Design diversity=
Rule Prevalence=0.166 . _
HR L - Design abundance=
1al ———— ———— —p “o——e- nl={n\d5, d12} Gseomelr{czlildq;lfference_;)ls.o Matching degree=
gzM: or<H equential difference=0.5 |50 1o rical difference=
Sequential difference=
d3,d7,d10 nl
- ) - Rule Prevalence=0.25 De{slgn dlverslly:_
HR . " - Design abundance=
g — i — > nl={n\d3, d7, d10} | Geometrical difference=1.0 | yr.cpino degree=
— Iij"ib rL:-lW‘ Sequential difference=0.5 Geometrical difference=
Lot Sequential difference=
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no. (Hybrid rules) for hybid design hybrid rules generated design
dl,d3,dl1 nx
Rule Prevalence=0.25 De§1gn dlversn{/:—
HR A - Design abundance=
1b| ®—— & &——- L —> nx={n(x-1)\dl, d3, s(fveomel»rl;:z;l»;iflfferencﬁez)—lé(l Design uniqueness=
di1} equential difference=0.333 166 ometrical difference=
LoW Lbsit Lbs 9 Leem Sequential difference=
= L =or
dl', d10' nx
Rule Prevalence=0.166 De.Slgn leCrSlly:_
HR e C Design abundance=
2b —> nx={n(x-1)\d1, d10} s(}eomel}'li:z;lfflfferenciez)—il.g(l Design uniqueness=
cquential difference=0.583 |Ge ometrical difference=
LoW Lbsit Lbs 9 Lem Sequential difference=
= L =or =]
d6, d3 nx
—- -— Design diversity=
HR Rule Prevalence=0.1 ?6 Design abundancs
3p| T A L —p nx={n(x-1)\d6, d3} | Geometrical difference=1.0 Design uniqueness=
Sequential difference=0.5 : . |
Geometrical difference=
Sequential difference=
Db>Dt Db>, =or<H Dt=M
d3, d12 nx
- - Rule Prevalence=0.166 De§1gn dlversn{/:
HR o C Design abundanc:
4p| - A —— L —p nx={n(x-1)\d3, 12} | Geometrical difference=1.0 Design uniqueness=
Sequential difference=0.5 : . |
Geometrical difference=
b H Do Sequential difference=
>, = or <! =
d2, d3, d6, d7 nx
ds, d11,d12 —- > . Design diversity=
HR e x={n(x-1\d2, d3, |, Rule Prevalence=0.583. | pogion ghundance=
& & & — - e —p -l >~ | Geometrical difference=1.0 Desi . _
b d6, d7,d8, d11, d12} | Sequential difference=0.333 CSIEN uMiqueness=
q 77 |Geometrical difference=
DbsDt Dbs, =or<H Dt<M Sequential difference=
d3, d6, d8 nx
J— y— _ Design diversity=
HR nx={n(x-1)\d3, d6, G Rule l?re;/cél_&;l;ce—olfl 0 Design abundance=
6b - ] ol 1 4 o d8} Seomelr{c?d.;f erer{ce:)s Design uniqueness=
equential difference=0.5 \Gometrical difference=
Sequential difference=
Db>Dt Db>, =or<H Dt=M
dl1, d4, d8 nx
— Design diversity=
HR / Rule Prevalence=0.25 Deiiséinabtlvne(ll':lnz
Tp| & B & —p < > nx={n(x-1)\d1, d4, | Geometrical difference=1.0 Design uniqueness
Sequential difference=0.333 : . |
dg} Geometrical difference=
LW Ls.—or<H L<M Sequential difference=
dl1, d4, d5 nx
PN Design diversity=
HR / Rule Prevalence=0.25 Defis;inabtlvlle(::\lrlZe:
gh| & ®—— e —> hd hd nx={n(x-1)\dl, d4, Geomelr{cal c.i{fferen =10 Matching degree=
Sequential difference=0.5
d5} quentia "~ |Geometrical difference=
LeW Ls.—or<H  L>M Sequential difference=
dl, d4, d9 nx
— = ] Design diversity=
HR / Rule P.'reval.ence:O.ZS Design abundance=
9 - e . —p = n nx={n(x-1)\d1, d4, Geomel.ncalfhfference:l.0 Matching degree=
Sequential difference=0.916 : . |
d9} Geometrical difference=
L=W L>.—or<H L<M Sequential difference=
dl, d2, d3, d4 nx
de, d7, d8, d12 — - > 5 Design diversity=
| . - — > f mx={n(x- D1 d2, | 08 Rom e o | Desen abundance=
& P =1.1 R _
10b K d3, d4, d6, d7, d8, Sequential difference=0.333 G Malcl?mg d.egree _
d12} cometrical difference=
L=W L>, “or<H  L<M Sequential difference=
dl, d4, d6 nx
— 3 @ Design diversity=
HR f Rule P.'reval.ence:O.ZS Design abundance=
I e (O, 4, | Gromert et | Niacing s
d6} quentia 7 |Geometrical difference=
L=W L>, “or<H  LsM Sequential difference=
Design diversity=
Rule Prevalence=0.416 .
- Des abundance=
flzl; nx={n(x-1\d1, d5, | Geometrical difference=1.0 I\?l:li‘lll;lx u:e 1:::::
de6, d7, d8} Sequential difference=0.583 s cee _
Geometrical difference=
—w Sequential difference=
L=W L> =zor<H L>M
d2, d3, d4, d6, d7, d§, d12 nx
- > Design diversity=
nx={n(x-1)\d2, d3, Rule Prevalence=0.583 esign diversity _
HR . : Design abundance=
13b| & & #®—— bl —> T d4,do, d7, d8, d12} S(fveomel.r‘l;:z;l.g}ffere:‘nc_e(:):?}é(; Design uniqueness=
equential difference=0. Geometrical difference=|
b H Dem Sequential difference=
>, =or <] <
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de nx
Design diversity=
HR Rule Prevalence=0.083 De:;;inabllj‘:t;;;Ze:
14| ®——®& & —— % —p SO S nx={n(x-1)\d6} Geometr{cz\l Q1ftel'ence:l.() Design uniqueness=
Sequential difference=0.5 Geometrical different
Sequential difference=
D>, =or<H D=M
dl, d4,d9 nx
= = Design diversity=
HR Rule Prevalence=0.25 De‘:?;inabluv:JZLZS:
15| &—i—e& -o—— P —p PN S nx={n(x-1\d1, d4, Geomel»ncal»dlfference:l.0 Matching degree=
Sequential difference=0.916 . . _
do} Geometrical difference=
L-W L> =or<H Sequential difference=
dl, d4, d5 nx
HR Rule Prevalence=0.25 Dz:;;i“;y:;:ﬁz::
l6b| & ——& o—— . —p o —e nx={n(x-1)\d1, d4, Geomem»cal @ﬁel‘enc 1.0 Matching degree=
ds} Sequential difference=0.5 Geometrical difference=|
L=W L>,=or<H Sequential difference=
dl, d2, d3, d4, nx
< > Design diversity=
HR d6, d7, d8, d12 Rule Prevalence=0.666 Dei;linab::r;;lrnie:
17h| *—i—e -e—— o —p S nx={n(x-1\d1, d2, | Geometrical difference=1.0 M;ﬂihing degree=
d3,d4, d6, d7,d8, | Sequential difference=0.333 | ooV ee e
LW L>, 2or<H di12} Sequential difference=
dl, d4, d6 n
Rule Prevalence=0.25 Design diversity=
HR s - Design abundance=
18| &—i—e -o—— P —p O S nx={n(x-1\d1, d4, Geomeln»cal tfhfference:l%O Matching degree=
dé) Sequential difference=0.5 Geometrical difference=
L=W L> =or<H Sequential difference=
dl', ds', de', d7', d8' nx
HR Rule Prevalence=0.416 D]z:iséina:lu‘/;;:ﬁe::
19p| ®——e -o—— o —p —— nx={n(x-1)\d1, d5, Geome(_r“c“l_',jf'ffe"e‘"cezl'0 Matching degree=
d6, d7, d8} Sequential difference=0.583 Geometrical difference=
L=W L> =or<H Sequential difference=
9, d12 - - Design diversity=
HR = = Rule Prevalence=0.166 Design abundance=
200 F—i—® &—— e —p B —im nx={n(x-1\d9, d12} Geometrical difference=1.0 M‘dld}iﬂg ‘{%Eree:
Sequential difference=0.916 |Geometrical differen
Sequential difference=
D> =or<H D<M
d3, d9 nx
o - Rule Prevalence=0.166 Deﬁlgn dlversllyi
HR ical difference= Design abundance=
olp| e w—— - —p . nx={n(x-1)\d3, d9} Geomet»nml»rh ference=1.( Design uniquene:
Sequential difference=0.916 Geometrical different
Sequential difference=
Db>Dt Db>, =or<H D<M
d3, d11 nx
- — Design diversity=
Rule Prevalence=0.166 csign diversity _
HR cal difference= Design abundance=
22p i s : 3 —> nx={n(x-1)\d3, d11} Geomet_m“l_"jl ference=1.0 Design uniqueness=
Sequential difference=0.333 Geometrical difference=
Sequential difference=
Db>Dt Db>, zor<H D<M
d3', d10’' nx
—- -— Design diversity=
HR Rule P}'eval&?nce:O. 166 Design abundan
23y H—i— -—— e —p £ nx={n(x-1)\d3, d10} Geomel.ncal. difference=1.0 Design uniquene:
Sequential difference=0.583 Geometrical difference=|
Sequential difference=
Db>Dt Db>, =or<H Dt=M
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nx
Design diversity=
HR W Rule Prevalence=0.166 Design abundance=
le| =<*—i— nx={n(x-1\d2, d4} Geomeln.cal 41fference:l.() Matching degree=
LW IsH LeM Sequential difference=0.5 |Geometrical difference=
Sequential difference=
nx
Design diversity=
HR w Rule Prevalence=0.166 Design abundance=
o | +—i— nx={n(x-1\d2, d4} Geomelri.cal c.iif‘ference:l.() Matching degree=
L=W LoLb LbsH LM Sequential difference=0.5 |Geometrical difference=
Sequential difference=
nx Design diversity=
HR E’ Rule Prevalence=0.333 Design abundance=
3| *—i— x={n(x-1)\d2, d6, d7 Geomelri.cal qifference 1.0 Matching degree=
- Db<Dt Db>H Dt=M ds} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
nx Design diversity=
HR E‘ Rule Prevalence=0.333 Design abundance=
de | +—i— nx={n(x-1\d2, d6, d7 Geomelri.cal c.iifference:l.() Matching degree=
L=W LeLb Lb>H Lt=M ds8} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
nx Design diversity=
HR w’ Rule Prevalence=0.333 Design abundance=
5o | ew i ee——- e x={n(x-1)\d4, d6, d7 Geomelri.cal (}ifference:l.() Matching degree=
Db<Dt Db>H  Dt=M ds} Sequential difference=0.5 | Geometrical difference=
Sequential difference=
dz nx Design diversity=
HR w Rule Prevalence=0.083 Design abundance=
6c i —— ] > nx={n(x-1)\d2} Geomelri.cal c.iif‘ference:l.() Matching degree=
Db<Dt Db>H D&M Sequential difference=0.5 | Geometrical difference=
Sequential difference=
d3', d4', d12 nx Design diversity=
HR / Te—’—eT Rule l?reval.ence:O.ZS Design abundance=
7c et — ] > —p nx={n(x-1)\d3, d4, Geomel.ncal. difference=1.0 Matching degree=
\\ D>H D>M d12} Sequential difference=0.666 |Geometrical difference=|
Sequential difference=
d2,d9 nx Design diversity=
HR w Rule Prevalence=0.166 Design abundance=
Qe | i e e —p nx={n(x-1)\d2, d9} Geomelri.cal c.iifference:l.() Matching degree=
L=W LLb LbsH Lt=M Sequential difference=0.5 |Geometrical difference=
Sequential difference=
ds, d9 nx Design diversity=
HR e——e Rule Prevalence=0.166 Design abundance=
Qc | e e —— e —p nx={n(x-1)\d8, d9} Geomel.rical.d‘ifference:1.() Matching degree=
L=W LtsLb LbsH LM Sequential difference=0.833 |Geometrical difference=
Sequential difference=
d4, d9 nx
Design diversity=
HR @ Rule Prevalence=0.166 Design abundance=
10c| s> t—— e nx={n(x-1)\d4, d9} Geomelri.cal c.iifference:l.() Matching degree=
Db<Dt  Db>H Dt>M Sequential difference=0.5 |Geometrical difference=
Sequential difference=
d2, d9 nx
Design diversity=
HR w Rule P.revale.:nce:().l()() Design abundance=
lle| —i—» +a—— > nx={n(x-1)\d2, d9} Geometrical difference=1.0 Matching degree=
Db<Dt Db>H Dt>M Sequential difference=0.5 |Geometrical difference=
Sequential difference=
nx Design diversity=
HR @ Rule Prevalence=0.166 Design abundance=
12¢| <*+—— nx={n(x-1)\d8, d9} Gemnel»ncal»dnfference:1.() Matching degree=
Db<Dt  Db>H DM Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
nx
Design diversity=
HR j:ET Rule l?reval.ence:O.ZS Design abundance=
13c| =*—i— nx={n(x-1)\d4, d9, Geomel.ncal.d‘lfference:l.0 Matching degree=
Db<Dt Db>H Di>M d12} Sequential difference=0.833 |Geometrical difference=
Sequential difference=
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Rule Subclass rule set of minaret joints User guide grammar| Evaluation of the Evaluation of the
J 8! 8!
no. (Hybrid rules) for hybid design hybrid rules generated design
d4', d9', d12' nx
g Design diversity=
HR (/ \w j:’@_-‘;l—_e':r Rule l?reval's‘nce:O.ZS Design abundance=
ldc| —i—> ~—— - I g nx={n(x-1)\d4, d9, Geomsl'rlcal.d}tfsrsnc 1.0 Matching degree=
\\ /,’ Db<Dt Db>H Di>M d12) Sequential difference=0.666 |Geometrical differen
i Sequential difference=
nx Design diversity=
HR g Rule P.rsvale'r?ce:O.416 Design abundance=
15¢ nx={n(x-1)\d6, d7, Geomslr{cal qﬁfsrsnc 0 Matching degree=
Db<Dt DbsH DM d8, d9} Sequential difference=0.5 |Geometrical differen
Sequential difference=
nx Design diversity=
HR @ Rule P.rsvale'r?ce:O.lﬁﬁ Design abundance=
16c nx={n(x-1)\d9, d11} Geomsl.ncalAdltfsrsncs:1.0 Matching degree=
Db<Dt Db>H  Di=M Sequential difference=0.833 | Geometrical difference=|
Sequential difference=
d9', d1r T nx Design diversity=
HR // \\‘ ﬁf Rule Prsval;nce:{).lﬁﬁ Design abundance=
17¢| —i—> ~—— - S | nx={n(x-1\d9, d11} Gcomclflcal. difference=1.0 Matching degree=
S 7 Db<Dt Db>H  Di=M Sequential difference=0.666 |Geometrical difference=
= Sequential difference=
d3, d9 nx
T Design diversity=
HR // \‘ jE"y:rET Rule Prsval;nce:{).lﬁﬁ Design abundanc
18c| +—i—> +-—— > B £ nx={n(x-1)\d3, d9} Gcomcl.ncalAdlffcrcnc 1.0 Matching degree=
. Y Db<Dt Db>H DM Sequential difference=0.833 |Geometrical difference=
N Sequential difference=
d3, d9 nx
Design diversity=
HR jET Rule P.rcval(?ncc:0.166 Design abundance=
19¢| s*—i— > et—— e nx={n(x-1)\d3, d9} Gcomclr{cal (.hffcrcncc:l.l) Matching degree=
Db<Dt Db>H DM Sequential difference=0.5  |Geometrical differen
Sequential difference=
d3, d9 nx
Design diversity=
HR .E— Rule P.rcval(?ncc:0.166 Design abundanc
20| b t—— e nx={n(x-1)\d3, d9} Gcomcm'cal (.h‘f‘fcrcncc:l.l) Matching degree=
Db<Dt  Db>H D<M Sequential difference=0.5 \Geometrical difference=
Sequential difference=
dg, di1 nx Design diversity=
HR —%— Rule P.rcval(?ncc:0.166 Design abundance=
ole| > -—— > . nx={n(x-1)\d8, d11} Gcomcl.ncal' Fhffcrcnc e=1.0 Matching degree=
Db<Dt Db>H  Di=M Sequential difference=0.833 |Geometrical difference=|
Sequential difference=
ds', d9' nx Design diversity=
HR —@— Rule P.rcval(?ncc:0.166 Design abundance=
90c| i e—— > 7 2.2 nx={n(x-1)\d8, d9} Gcomcl'ncal. d}ffcrcncc:l.O Matching degree=
Db<Dt Db>H  Di=M Sequential difference=0.666 |Geometrical differen
Sequential difference=
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Rule Subclass rule set of minaret balconies User guide grammar| Evaluation of the Evaluation of the
no. (Hybrid rules) for hybid design hybrid rules generated design
d2, d3, d6, d7, d8 nx
. . Design diversity=
HR 7 nx={n(x-1\d2, d3, | RulePrevalence=0416 | poGon apundanc,
1d - Eee— —- _me —Pp —ete d6, d7, d8) Geometrical difference=1.0 Matching degree=

Sequential difference=0.5 Geometrical difference=

Sequential difference=

d2, d3, d6, d7, d8 nx
. . Design diversity=
HR 7 nx={n(x-\d2, d3, |  Role Prevalence=0416 1 pegion abundance=
oq| W — e ——- e —p —|of e d6, d7, d8} eometrical difference=1.{ Matching degre

Sequential difference=0.5 Geometrical difference=

Sequential difference=
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2,44 nx Design diversity=
Rule Prevalence=0.166 X
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d2, d4 nx

Design diversity=
Design abundance=
Matching degre
Geometrical difference=|

Sequential difference=

Rule Prevalence=0.166
nx={n(x-1\d2, d4} Gcomclﬁcal rtliffcrcncc:l 0
Sequential difference=0.5

f
|
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4 | e —— et

d2 nx

Design diversity=
Design abundance=
Matching degrees=

Geometrical difference=|
Sequential difference=

Rule Prevalence=0.083
nx={n(x-1\d2} Geometrical difference=1.0

D>H D>M Sequential difference=0.833
nx

HR
5q | W——Wom-—-—- = —>

Design diversity=
Design abundance=
Matching degree:

Geometrical difference=|
Sequential difference=

Rule Prevalence=0.083
nx={n(x-1\d2} Gcomclrical.diffcrcncc:l 0
Sequential difference=0.833

HR

nx Design diversity=

Design abundance=
Matching degree=
Geometrical difference=|
Sequential difference=

Rule Prevalence=0.166

= nx={n(x—1)\d2, d9} Geometfical.differenc =1.0
D>H D>M Sequential difference=0.833

HR
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Design diversity=
Design abundance=
Matching degree=
Geometrical diffc
T Sequential difference=

Rule Prevalence=0.166

nx={n(x-1\d2, d9} Gcomclrical.diffcrcnc K
Sequential difference=0.833

HR

b

a2 nx Design diversity=
HR “_?_Q_F Rule Prevalence=0.083 Desi bundance=
i gn abundance:
9d -—— W -——- —Pp nx={n(x-1)\d2} Geomstr.lcalf]lttersncs:O.75 Matching degree=
DsH  DsM Sequential difference=0.916 |0 o1 difference|
Sequential difference=
d2' L nx I
Design diversity=
HR —’—‘—e—eﬂ— Rule Prev;{lsnce:0.0% Design abundance=
lod| ®——wB——m —P nx={n(x-1)\d2} |Geometrical difference=0.916| "yp. pino deoree=

Sequential difference=0.916 Geometrical difference=|

T Sequential difference=

nx

Rule Prevalence=0.416 De:slgn diversity=
HR S . . Design abundance:
11d - —— - - —-— - > / nx:{n(x-l)\dl d3, | Geometrical difference=1.0

L Matching degree=
DsH DM d6, d7, d8} Sequential difference=0.916 Geometrical difference=|

Sequential difference=

F
|
|
|
A A b

d3, d4, d6, d7, d8 nx

Design diversity=

HR m 3 Rule Prevalence=0.416 Design abundance=
12d| =——moom———- e —p el e nx={n(x-1)\d3, d4, Gcomctr{cal Qlffcrcnc =1.0 Matching degre
D>H  DsM de6, d7, d8} Sequential difference=0.5 |5 oo differences|
Sequential difference=
d2, d9 nx L
’ . o Design diversity=
HR TE—ET Rule Prevalence=0.166 Design abundance=

13d O — — - W —-—- B —p nx={n(x-1\d2, d9} Geometrical differenc
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D>H D>M Sequential difference=0.833 ateung cegree
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Rule Subclass rule set of minaret lantern User guide grammar| Evaluation of the Evaluation of the
no. (Hybrid rules) for hybid design rules generated design

d2', d3' nx
Design diversity=
HR Rule P.revalstnce:(). 166 Design abundance=
le | B——& F—— = nx={n(x-1)\d2, d3} Geomel.ncal. difference=1.0 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D=M Sequential difference=
d2,d3 nx
Design diversity=
HR Rule P}'eval?nce:O. 166 Design abundance=
2e =S S = S— - nx={n(x-1)\d2, d3} Geomelrilcal .d‘lfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D=M Sequential difference=
d2,d3 nx
Design diversity=
HR Rule P}'eval?nce:O. 166 Design abundance=
3| B——a —— = nx={n(x-1)\d2, d3} Geomelrilcal .d‘lfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
d2', d3' nx
Design diversity=
HR Rule P.revale.n‘ce:O. 166 Design abundance=
4o | B——8 B—— = nx={n(x-1)\d2, d3} Geomet.rwal. difference=1.0 Matching degree=
Sequential difference=0.916 |Geometrical difference=
D> =or<H D<M Sequential difference=
d3', d9' nx
Design diversity=
HR Rule P.r?valx?n?e:().‘l()ﬁ Design abundance=
Se | B ——H B—— - nx={n(x-1)\d3, d9} Geometrical difference=1.0 | Matching degree=
Sequential difference=0.916 |Geometrical difference=
D>,=or<H D=M Sequential difference=
d3, d9 nx
Design diversity=
HR Rule P.revalstnce:(). 166 Design abundance=
6e =S S = — - nx={n(x-1)\d3, d9} Geomelr.lcal .dlfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=|
D>,=or<H D=M Sequential difference=
d3,d9
Design diversity=
HR Rule P}'eval?nce:O. 166 Design abundance=
7e | B——a8 B——- = nx={n(x-1)\d3, d9} Geomelrilcal .d‘lfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=
Sequential difference=
d3', d9'
Design diversity=
HR Rule P.revale.n‘ce:O. 166 Design abundance=
ge | B=——=a B—— = nx={n(x-1)\d3, d9} Geomet.rwali ﬁlfterence:l.() Matching degree=
Sequential difference=0.916 |Geometrical difference=|
D> =or<H D<M Sequential difference=
d2,dl1 nx
Design diversity=
HR Rule P.r?valx?n?e:().‘l()ﬁ Design abundance=
Qe | B—1—H B—— - nx={n(x-1)\d2, d11} Geometrical difference=1.0 | Matching degree=
Sequential difference=0.75 |Geometrical difference=|
D> =or<H D=M Sequential difference=
d2,d11 nx
Design diversity=
HR Rule P.revalstnce:(). 166 Design abundance=
06| B—i—8 B—— = nx={n(x-1)\d2, d11} Geomelr.lcal .dlfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=|
D> =or<H D<M Sequential difference=
do, d11 nx
Design diversity=
HR Rule P}'eval?nce:O. 166 Design abundance=
e S S~ ) S— =1 nx={n(x-1)\d9, d11} Geomelrilcal .d‘lfference:l.O Matching degree=
Sequential difference=0.75 |Geometrical difference=
D>,=or<H D=M Sequential difference=
d9, d11 nx
Design diversity=
HR Rule P.revale.n‘ce:O. 166 Design abundance=
12¢| ——+8 B—— = nx={n(x-1\d9, d11} Geometr.wal .r{lfterencezl.() Matching degree=
Sequential difference=0.75 |Geometrical difference=
D> =or<H D<M Sequential difference=
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Rule Subclass rule set of minaret head User guide grammar| Evaluation of the Evaluation of the
no. (Hybrid rules) for hybid design hybrid rules generated design

d2,d3,dl1 nx
HR 7N Rule l?reval.ence:O.Zf Design abundance=
It A S S —p — D — nx=0 Geomeln.cal t}hfference—l.o Matching deg
N — — Sequential difference=0.0 Gsomslricuid erence=|
Db>or<Dt  Db<H . .
Sequential difference=
d2, ds, d10 nx
Design diversit;
HR ﬁ N ﬂ Rule l?reval.ence:O.Zf Design abundance=
of o — —F——F —p \\j nx=0 Geomeln.cal ghfference—l.O Matching degree=
\;" Db>, =or<Dt  Db<H Sequential difference=0.0 Geometrical diff
Sequential difference=
de, d7, d9 Desian diversit
Rule Prevalence=0.25 s.?lgn. Ws‘?l o=
HR G ical diff 3 0 Design abundance=
3| HF—F H—F - - nx=0 eometrical dif érems " Matching degree=
—orsH Sequential difference=0.0 Geometrical difference=|
Sequential difference=
d3,d9,dl1 nx
= . o Design diversity=
HR 7 | N G Rule l?r.:c‘lljll.sf?sfo"z_sl 0 Design abundance=
4| B B —p ) nx=0 cometrical dif evremsf - Matching degree=
N/ De<-orsH Sequential difference=0.0 Geometrical difference=|
Sequential difference=
dl, d4, d12 nx
Design diversity=
- s A Ruleprevence-gzs | D ey
5f - —F g —F 4’ #4 . — nx=0 Gsomsm.cal Lvllvt-terencs:l.() Matching degree=
~ "“ Sequential difference=0.0 Geometrical difference=|
D<.=or>H e B
Sequential difference=
ds, d9,d10 nx Desien diversit
N i *: I esign diversity=
HR 2 R Rule l?r.:chl.s-x?Lsf()‘l_S Design abundance=
6f o —F F——F 4’ ¢ ‘ ) nx=0 Gsomsm.ml 4liferean—l .0 Matching degree=
N/ DezorsH Sequential difference=0.0 Geometrical difference=|
Sequential difference=
d4, d9, d12 nx
Design diversity=
HR 4‘7} Rule Prevalence=0.25 Dsi?;inabLV:JZ;Zs:
74| e——e —e——o — #4 _ — nx=0 Geometrical difference=1.0 M;Alching degs
_ Sequential difference=0.0 ST .
D<,=or>H Geometrical difference=|
Sequential difference=
de6, d7, d8 nx
Design diversit;
HR m Rule Prevalence=0.166 Dsis;nablvns:l:ncs:
3t A S S & —p — — nx=0 Geomeln.cal t}hfference:l.o Matching degree=
D<. = or>H Sequential difference=0.0 |5, o ical diff
Sequential difference=
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Appendix-B: Copies of antecedents and examples of hybrid

designs

B-1 Copies of existing designs

Rule| Original design derivation - Sidi 'Ugba minaret User guide grammar| Evaluation of the Evaluation of the
no. (d1) - 5 Original rules for original design rule design
dl, d4,dl11 nl
< Design diversity = 0.25
OR Rule Prcvvtwlcn.cc = 0'2\3 _ | Design abundance = 3.0
la 4’ &— | o —— — r. nl =d1 Geometrical difference = 0.75 Matching degree = 1.0

Sequential difference =0.75 | Geometrical difference = 0.75

Sequential difference = 0.75

dl, d4 n2
b Design diversity = 0.25
OR Rule Prevalence = 0.166 Design abundance = 2.5
Geometrical di ce = 0.833
Ib| ®—+—o ——— - —p e ® n2 =dl cometrica CICrence = 1832 Matching degree = 1.0
Sequential difference = 0.5 Geometrical difference = 0.791
Sequential difference = 0.625

dl, d4 n3
Rule Preval 0.166 Design diversity = 0.25
ule Prevalence = 0.166 :
Des bund:
OR| |y i o > ole n3=dl Geometrcal difference = 0,833y 41 S 0 RIS
1b = Sequential difference = 0.5 Geometrical different
Sequential difference = 0.

L=W L>H L>M

dr n4
Design diversity = 0.25
OR RE Rule Prevalence = 0.083 e 020
PUREPY G trical diff =0.833] o
| et —» TP nd =dl Sequential diference = 0.5 0
a e Geometrical differens
Sequential difference = 0.5

dl n5
OR Rule Prevalence =0.083 | perten qversty = 035,
’;j —p 5=0 Geometrical difference = 0.916| Matchine d -1 O
If s = Sequential difference = 0 atching degree = 1.
Geometrical difference = 0.833

Sequential difference = 0.466

Design 1 (d1)
Sidi 'Ugba minaret
No. of Original Rules =5

Evaluation Criteria:
Diversity= 0.25
Abundance= 1.8
Matching= 1.0
Geometrical diff.= 0.833
Sequential diff.= 0.466
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Rule] Original design derivation - Khangah of Faraj b. Barquq minaret User guide grammar| Evaluation of the Evaluation of the
no. (d2) - 10 Original rules for original design rule design
d2, ds, d9 nl
|
OR i (REUIC Prlcymllc?lf:;: 025 Design abundan
cometrical differen i
2| ——i—— ——— —Pp = B nl =d2 I Matching degree = 1.
! Sequential difference Geometrical difference = 0.583
| Sequential difference = 0.75
L=W L<H M>L
d2 n2
! Design diversity = 0.25
OR gu]e Prleya]]exsl‘cé: 0.083 0833 Design abundance = 2.0
eometrical difference = 0.833 i
1c —Pp n2=d2 ; e © Matching degree = 1.0
Sequential difference = 0.5 Geometrical difference = 0.708
Sequential difference = 0.625
L=W LeLb Lt>H Lt=M
a2 L D
Design diversity = 0.25
OR Rule Prevalence = 0.083 Design abundance = 1.666
Py Py Geometrical differeng Matching degree = 1.0
—> ® ® n3 =d2 e atching deg!
1d Sequential difference =0.5 | Geometrical difference = 0.777
Sequential difference = 0.583
L=W L>H L>M
d2, d3, d6, d7, d8, d12 nx
Rule Prevalence = 0.5
OR f\ vaienc Design abundan
Geometrical difference = 0.416 i
d o —> nd =d2 nea Matching degre
3b k/ Sequential difference = 0.333 | Geometrical differen:
Sequential difference =
D> =zor<H D<M
d2 nx
\—1 .583
oS Rule Prevalence = 0.083
OR e A\ e Design abundan 24
2 (1 —> n5=d2 Seometrical difference = 0.583] Matching degree = 1.0
\\/ s cquential difference = 0. Geometrical difference = 0.666
Sequential difference = 0.516
Db<Dt Db>H Dt=M
. " i
Design diversity = 0.583
OR Z2NIRN 7 \ (R}ule Prleyali:zg{ef: 0.083 0.583 Design abundance = 2.166
5 = eometrical difference = 0.583 i -
2d » = & n6 =d2 e < Matching degree = 1.0
> Sequential difference = 0833 | Geometrical difference = 0.652,
Sequential difference = 0.568
D>H D>M
d2 i nx i
= = Design diversity = 0.583
2N TR Rule Prevalence = 0.083 Design abundan 0
OR 68 —p a n7=d2 Geometrical difference = 0.916| Matching degree = 1.0
2e \\\// ‘%@EE@;’ Sequential difference = 0.75 | Geometrical difference = 0.689
Sequential difference = 0.594
D<H D<M
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Rule
no.

Original design derivation - Khangah of Faraj b. Barquq minaret

(d2) - 10 Original rules

User guide grammar|
for original design

Evaluation of the Evaluation of the
rule design

OR
Tc

OR
3d

OR
2f

d2

a

d2'

nx

a
o

Db<Dt Db>H Di=M

nx

Vi)

d2

o

iR
7 | Ned

nx

o

)

i)

il
:
;
:

Db> or <Dt Db<H

&)

~ B

n8 =d2'

n9 =d2

nl0=0

Design diversity = 0.583
Rule Prevalence = 0.083 Design abundance = 1.875
Geometrical difference = 0.833| Naching degree = 1.0
Sequential difference =0.5 | Geometrical difference = 0.707
Sequential difference = 0.582

Design diversity = 0.583
Design abundance = 1.777
Matching degree = 1.0
Geometrical difference = 0.712
Sequential difference = 0.619

Rule Prevalence = 0.083
Geometrical difference = 0.75
Sequential difference = 0.916

Design diversity = 0.583
Rule Prevalence = 0.083 Design abundancs A

Geometrical difference = 0.916| Matching degree = 1.
Sequential difference = 0 Geometrical difference = 0.732|
Sequential difference = 0.557

Design 2 (d2)

Khangah of Faraj b.
Barquq minaret

No. of Original Rules =10

Evaluation Criteria:
Diversity= 0.583
Abundance= 1.7
Matching= 1.0
Geometrical diff.= 0.732
Sequential diff.= 0.557
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Rule Original design derivation - Na'in minaret User guide grammar| Evaluation of the Evaluation of the
no. (d3) - 9 Original rules for original design rule design
d3, d10 nl
| . o Rule Prevalence = 0,166 Design diversity = 0.166
2R S —p = - B - nl=d3 Geometrical difference = 0,583 ﬁﬁ:"’;{:nﬂ;’:’::?xe 1%'0
a - = = e < .
| Sequential difference =0.5 Geometrical difference = 0.583
| Sequential difference = 0.5
L=W L>H LsM o
d3 n2
o _ Design diversity = 0.166
OR - - §§ Rule Prevalence = 0083 | Design abundance = 15
= & —p n2=d3 cometrica’ ditierence =0.9161 Matching degree = 1.0
4b Q@ Sequential difference =0.5 | Geometrical difference = 0.749
Sequential difference = 0.5
Db>Dt Db<H Di=M
d3,dl1 n3
Rule Prevalence = 0.166 Design diversity = 0.25
x® p I e Geometrical diffrence = 075 | beus dbundince = 1666
Q § %@ Sequential difference = 0333 | Geometrical difference = 0.749
Sequential difference = 0.444
Db>Dt  Db<H D<M
d3 n4
Design diversity = 0.25
OR §§ § < Rule Prevalence = 0.083 Design abundance = 1.5
4 7T 4 | nd =d3 Geometrical difference = 0.916 i
. —> / = cometied nee
c %ﬁ S/ Sequential difference = 0.5 | Geometrical difference = 0.790
Sequential difference = 0.458
Db<Dt Db>H DM
d3, de6, d7, n5
dg
Design diversity = 0.5
Rule Prevalence = 0.333 ”
PR R > e w5 = d3 Geometricaldifference = 0553 Moaien soome e 10,
i = ey © = 1.
N § %\J% Sequential difference = Geometrical difference = 0.749)
Sequential difference = 0.466
D>H  D>M
d2, d3, d6, n6
d7,ds, d12
Design diversity = 0.666
4?%; 4%%; Rule Prevalence = 0.5 Abundanc
25 ap > 7T 106 = d3 Geometrical difference = 0.416| Ll\jldlcghx:l;‘gb(ulgg::;(; ]%666
N &@ &@ Sequential difference = 0.333 | Geometrical difference = 0.701
Sequential difference = 0.444
D<H D<M
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Rule Original design derivation - Na'in minaret User guide grammar| Evaluation of the Evaluation of the
no. (d3) - 9 Original rules for original design rule design
d3 n7
Drevalonn Design diversity = 0.666
OR ﬁ;%giﬁ F%’ %§ﬁ g:&i‘;}:‘;]‘;‘ ;:"-‘::3 0.91¢| Desizn abundance = 2428
~ —> n7 =d3' Bt = oo’ Matching degree = 1.0
5S¢ & ﬁ & @ Sequential difference = 0.833 | 5. 0 © e once = 0.731
Sequential difference = 0.499
Db<Dt Db>H Di=M
d3' n8
' _ Design diversity = 0.666
OR @ % > @% Geomered! diffrence = 0.916| DEIEh sbundance =225
le 5 n8 =d3 e ~ o1e | Matching degree = 1.0
&@ &@ Sequential difference = 0916 | Ge o meyrical difference = 0.754]
Sequential difference = 0.551
D>.=or<H D=M
d3, d11 n9
Design diversity = 0.666
OR @§ &% Rule Prevalence = 0.166 Design abundance = 2.222
» n9=0 Geometrical difference = 0.833| Matching degree = 1.0
3f \NW) Sequential difference = 0 Geometrical difference = 0.762
Sequential difference = 0.489
D<, =or>H
- — Design 3 (d3)
Na'in minaret
No. of Original Rules =9
Evaluation Criteria:
Diversity= 0.666
Abundance= 2.222
Matching= 1.0
Geometrical diff.= 0.762
Sequential diff.= 0.489
0
2{’ “\&
%&J&
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Rule Original design derivation - Jesus minaret User guide grammar| Evaluation of the Evaluation of the
no. (d4) - 11 Original rules for original design rule design

\ dl, d4, d11 \ nl
OR ! ! Rule Provalence =025 pEifl R COST
la . —Pp o—f—e -o——— L nl=d4 SG‘EOm‘E[Ij(;ﬂLl‘.?‘I‘HEYEvﬂC ;2'575 Matching degree = 1.0
i i equential difference = 0. Geometrical difference = 0.75
i i Sequential difference = 0.75
dl, d4 n2
‘ Design diversity = 0.25
i esign diversity = 0.2:
OR ‘ Rule Prevalence = 0.166 Design abundance = 2.5
b| &+ -e——— o —Pp oo n2=d4 Geometrical difference = 0.833 | Matching degree = 1.0
i Sequential difference = 0.5 Geometrical difference = 0.791
i Sequential difference = 0.625
L=W L<H L>M
d4, d8 n3
Design diversity = 0.333
OR any Rule Prevalence = 0.166 Design abundance = 2.333
b — n3=d4 Geometrical difference = 0.583| Matching degree = 1.0
NED Sequential difference = 0.333 | Geometrical difference = 0.722
Sequential difference = 0.527
D<H D<M
d4 n4
Design diversity = 0.333
OR N RN Rule Prevalence = 0.083 Design abundanc:
6c — nd = dd Geometrical difference = 0.833| Matching degree
NI . Sequential difference =0.5 | Geometrical difference = 0.749)
Sequential difference = 0.52
Db<Dt Db>H Di=M
d4 nS
or| | R s R Polence <0083 | LD S0
e & eometrical difference = 0.75 .
5d —Pp oo n5=d4 S il it Cos | Matching degree = 1.0
Ny KL j equential difference = 0. Geometrical difference = 0.749
Sequential difference = 0.516
D>H  D>M
d4, d8 n6
ian diversity = 0,333
OR PR R Plence <0166 IS0 g
eometrical difference = 0.583 .
6b > n6 = d4 e Matching degree = 1.0
{\5{5 Sequential difference =0.333 | o0 1 otrical difference = 0.722
Sequential difference = 0.486
D<H D<M
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Rule Original design derivation - Jesus minaret User guide grammar| Evaluation of the Evaluation of the
no. (d4) - 11 Original rules for original design rule design

d4 n7
o Design diversity = 0.333
OR {;{% rr% ‘é“'“ Pr[“"ll“;“f 0.083 0,833 Design abundance = 1714
8e | TR — D n7=d4 Sequential difference < 0.5 | Macching degee = 1.0
NS = 4 - Geometrical difference = 0.737|
Sequential difference = 0.488
D>H D>M
d4 n8
o Design diversity = 0.333
OR _\f\ [ Sule Prevalence = 0083 75 | Design abundance = 1.625
5d S g n8=d4 Sequential difference < 0.5 | Maiching degree = 1.0
N == 4 - Geometrical difference = 0.738]
Sequential difference = 0.489
D>H D>M
éﬁﬁ
d4, d8 n9
ot Design diversity = 0.333
OR %{%\h 22 lé“" Prl“.‘ ”"I”‘r“&‘ 0.166 0.553| Desien abundance = 1.6
: cometrical difference = 0. :
6b ) —> n9 = d4' © Matching deg; 0
N7 \EZ/ Sequential difference = 0.333 Geometrical difference = 0.721
Sequential difference = 0.472
D<H D<M
— . -
d4', d12' nl0
|
ot Design diversity = 0.416
OR Z22) fmﬁ\h lé“" Prl“.‘”"l“}“&‘ 0.166 o.g33|Pesien abundance = 1.7
cometrical difference = 0.83 ;
9c —> nl0=d4 fos © Matching degre 0
\Ej/ E&j Sequential difference = 0.666 Geometrical difference = 0.732
Sequential difference = 0.491
D>H D>M
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Rule Original design derivation - Jesus minaret User guide grammar| Evaluation of the Evaluation of the
no. (d4) - 11 Original rules for original design rule design

d4,d12 nll
OR 72\ 770 Rule Prevalence = 0.166
af () —p %[;\] nll=0 Geometrical difference = 0.833
\*3% &3% Sequential difference = 0
D<H
Design 4 (d4)
Jesus minaret
No. of Original Rules =11
Evaluation Criteria:
Diversity= 0.416
Abundance= 1.727
Matching= 1.0
Geometrical diff.=0.741
Sequential diff.= 0.446
0
()
(@) —
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Sequential difference = 0

Rule Original design derivation - Anna minaret User guide grammar| Evaluation of the Evaluation of the
no. (d5) - 5 Original rules for original design rule design
ds5 nl
| |
i _ — Design diversity = 0.083
OR | m Rule Prevalence = 0083 | peien abundance = L0
Il eometrica 1fference = (). . ~
6a ! —» - - nl =d5 . ey © Matching degree = 1.0
‘ Sequential difference = 0.5 Geometrical difference = 0.916
\ Sequential difference = 0.5
‘ Dot | DM o—T®
ds n2
| |
— — o Design diversity = 0.083
OR 17, e s -5 Do dane =10
b - N — n2=d5 S A © = 7% | Matching degree = 1.0
Sequental difference =05\ Geometrical difference = 0.749
i Sequential difference = 0.5
D<H  D>M
ds n3
| |
Design diversity = 0.083
Rule Prevalence = 0.083 B
vasne Design abunda 1.0
?g _ ' | _ n3=ds' Geometrical difference = 0.583 Mba\l‘c%inindg l;:g;:: 0
Sequential difference = 0.5 Geometrical difference = 0.694
i Sequential difference = 0.5
D<H D>M o
ds', d6', d7' n4
,dg'
|
Design diversity = 0.333
Rule Prevalence = h
=175
%}} | 0 = ds Geometrical difference = 0.416 ﬁiﬁ‘fh’:"a;':lzi‘::i L7
Sequential difference =0.5 | Geometrical difference = 0.624
Sequential difference = 0.5
Design diversity = 0.416
Rule Prevalence .
Design abundance = 1.8
n5=0 Geometrical difference = 0.833 o1 oo 2 5nea1c

Matching degree = 1.0
Geometrical difference = 0.666
Sequential difference = 0.4

Design 5 (d5)
Anna minaret

No. of Original Rules =5

Evaluation Criteria:
Diversity= 0.416
Abundance= 1.8
Matching= 1.0
Geometrical diff.= 0.666
Sequential diff.= 0.4
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Rule Original design derivation - Yivili minaret User guide grammar| Evaluation of the Evaluation of the
no. (d6) - 9 Original rules for original design rule design
do nl
—- -— ) _ n diversity = 0.083
or R | S ke 00 | ey = 10
4a nl =d6 O & | Matching degree = 1.0
Sequential difference =0.5 Geometrical difference = 0.916)
Sequential difference = 0.5
L=W L>H L=M
d6 n2
- — ! B Design diversity = 0.083
OR > || Gt e 053 DeuEn e L0
9b n2 =dé6 O e ™" | Matching degree = 1.0
Sequential difference = 0.5 Geomet differen
Sequential differen
D>H D=M
d6 n3
Design diversity = 0.083
OR ‘ ‘ ‘ ‘ N Design abundance = 1.0
Geometrical difference = 0.416 .
10b 12 n3 =d6 A < Matching degree = 1.0
Sequential difference =05 | Geomerical difference = 0.638
Sequential difference = 0.5
D>H D=M
d6 n4
Design diversity = 0.083
OR ‘ ‘ ‘ ‘ g“]e Pfe_”ﬂ]ff‘?;: 0.083 0.01| Pevien abundance = 10
cometrical difference = 0.916| \y, -
—p nd =dé cometrical Matching degree = 1.0
11b Sequential difference = 0.5 Geometrical difference = 0.707
Sequential difference = 0.5
D<H D=M
d2, d3, d6, n5
d7,d8, d12
27T _ Design diversity = 0.5
OR ‘ ‘ A N ‘ ‘ gz:‘em?crl:ca]en_ce - Design abundance = 2.0
3b —p « > n5 =d6 O Matching degree = 1.0
\ ) Sequential differen Geometrical differen
B2, Sequential difference = 0.
D>H D<M
de, d7, d8 n6
27 TS _ Design diversity = 0.5
OR b Q ‘ ‘ 5 \Q ‘ ‘ g‘f]e P‘rey?]en.ce T?'ZS B Design abundance = 2.166
' eometrical difference = 0.583) . _
2c 16 =do Sequential difference = 0.5 Matching degree = 1.0
\\'\j N 7 4 e Geometrical differen 0.61
SR LS, Sequential difference = 0.472
Db<Dt Db>H  Di=M
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Rule| Original design derivation - Yivili minaret User guide grammar| Evaluation of the Evaluation of the
no. (d6) - 9 Original rules for original design rule design

d3, de6, d7, n7
d8
orl TN ‘ ‘ 77N ‘ ‘ Rule Prevalence = 0333 Desian diversity =05
o 9 "o 4 : Geometrical difference = 0.583 s
4d —> i n7 =d6 S ol i s
N ¢/ W )y equential difference = 0.5 Geometrical difference = 0.606)
Q. Q. Sequential difference = 0.476
D>H D>M
ds', do', n8
d7', dg§'
ZIEnS Z2MS e Design diversity = 0.583
OR o \( ‘ ‘ )/[ \\ ‘ ‘ (R;fk va’llr?l“ - 033370 416 Design abundance = 2.5
8b oo —> n8 = d6 cometrical difference =0.416] npyching degree = 1.0
\ g v 7 Sequential difference =05 | Goometrical difference = 0.582)
QL QL Sequential difference = 0.479
D<H D=M
Design diversity = 0.583
Design abundan 2.444
de, d7 n9 Rule Prevalence = 0.166 Mmjﬂng degree = 1.0
n9=0 Geometrical difference = 0.833| Geometrical difference = 0.61
ZA G Sequential difference = 0 Sequential difference = 0.425
OR| Q
of | (WX 17 ﬂ
A
Design 6 (d6)
Yivili minaret
No. of Original Rules =9
Evaluation Criteria:
Diversity= 0.583
Abundance= 2.444
Matching= 1.0
Geometrical diff.= 0.61
Sequential diff.= 0.425
0
N 7
s} [ ] > (@ [ ]
y p
T
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Rule Original design derivation - Blue Mosque minaret User guide grammar| Evaluation of the Evaluation of the
no. (d7) - 12 Original rules for original design rule design
d7 nl
‘ N o
: ) _ Design diversity = 0.083
OR ‘ [\ Rule Preﬁxlen{:e - 0'983 Design abundance = 1.0
i > _ Geometrical difference = 0.916| o oy 10
Sa ! b4 nl=d7 Sequential difference = 0.5 atching degree = 1.
‘ quentia =0 Geometrical difference = 0.916
i Sequential difference = 0.5
L=W D<L L<H D=M
. -
d2, d3, de, n2
d7,ds, d12
Design diversity = 0.5
Rule Prevalence = 0.5 !
S =3.
OR VR > i _ Geometrical difference = 0.41 D?“fi’? “b‘(’lr‘d““"‘e_ 05
3b N4 W n2=d7 Sequential difference = 0333 | o iching degree = 1.
q =922 | Geometrical difference = 0.666]
Sequential difference = 0.416
D<H D<M . 77
d6, d7, d8 n3
_ Design diversity = 0.5
OR ™~ ak Rule Prevalence = 0.25 - Design abundance = 3.33
» _ Geometrical difference = 0.583( = ¢
2c d n3=d7 Sequential difference = 0.5 | Miatching degree = 1.0
\/ q = Geometrical difference = 0.638
Sequential difference = 0.444
Db<Dt Db>H Di=M o
d3, d6, d7, d8 n4
S Design diversity = 0.5
OR i \ EUIC PrC_Yt‘]cg?fo__n'%sz‘_ 0.5g3 Design abundance = 3.5
4d —> @1 nd = d7 Jeometrical difference = 0.583 1, ching degree = 1.0
Moo Sequential difference =0.5 | Goometrical difference = 0.624
Sequential difference = 0.458
D>H D>M
————————
. -
d2, d3, d6, n5
d7,d8,d12
) _ Design diversity = 0.5
OR 727N /\ 2"16 Pr[e‘\a];egf::ff 0.5 0414 Design abundance = 4.0
3b &9 —> n5=d7 i ferone & 0,333 | Matching degree = 1.0
Ny \j cquential difference = 0.33 Geometrical difference = 0.582|
Sequential difference = 0.433
D<H D<M . o
de, d7, d8 n6
) _ Design diversity = 0.5
OR X Rule Prevalence =025 | pegign abundance = 3.833
_ Geometrical difference = 0.583 . _
3b ) n6 =d7 Sequential difference = 0.5 | L iching degree = 1.0
J quentia = Geometrical difference = 0.582)
Sequential difference = 0.444
Db<Dt Db>H Dt=M
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Rule Original design derivation - Blue Mosque minaret User guide grammar|  Evaluation of the Evaluation of the
no. (d7) - 12 Original rules for original design rule design
| E— | E—
d3, d6, d7, d8 n7
el e Design diversity = 0.5
OR \ Gule Provalence =0.333 | sg3| Desien abundance = 3.857
4d —p \4 ¢ n7 =d7 e ~ <7 "7| Matching degree = 1.0
N Sequential difference =05 | Geometrical difference = 0.582)
Sequential difference = 0.452
D>H D>M < >
[ i
| | E—
d2, d3, do, n8
d7, ds, d12
Design diversity = 0.5
4= Rule Prevalence = 0.5 csign diversity
OR Ly 7 Geometrical difference = 0.416| D°Sgn abundane
3b 4 y —Pp n8 =d7 e - | Matching degree
P \\j Sequential difference = 0.333 | oot e oo
Sequential difference = 0.43
D<H ' D<M
] ]
| | E—
de6, d7, d8 n9
_ Design diversity = 0.5
OR RN Rule Prevalence =0.25 Design abundance = 4.0
2% > ( 09 =d7 Geometrical difference = 0.583) Vo chine deg o
\\ S Sequential difference = 0.5 Geometrical difference
Sequential difference = 0.
Db<Dt Db>H  Dt=M
| E— | E—
| | E—
d3, d6, d7, d8 nl0
e Design diversity = 0.5
OR G \ ‘é“‘“ P‘“‘“]“:l“f“f‘ 0333 .553| Desizn abundance =40
4d —p &+ nl0=d7' S?O“fe‘ffi“d_rr“ 05 [ Matching degree = 1.0
" cquential difference =0. Geometrical difference = 0.566|
Sequential difference = 0.449
D>H D>M
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Rule Original design derivation - Blue Mosque minaret User guide grammar| Evaluation of the Evaluation of the
no. (d7) - 12 Original rules for original design rule design
[ i
ds', de', d7', nll
ds' — —
 Dreyalance — Design diversity = 0.583
OR f N Rule Prevalence = 0.333 Design abundance = 3.909
b nll=d7 ()eomel?lcal‘dlnerence =0.416| Matching degree = 1.0
] Sequential difference = 0.5 Geometrical difference = 0.552|
Sequential difference = 0.462
D<H D<M
d3,dl1 nl2
Design diversity = 0.583
Rule Prevalence = 0.166 . _
OR| | 770 ! o Geomeiclderenc <033 e bundance =75
‘ N\ N4 Sequential difference =0 | Geomerical difference = 0.575
Sequential difference = 0.423
D<H
[ Design 7 (d7)
Il Blue Mosque minaret
[ — —] s o No. of Original Rules =12
Evaluation Criteria:
v U Diversity= 0.583
—J — %?w Abundance= 3.75
Matching= 1.0
Geometrical diff.= 0.575
H{ 3 %Z Sequential diff.= 0.423
0
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Rule] Original design derivation - Qubbat Talha minaret User guide grammar| Evaluation of the Evaluation of the
no. (d8) - 9 Original rules for original design rule design
d2, d8, d9 nl
Design diversit
OR ngm"e‘fr:’:‘;fm;;z — 0,545 Design abundance = 3.0
2a 1 4 nl =d8 . ! €= 2% Marching degree = 1.0
Sequential difference = 0.75 | Geometrical difference = 0.583
Sequential difference = 0.75
L=W L<H ML
e &r—
ds - B n2
Rule Prevalence = 0.083 Design diversity =025
IOOR n2=ds Geometrical difference = 0.833) 10'0
c —Pp = riea’ Ci © .
Sequential difference = 0833 | Ge o metrical difference = 0.708
Sequential difference = 0.791
L=W LiLb Lb>H LM
s e m
d4,d8 n3
OR /\ Rule Prevalence = 0.166 gz:g: :l‘)‘ue"';::"yc: o 30
o > 3= ds Geomerrical difference = 0.583| o 1 V9 10 S
K/ Sequential difference = 0.333 Geometrical difference = 0.666)
Sequential difference = 0.638
D>H D<M o o
ds n4
OR /\ Rule Prevalence = 0.083
Geometrical difference = 0.916] :
12¢ —> n4 =d8 P, o L0
K/ Sequential difference =0.833 | G nerical difference =0.728
Sequential difference = 0.687
Db<Dt Db>H Di=M
d2, d3, de, n5
d7,ds, d12
' _ Design diversity = 0.666
R > 1N s Goometncal difence = 0.16| Eaeh hundance =26
& j Sequential difference = 0.333 | Gooetrical difference = 0.666
Sequential difference = 0.616
D<H D<M
d6, d7, d8 n6
. o Design diversit
or| TN N Rule Prevalence =025 | g dbundanc
ieometrical difference .. .
2c —> n6 =d8 i © Matching degree = 1.0
A j Sequential difference = 0.5 Geometrical difference = 0.652
Sequential difference = 0.597
Db<Dt Db>H Di=M
d3, d6, d7, d8 n7
- S > Design diversity = 0.666
OR </2' N N Design abundance =2.857
4d : —p n7 =d8' Matching degree = 1.0
N\ j N\ V% Geometrical difference =0.642|
Sequential difference = 0.583
D>H  D>M
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Rule Original design derivation - Qubbat Talha minaret User guide grammar| Evaluation of the Evaluation of the
no. (d8) - 9 Original rules for original design rule design
ds', de', d7', d8' n8
OR f AN fx Rule Prevalence = 0.333 Design diversity :9‘;50
p > n8 = ds8 Geometrical difference = 0.416 o
8b % & / Sequential difference =0.5 | Geomerrical difference = 0.614)
Sequential difference = 0.572
D<H D=M
d8 n9
|
OR 77 N / \ Rule Prevalence = 0.083 g:i:ig :E,‘:fnr‘;:,{; 3'2.5777
A » &; %5 A 9=0 Geometrical difference = 0.916| Mmhi"g degree = 1.0
7 Nl iy Sequential difference =0 Geometrical difference = 0.647
““ Sequential difference = 0.509
D>H
Design 8 (d8)
Qubbat Talha minaret
No. of Original Rules =9
Evaluation Criteria:
Diversity= 0.75
Abundance= 2.777
Matching= 1.0
Geometrical diff.= 0.647
Sequential diff.= 0.509
0
- — —>
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Rule] Original design derivation - Wazir Khan Mosque minaret User guide grammar|  Evaluation of the Evaluation of the
no. (d9) - 7 Original rules for original design rule design
d2, d8, d9 nl
] e  Drevalenen — Design diversity = 0.25
OR Rule Prevalence = 0.25 Design abundan
5 - B nl =d9 Geometrical difference = 0.583 Matching degree
a > = equential difference —
Sequential difference = 0.75 | oo = bt ren
Sequential difference = 0.
=W L<H  MsL
d9 n2
B . — B
Design diversity = 0.25
OR Design abundance = 2.0
1lc —p n2=d9 Matching degree = 1.0
Geometrical difference = 0.873
Sequential difference = 0.791
L=W LosLb Lb>H LoM
d9 n3
B . —. Design diversity = 0.25
or 7 R ke 008 LB e 6
12b n3 =d9 AR, = o T07| Matching degree = 1.0
K/ Sequential difference = 0.916 Geometrical difference = 0.694
Sequential difference = 0.848
D<H DM o
i~ -
] -
d9 n4
] IS Design diversity = 0.25
OR /\ . N Design abundance = 1.5
6d k/ > 5 5 n4 =d9
vy
o m
d9 n5
I h=s Design diversity = 0.25
OR / \ @g’_’ ‘uﬂ Rule Prevalence = 0.083 Design abundance = 1.4
= = —p i y ns5 =d9’' Geometrical difference = 0.916| Matching degree = 1.0
3e K\¥ J/ N Rep A 2 Sequential difference =0.75 | Geometrical difference = 0.749
Sequential difference = 0.825
D<H D<M
do' n6
_ Design diversity = 0.25
OR @%@ RN f% 3?&‘0'083 0.016| Design abundance = 1.333
1fference = 0. O .
13¢ —> n6 =d9 L T Matching degree = 1.0
S 9}2@ %} .& Sequential difference =0.666 | Geomerical difference = 0.777
Sequential difference = 0.798
Db>Dt Db>H Di<M
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Rule|
no.

Original design derivation - Wazir Khan Mosque minaret

(d9) - 7 Original rules

User guide grammar|
for original design

Evaluation of the
rule

Evaluation of the
design

OR
8f

fan

N

o
St

D<H

o
N

n7=0

Rule Prevalence = 0.083
Geometrical difference =
Sequential difference = 0

0.916|

Design diversity = 0.25

Design abundance = 1.428
Matching degree = 1.0
Geometrical difference = 0.797
Sequential difference = 0.69

Design

9 (d9)

Wazir Khan minaret
No. of Original Rules =7

Evaluation Criteria:
Diversity= 0.25
Abundance= 1.428
Matching= 1.0
Geometrical diff.= 0.797
Sequential diff.= 0.69
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Rule Original design derivation - Abu el-Hajaj minaret User guide grammar| Evaluation of the Evaluation of the
no. (d10) - 3 Original rules for original design rule design
d3,d10 nl
! Design diversity = 0.166
OR | Rule Prevalence = 0.166 D::’é’ﬂ' AN
i ! Geometrical difference = 0.583[ ¢~ S ey
3a ! » e d nl =d10 rica ci © Matching degree = 1.0
‘ Sequential difference = 0.5 Geometrical difference = 0.583
i Sequential difference = 0.5
L=W L<H L>M
d1o n2
' _ Design diversity = 0.166
OR %% Rule Prevalence = 0.083 Design abundance = 1.5
- - _ Geometrical difference = 0.75 . _
13b[7® e g n2 =d10 Sequential difference = 0.5 | i.ching degree = 1.0
k/w q =0 Geometrical diffe 0.666|
Sequential difference = 0.5
Db>Dt Db>, =or<H Dt=M
ds, d10 n3
Design diversity = 0.25
or|| /7)) QIzany
_ Geometrical difference = 0.833| o7 2ouncance =«
Sf n3=0 Sequential difference = 0 Matching degree = 1.0
1 N q = Geometrical difference = 0.722
Sequential difference = 0.333
D>H
Design 10 (d10
_ _ 27y gn 10 d10).
Abu el-Hajaj minaret
No. of Original Rules = 3
Evaluation Criteria:
Diversity= 0.25
Abundance= 1.666
Matching= 1.0
0 Geometrical diff.= 0.722
Sequential diff.= 0.333
@)

256



Appendix

Appendix-B

Rule Original design derivation - Kalan minaret User guide grammar| Evaluation of the Evaluation of the
no. (d11) - 6 Original rules for original design rule design
dl, d4,dl11 nl Design diversity = 0.25
OR iy N s Design abundang 3.0
Geometrical difference = 0.75 .
la —p 1o —eo———o— nl =dl1 nea o Matching deg 0
Sequential difference =075 | Geometrical difference = 0.75
—- -— Sequential difference = 0.75
Design diversity = 0.333
Rule Prevalence = 0.166 Doston shandancs 2.5
Geometrical different 0.7. en -
n2=dll Sequential difference Matching degree = 1.0
cquential difference Geometrical difference = 0.75
Sequential difference = 0.541
Db>Dt Db<H D<M . _
OR Rule Prevalence = 0.083 Design diversity
Geometrical difference = 0.583| 1o 2oundan .
lde n3 =di1 Sequential difference = 0.833 | Miatching degree = 1.
q %77 | Geometrical difference
Sequential difference = 0.638
Db<Dt Db>H Di=M
noooj
Design diversity = 0.333
Rule Prevalence = 0.083 Design abundance = 1.75
nd =d11' Geometrical difference = 0.916 Matching degree = 1.0
Sequential difference =0.75 | Geometrical difference = 0.749)
Sequential difference = 0.666
1moan
Design diversity = 0.333
OR Design abundance = 1.6
15¢ n5=dll Matching degree = 1.0
Geomet differen
Sequential difference
Db<Dt
Design diversity
diffe 0166 0833 Design abundan
n6=0 ricw’ citterence = 0.835) Matching degree = 1.0
Sequential difference = 0 Geometrical differen
Sequential difference =
OR & .
3f —p - Design 11 (d11)

Kalan minaret
No. of Original Rules = 6

Evaluation Criteria:
Diversity= 0.333
Abundance= 1.666
Matching= 1.0
Geometrical diff.= 0.735
Sequential diff.= 0.555
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Rule Original design derivation - Ghazni minaret User guide grammar|  Evaluation of the Evaluation of the
no. (d12) - 5 Original rules for original design rule design

di2 nl
— — sion diversity = 0.083
OR D Rule Prevalence =0.083 | DeSEn divesity = 0.0
Geometrical difference =0.916 . ;
7a } — S — nl=d12 e T Matching degree = 1.0
Sequential difference =05 Geometrical difference = 0.916
Sequential difference = 0.5
D>H D>M
di2 n2
— — Design diversity = 0.083
OR B Rule Prevalence = 0.083 Design abundance = 1.0
14b| —#& % —p —+ — n2=d12 Geolnelrical_ditterence =0.916| Matching degree = 1.0
Sequential difference = 0.5 Geometrical difference = 0.916
Sequential difference = 0.5
D<H D>M
d2, d3, d6, n3
d7,ds, d12
| |
B Design diversity = 0.5
OR m Rule Preya]en;e =0.5 Design abundance = 2.666
| - - $ _ m=dl2 gcu.ncqu]»u;_(#_ffcmnci 3 2%41]6 Matching degree = 1.0
N w equential difference = 0.333 1 Geometrical difference = 0.749
i Sequential difference = 0.444
D<H D<M T —T=T
B Design diversity = 0.583
Rule Prevalence = 0.166 Design abundance = 2.5
Geometrical difference = 0.833 . _
n4d =d12 s ial diff 0,666 | Matching degree = 1.0
equential difference = 0. Geomet ifference = 0.77
Sequential difference = 0.499
[Sam—_ —
Design diversity = 0.583
Rule Prevalence = 0.166 Design abundance = 2.4
n6=0 Geometrical difference = 0.833| Matching degree = 1.0
Sequential difference = 0 Geometrical difference = 0.782
Sequential difference = 0.399

OR

d4,d12

4f

nx

Design

ﬂ

Ghazni minaret
No. of Original Rules = 5

Evaluation Criteria:
Diversity= 0.583
Abundance= 2.4
Matching= 1.0
Geometrical diff.
Sequential diff.=

12 (d12)

0.782
.399
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B-2 Hybrid designs composed of original rules

. . . .. ser guide grammar| i Evaluation of the
Rule Example 1: Hybrid design derivation - 5 Original rules User g 8 . Evaluation of the .
no. for a hybrid design rule design
| d3,d10 nl
OR \ N | nl={n\d3,d10} |RulePrevalence=0.166 | paieh diversity =0.166
! vatenc sign abundance = 2.
3a i > . . nl = {dl, d2, d4, d5, | Geometrical difference = 0.583 Matching degree = 1.0
i d6, d7,d8, d9, d11, |Sequentialdifference =0.5 | Geometrical difference = 0.583
i N d12}) Sequential difference = 0.5
L=W L>H L>M
dl, d4 n2
OR — — 2= (n0d1,d4} IRyl prevalence = 0166 | esien diversity =0.333
valenc sign abundance =2.
Py ° ° Py n2 = {d2, d5, d6, d7, | Geometrical difference = 0.833| 1o chine deeree = 0.5
1b| % ® ’ ee Sequential difference = 0.5 e oron:
dg, d9, d11, d12} equen - Geometrical difference = 0.708
Sequential difference = 0.5
L=W L<H L>M
d12 n3
n3 = (n2\d12 bl - Design diversity = 0.416
OR o {n2\d12} | Rule Prevalence =0.083 Design abundance = 1.666
- - Lid n3 = {d2', d5', d6', Geometrical difference = 0.916 \ 1o chine degree= 0.333
14b ®|-& —Pp oo =188, ¢ ¢ e diforom < 0.3 atching degree= 0.
d7',ds', d9', d11'} cquential difference =0. Geometrical difference = 0.777
Sequential difference = 0.5
D<H D>M _
ds', de', d7' n4
dg'
n4 = {n(x-1\d5, d6, R Design diversity = 0.75
OR o e {n(x-1) Rule Prevalence = 0.333 Design abundance = 2.25
L d7, d8} Geometrical difference = 0.416| N1 hine deeree = 0.25
8b T > piS%ig Sequential difference = 0.5 e o
n4 = {d2,d9,dl1} quentia =0 Geometrical difference = 0.687
Sequential difference = 0.5
D<H  D=M
Design diversity = 0.833
Rule Prevalence = 0.083 ﬁci‘ti“ “b‘c'l"d‘”‘"“ 3220
_ Geometrical difference = 0.916| » Aching degree = 0.
n5=0 Sequential difference = 0 Geometrical difference = 0.732
d2 n5 Sequential difference = 0.4
RN L& an
LV —® e
Example 1
Hybrid design - OR
Db<Dt  Db<H No. of Original Rules =5
L L Evaluation Criteria:
Diversity= 0.833
Abundance= 2.0
Matching= 0.2
Geometrical diff.= 0.732
Sequential diff.= 0.4
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. . . .. ser guide grammar| i Evaluation of the
Rule Example 2: Hybrid design derivation - 10 Original rules User g 8 . Evaluation of the .
no. for a hybrid design rule design
d7 nl
— S _ Design diversity = 0.083
OR / \ nl = {n\d7} Rule Prevalence = 0.083 Desion bundance = 1.0
5 » nl = {dl, d2, d3, d4, |Geometrical difference = 0.916 Mz;lching degree 10
a kj ds, d6, d8, d9, d10, |Sequential difference =0.5 | Geometrical difference = 0.916
di1,d12} Sequential difference = 0.5
L=W D<L L>H D=M
dé n2
- — . o - ) Design diversity = 0.166
OR f \ / \ n2 = {nI\d6} Rule Prevalenci Design abundance = 1.0
n2 = {dl, d2, d3, d4, | Geometrical difference Matchine d ~05
10b » s tial diff. ~05 atching degree = 0.
ds, d8, d9, d10, d11, |Sequential ditference = 0.5 Geometrical difference = 0.666
d12} Sequential difference = 0.5
D<H D=M
d3, dl1 n3
—- -— Design diversity = 0.333
OR f\ [\ n3 = {n2\d3, d11} ce =0.166 Design abundance = 1.333
b —p n3 = {dl, d2, d4, d5,| Geometrical difference = 0.75 | njyiching degree = 0.333
K/’ kJ ds, d9, d10, d12} Sequential difference =0.333 | Geometrical difference = 0.694)
Sequential difference = 0.444
Db>Dt  Db<H Di<M
ds n4
Design diversity = 0.416
OR| | /7 N nd = {n3\d8} Rule Prevalence = 0083 | p i LR S0
12¢ —p n4 = {dl, d2, d4, d5, | Geometrical difference = 0.916) jyiching degree = 0.25
Kj \&j d9, d10, d12) Sequential difference = 0.833 | Geometrical difference = 0.749
Sequential difference = 0.541
Db<Dt Db>H DM
d5 n5
N . Design diversity = 0.5
OR fﬁ\ fﬁ n5 = {nd\d5} Rule Prevalence :0'083_ Design abundance = 1.2
7b —> n5 = {d1, d2, dd4, d9, | Geomeuical difference = 0.583 jyching degree = 0.2
&j \&J d10, d12} Sequential difference =05 | Geometrical difference = 0.716|
’ Sequential difference = 0.533
D<H D>M
d4, d8 n6
6 = [nS\d4, d8} Rule Preval ~0.166 Design diversity = 0.583
OR éf§ fm n6 = {n5\d4, ule Prevalence =0.166 | pesign abundance = 1.333
6b —> () n6 = {dl,d2,dg, |Seomeuicaldifference=0583 y1yching gegree = 0.333
\&J &j d10, d12} Sequential difference =0.333 | Geometrical difference = 0.694)
’ Sequential difference = 0.499
D<H DM — _
d2 n7
Design diversity = 0.666
OR ﬁ% n7 = {n6\d2} Rule Prevalence =0.083 ' | pegign abundance = 1.285
7e (+) — n7={dl,d9,d10, |Geometical difference =0833 npyching degree = 0.285
&j d12} Sequential difference =05 | Geometrical difference = 0.713
Sequential difference = 0.499
Db<Dt Db>H Di=M
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Rule|
no.

Example 2: Hybrid design derivation - 10 Original rules

User guide grammar
for a hybrid design

Evaluation of the
rule

Evaluation of the
design

nx

n9

nl0

&

n8 = {n7\d9}

n8 = {dl', d10', d12'}
n8=0

n8 = n8*

n8* = {m\d9}

n8* = {d2', d3', d4',
ds', d6', d7', d11'}

n9 = {n8\d3}
n9 = {dl, d10, d12}

nl0=0

Rule Prevalence = 0.083
Geometrical difference = 0.75
Sequential difference = 0.833

Rule Prevalence = 0.083
Geometrical difference = 0.91
Sequential difference = 0.916

Rule Prevalence = 0.083
Geometrical difference = 0.91¢
Sequential difference = 0

Design diversity = 0.75
Design abundance = 1.25
Matching degree = 0.25
Geometrical difference = 0.718
Sequential difference = 0.541

Design diversity = 0.75
Design abundanc 222

Geometrical difference = 0.74
Sequential difference = 0.583

Geometrical difference = 0.757|
Sequential difference = 0.524

Example 2
Hybrid design - OR
No. of Original Rules = 10

Evaluation Criteria:
Diversity= 0.833
Abundance= 1.2
Matching= 0.2
Geometrical diff.= 0.757
Sequential diff .= 0.524
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. . I .. ser guide grammar| i Evaluation of the
Rule Example 3: Hybrid design derivation - 9 Original rules User g 8 . Evaluation of the .
no. for a hybrid design rule design
ds nl
- — _ Design diversity = 0.083
OR m nl = } mes) |k O
—p o —® nl = ,d2,d3, d4, rical | Matching degree = 1.0
6a 6, d7. d8, d9, d10, Sequential difference = 0.5 Geometrical difference
di1,d12} Sequential difference = 0.5
D>H D>M
do n2
- — Design diversity = 0.166
OR D]j n2 = {nl\d6} E“]e P“Y“‘Tg?:f: 0.083 0.91¢| Desizn abundance = 1.0
jeometrical difference = 0. B
- —p - = Matching degree = 0.5
1b| (*—T* nl={dl, d2,d3, d4, | g enyial difference = 0.5 | (s S8 =0 o1
d7 d8 d9 le dll eome ITICZI ! 1iference = 0.
U ’ ’ Sequential difference = 0.5
D> =ol<H D=M di2}
a———
d3,dl11 n3
- " Design diversity = 0.333
OR @R n3= (n2d3, d11)  |Rule Prevalence =0.166 | pegign ubundance = 1333
e — 3= 1. 2, dd. 7. | UGS 5337 | Maene e =035
ds, d9, d10, d12} S Pt 0.4
T T L > Sequential difference = 0.444
Db>Dt Db<H Di<M _ ,7
e ﬁ
ds n4
Design di ity =0.416
or m nd = {n3\ds} Rule Prevalence = 0.083 Design abundance = 125
12¢ * n4 = (d1, d2, d4, d7, | Geometrical difference = 0.916) nacching degree = 0.25
\ I d9, d10, d12} Sequential difference = 0.833 Geometrical difference = 0.874)
Sequential difference = 0.541
Db<Dt Db>H  Di=M
- m .
d9 nS
Design diversity = 0.5
OR 25 = (n4\d9) Rule Prevalence = 0.083 esign diversity
- Geometrical difference = 0.583|
12b n5 = {dl, d2, d4, d7, | sequential difference = 0.916
dl1o, d12}
d4
o Design diversity = 0.5
n6 = {n5\d4} Sule Prevalence =0.083 | Design abundance = 1.166
n6 = {dl, d2, d7, Jeometrica’ Citierence =075 | Matching degree = 0.166
d10, d12} Sequential difference = 0.5 Geometrical difference = 0.805|

Sequential difference = 0.597
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Example 3: Hybrid design derivation - 9 Original rules

User guide grammar
for a hybrid design

Evaluation of the
rule

Evaluation of the
design

OR
2f

D=H D>M

d10}

n8 = {n7\d1}

n8 = {d2, d7, d10}

n9 =0

no.
Design diversity = 0.666
OR n7 = {n6\d12} Rule Prevalence = 0.083 Design abundance = 1.142
n7 = {dl, d2, d7 Geometrical difference = 0.916) Matching degree = 0.142
14b » e G, Sequential difference = 0.5 Geometrical difference = 0.821]

Rule Prevalence = 0.083
Geometrical difference = 0.833|
Sequential difference = 0.5

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference =0

Sequential difference = 0.583

Design diversity = 0.75
Design abundance = 1.125
Matching degree = 0.125
Geometrical difference = 0.822
Sequential difference = 0.572

Design diversity = 0.833
Design abundance = 1.111
Matching degree = 0.111
Geometrical difference = 0.832
Sequential difference = 0.509

) )
\&) &
0
%
& 1)

(L]
%
L]
{)
%
L]
0
%
([ ]]

Exampl

Evalua

Geome

M

Hybrid design - OR
No. of Original Rules = 9

Diversity= 0.833
Abundance= 1.111
Matching= 0.111

Sequential diff.= 0.509

le 3

tion Criteria:

trical diff.= 0.832
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de, d7, d8

d3, de6, d7,
ds

— {5
] T\

D<H D<M

nS

Db<Dt Db>H Dt=M

n6

nd = {n3\d4, d8}

d9, d10,d11}

n5 = {n4\d6, d7, d8}
n5 = {dl, d2, d5, d9,
d10,d11}

n5=0

n5 =n5*

n5* = {m\d6, d7,
ds}

n5* = {d3, d4, d12}

n6 = {n5\d3, d6,
d7,ds}

n6 = {dl, d2, d5, d9,
d10,d11}

n4 = {d1, d2, d5, d7,|Geometrical difference = 0.583

. . . .. User guide grammar| i Evaluation of the
Rule Example 4: Hybrid design derivation - 11 Original rules g & . Evaluation of the .
no. for a hybrid design rule design
di2 nl
- - = Design diversity = 0.083
OR nl={n\di2} Rule Prevalence = 0.083 Deoian abandancs = 1.0
2 — b foi-e nl = {dl, d2, d3. d4,| Geometrical difference = 0916 npouehing dogres « 1.0
a d5, d6, d7,d8,d9, |Sequential difference = 0.5 Geometrical difference = 0.916
d10,d11} Sequential difference = 0.5
D<H D>M
d6 n2
- - = Design diversity = 0.166
OR n2 = {n1\d6} Rule Prevalence = 0.083 Desion abundance = 1.0
— N . sigl undance = 1.
. | > N n2 ={dl, d2, d3, d4,|Geometrical diffe = 0583 Matching degree = 0.5
9b d5, d7, d8, d9, d10, |Sequential difference = 0.5 Geometrical difference = 0.749|
di1} Sequential difference = 0.5
D>, =oi<H D=M
d3
0 Design diversity = 0.25
OR n3 = {n2\d3} Rule Prevalence = 0.083 th:g 210
b n3 = {d1, d2, d4, d5,| Geometrica’ difference = 0.916) paiching degree = 0.3
d7, d8, d9, d10, d11} Sequential difference = 0.5 Geometrical differen
© Sequential difference
Db>Dt Db<H Dt=M
- —
d4, d8 nd

Rule Prevalence = 0.166

Sequential difference = 0.333

Rule Prevalenc
Geometrical diffe
Sequential difference

Rule Prevalence = 0.333
Geometrical difference = 0.583
Sequential difference =0.5

Design diversity = 0.416
Design abundance = 1.25
Matching degree = 0.25

Geometrical difference = 0.749)
Sequential difference = 0.458

Design diversity = 0.5
Design abundance = 1.6
Matching degree = 0.4
Geometrical differen
Sequential difference

0.716|
466

Design diversity = 0.5
Design abundance = 2.0
Matching degree = 0.5

Geometrical differen
Sequential difference = 0.
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Example 4: Hybrid design derivation - 11 Original rules

User guide grammar|

Evaluation of the

Evaluation of the

OR
13c

d9'

n9

D<H D<M

nl0

Db>Dt

Db>H Di<M

n8 ={dl, ds, d10,
di1}

9 = {n8\d11}
n9 = {d1',d5',d10'}
n9=0

n10 = {n9\d9}
nl0 = {dl, ds, d10}

Geometrical difference = 0.583
Sequential difference = 0.833

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference = 0.75

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference = 0.666

no. for a hybrid design rule design
d9
Design diversity = 0.
OR n7 = {n6\d9} Rule Prc?/alcu.cc =0.083 Design abundan
b n7 = {dl, d2,d5 Geometrical difference = 0.583 Matching degree
> dz, do, o .
d1o,d11} Sequential difference = 0.916 | Geometrical difference = 0.678
Sequential difference = 0.535
D<H D<M
e =
o -
d2 n8
Design diversity = 0.666
n8 =(n7\d2} Rule Prevalence =0.083 Design abundance = 1.75

Matching degre: .375
Geometrical difference = 0.666|
Sequential difference = 0.572

Design diversity = 0.
Design abundan
Matching degree = 0.33:
Geometrical differenc
Sequential difference = 0.592

Design diversity = 0.75
Design abundance = 1.6
Matching degre: 3
Geometrical difference = 0.716|
Sequential difference = 0.599
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Rule Example 4: Hybrid design derivation - 11 Original rules User gulde.gram.mar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

OR
5f

D>H

nll=0

Rule Prevalence = 0.166
difference = 0.833
Sequential difference = 0

Geometri

Design diversity = 0.916
Design abundance = 1.636
Matching degree = 0.272
Geometrical difference = 0.726
Sequential difference = 0.545

Example 4
Hybrid design - OR
No. of Original Rules = 11

Evaluation Criteria:
Diversity= 0.916
Abundance= 1.636
Matching= 0.272
Geometrical diff.= 0.726
Sequential diff.= 0.545
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. . . - id i Evaluati f th
Rule Example 5: Hybrid design derivation - 5 Original rules User gui ¢ grammar Evaluation of the valuation ol the
no. for a hybrid design rule design
d3,d10 nl
* *7 | nl=(n\d3,d10}  |Rule Prevalence 0,166 | Desien diversity = 0.166
esign abundd 2.
2R > e . nl = {dl, 2, d4, d5,|Geometrical difference = 0.583 Mmfhing dogree = 1.0
a d6, d7,d8, d9, d11, |Sequential difference =0.5 | Geometrical difference = 0.583
L=W L>H L>M di2} Sequential difference = 0.5
e e
ds n2
- - S
OR - y / \ n2 = {n1\d5} Rule Prevalence = 0.083 g;:;g" diversity =023
N " gn abundance = 1.5
b - I~ ' e e n2 = {dl, d2, d4, d6, Geomel{lca]»dlfference =0.583 Matching degree =
\pj d7, d8, 9, 11, d12)| Seavential difference =05 | Geometrical ditf
Sequential difference = 0.5
D<H D>M _
o —
d3,dl1 n3
_ ) Design diversity = 0.333
OR / \ f% n3 = (n2\d3, d11} |Rule Prevalence = 0.166 Decion abundance = 1666
S| e+ — n3 = {dl, d2, d4, d6,|Geometrical diff Matching degree = 0.666
K/ &J d7, ds8, d9, d12} Sequential differency Geometrical difference = 0.638
Sequential difference = 0.444
Db>Dt  Db<H Di<M
d4',d12' n4
e Design diversity = 0.5
OR f% FX n4 = {n3\d4, d12}  |Rule Prevalence =0.166 Design abundance = 1.75
—p 5 n4 = {dl, d2, d6, d7,|Geometrical diff 0-833) Matching degree = 0.5
9c LJ \xj Sequential differenc .666 ical diffe -
ds, d9} Geometrical difference = 0.687
Sequential difference = 0.499
D>H  D>M
Design diversity = 0.583
ds ns Rule Prevalence = 0.083 ﬁ;‘l‘f}: n“b‘&:‘l;‘::“‘_z 14'(’
_ Geometrical difference = 0.916 g degree = 0.
| n5=0 Sequential difference = 0 Geometrical difference = 0.732
a = Sequential difference = 0.399
OR m’f§ - — L
1&g A\
I
DeH Example 5
Hybrid design - OR
No. of Original Rules = 5
Evaluation Criteria:
Diversity= 0.583
Abundance= 1.6
Matching= 0.4
Geometrical diff.= 0.732
Sequential diff.= 0.399
- —>
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. . o .. ser guide grammar| i Evaluation of the
Rule Example 6: Hybrid design derivation - 9 Original rules User g 8 . Evaluation of the .
no. for a hybrid design rule design
d6 nl
—- -— _ . _ Design diversity = 0.083
OR nl = {n\d6} Rule Prevalence =0.083 Design abundance = 1.0
4a —> nl = {dl,d2,d3, d4, geonlel('lc;a;;lflfferenc_0 2‘916 Matching degree = 1.0
ds, d7,d8, d9, d10, |* equential difference = 0.5 Geometrical differency
di1,d12} Sequential difference =
L=W L>H L=M
s n2 ® ¢
- — n2 = {nl\d5} Design diversity = 0.166
Rule Prevalence = 0.083 .
Design abunda 0
(7)}; > —le o n2 = {dl, 2, d3, d4, | Geometrical difference = 0.583 forching degree <
d7, d8, 9, d10, d11, | Sequential difference =0.5 | Geometrical difference = 0.749)
d12} Sequential difference = 0.5
D<H D>M
d12 & ™~ n3
Design diversity = 0.25
OR A n3 = {n2\d12} Rule Prevalence =0.083 | pecet el e N SIS
- - I ° n3 = {dl1, d2, d3, d4, Geometrical difference = 0.916 Malching degree = 0.333
14b Sequential difference = 0.5 ical diffe ce =
d7,ds, d9, d10, d11} Geometrical difference = 0.805
Sequential difference = 0.5
D<H D>M
d9 n4
Design diversity = 0.333
OR [/ \1 fﬁ\_ n4 = {n3\d9} Rule Prevalence = 0.083 Dss;zn AN
4 = {d1, d2. d3. d4, | Geometrical difference = 0.58 i -
12b —> n4 = {dl, d2,d3, d4, rical differer Matching degree = 0.25
l /_7 !&X d7,d8, d10,d11) | Sequential difference =0.916 | Geometrical difference = 0.749
Sequential difference = 0.604
D<H D<M
o -
o b
d3, de, d7, nS
dg
= Design diversity = 0.583
OR nS = (43,6, | Ruke prevatence 20333 | Pt 20
) ) d7, d8} Geometrical difference = 0.583 \p2yching degree = 0.4
nS = {dl, d2, d4, Sequential difference Geometrical difference =0.716
d10,d11} Sequential difference = 0.583
D>H  D>M
d4, d8 n6
) Design diversity = 0.666
OR Kf =) f% n6 = {n6\d4, d8} | Rule Prevalence =0.166 ' | Design abundance = 1666
. SR ] —p n6 = {dl1, d2, d10, cometrica’ Citlerence =553 Maiching degree = 0.333
6b o %J din) { Sequential difference = 0.333 | Geometrical difference = 0.694
Sequential difference = 0.541
D<H D<M
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Rule Example 6: Hybrid design derivation - 9 Original rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design

di1 n7
n7 = {n6\d11}
n6 = {dl', d2',d10'} Desien diversity =
gn diversity = 0.75
S 7= Rule Prevalence = 0.083 ion abundance =
OR ﬁ% f“\'&% 27 _ ?7* Geometrical difference = 0.583) &Ziﬁ::;;;zz;‘::i 0 ]2;57]
l4c %i ’ %J = Sequential difference = 0.833 | Gjeometsical difference o 0.678
n7% = {mid11} Seduential diference = 0,583
n7*% = {d3', d4', d5', B
Db<Dt Db>H Di=M *'W'* d7',d9', d12'}
- 5777j - NE—
d3' n8
Design diversity= 075
OR !;7 S\ AN 28 = (n7\d3) Rule Prevalence = 0.083 Desion sbundin
) hY - Geometrical difference = 0.916/ Matching degree: 5
le \ J ’ Sl n8 = {dl, d2, d10} |sequential difference = 0.916 | Geometrical difference= 0.707
= S Sequential difference= 0.624
D>H D=M ﬁ»
Design diversity = 0.833
dl n9 Rule Prevalence = 0.083 Design abundance = 1.444
| 9-0 Geometrical difference = 0.916| Matching degree =0.222
ny= Sequential difference = 0 Geometrical difference = 0.731
OR f *\\ Sequential difference = 0.555
1f ”Q\)\g >
|
o o D=2H Example 6
Hybrid design - OR
No. of Original Rules = 9
Evaluation Criteria:
Diversity= 0.833
Abundance= 1.444
Matching= 0.222
Geometrical diff.=0.731
Sequential diff.= 0.555
|
o
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Rule Example 7: Hybrid design derivation - 12 Original rules User gulde.gramfnar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design
d3, d10 nl
- — _ Design diversity = 0.
or ‘ "7 0= (003,010) | Rt prvaence s0166 | Sty = 0166
Py ° nl = {dl, d2, d4, d5, | Geometrical difference = 0.583 1. chine d 1.0
3a —p @ ® s il diff 205 atching degree = 1.
Lew 1sH 1sm | 46,d7,d8,d9, dl1, | Sequentialdifierence =05 Geometrical difference = 0.583
di2} Sequential difference = 0.5
dl, d4 n2 g ®
-T® o _ . Design diversity = 0.333
OR n2 = {nl\dl, d4} Rule Preyf.len_@_: (].1\66 Design abundance = 2.0
b | —le o —> fof-o n2 = (d2, ds, do, d7, | Geometical difference =083 ypyching degree =0.5
ds, d9, d11,d12} equential difference Geometrical difference = 0.708
Sequential difference = 0.5
L=W L=H L>M
d12 n3
Design diversity = 0.
or )_/\_k 3= (n2\d12} Rule Prevalence = 0083 | pecél ey O
14b —Pp ® ® n3 = {d2, d5, d6, d7, SG“'"e‘f'C]*‘C:_?f'“e'e“CE = 09160 atching degree = 0.333
‘ L\ /_( ‘ ‘ ds, d9, d11} equential difference =0.5 | Geometrical difference = 0777
Sequential difference = 0.5
D<H D>M
—a—
d3, d11 n4
OR )—/ﬁ fﬁk n4={n3\d3, d11} Rule Prevalence=0.166
5b 79 PN —Pp nd={d2, d5, d6, d7 Geometrical difference=0.75 n,
R /_( ) dé dé > | Sequential difference=0.333| Geometrical difference= 0.7
, d9} Sequential difference= 0.458
Db>Dt  Db<H Dt<M
— et — - -
d8 nS
Design diversity = 0.583
OR e n5 = (nd\ds) Rule Prevalence =0.083 | oo R0 S0
106 —p = n5 = {d2, d5, d6, d7, | Seometrical ifference = 0833 Muiching degree = 0.4
‘ N ‘ ‘ 9} equential difference =0 Geometrical difference = 0.783|
Sequential difference = 0.533
L=W LtsLb Lb>H LM
ds n6
Design diversity = 0.666
OR N 6= (nS\dS Rule Prevalence = 0.083 Design bundaoce = 1.5
n6 = {n } Geometrical difference = 0.583 . .+ 3
Tb N 16 = {d2, 6, d7, d9} | s ©al diff T 05 Matching degree
N £ = » 49, &/, Sequential difference = 0.5 Geometrical difference = 0.749|
Sequential difference = 0.527
D<H D>M
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. . S .. ser guide grammar i Evaluation of the
Rule Example 7: Hybrid design derivation - 12 Original rules User gui & . Evaluation of the valuati
no. for a hybrid design rule design
d9 n7
Design diversity = 0.75
OR n7 = (n6\d9} Rule Prevalence =0.083 | pesign abundance = 1.428
126 | n7= {d2, 6, d7} Geomel?lcdl_d‘lffere\nce =0.583 Matching degree = 0.285
Sequential difference =0.916 | Geomerrical difference = 0.725
Sequential difference = 0.583
—- — D<H D<M 77 -
a n3 n8 = {n7\d2}
n8 = {d6, d7} .
8= o Design diversity = 0.833
OR 25 ne = N Rule Prevalence = 0'983 .| Design abundance = 1.375
od . — n8 = n8" gs"‘“ftf“i“;_?r'“mf‘f s 2-33333 Matching degree = 0.25
5 n8* = {m\d2} cquential difference = 0. Geometrical difference = 0.707
n9*={dl, d4, d5, d8 Sequential difference = 0.614
DH DM . d9, d10, d11, d12}
d9 n9
n9 = {n8\d9}
n9 = {d6, d7} .
n9 =0 Rule Prevalence = 0.083 Design diversity = 0833
OR = ﬁ% 9 = n9* N ¢ S0 Design abundance = 1.333
3e ’ [ ] nY =n GEOlTlEllv’lclll.(%llTEl‘an =0.91q4 Matching degree = 0.222
: = =] n9* = {m\d9} Sequential difference = 0.75 | Geometrical difference = 0.73
n9* = {dl, d2, d4, d5 Sequential difference = 0.629
D<H D<M ds, d10,d11, d12}
— - ——— - -
nl0 = {n9\d2}
nl0 = {d6', d7'}
nl0=0
nl0 =nl0*
nl0* = {m\d2}
d2 nl0
nl0* = {d1', d4', d5',
dg', d9', d10', d11",
le} Rule Prevalence = 0.083 Desien diversi
=0. ot bundanc
OR N > nl0* =@ Geometrical difference = 0.833 yiening degrees 0.
Tc %#{K nl0* = nl0** Sequential difference = 0.5 Geometrical difference= 0.74
n10%*= {n\(n10+n10%)} Sequential difference= 0.616
\ nl0%* = {d3', d2'})
Db<Dt Db>H  Di=M ’
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Rule
no.

Example 7: Hybrid design derivation - 12 Original rules

User guide grammar|

for a hybrid design

Evaluation of the
rule

Evaluation of the

design

OR
6f

d2' nll
| |
‘ —p 4 IR
I I
D>H  D>M
de, d7 nx
| |
—4 :P bH— ‘ —p bH—
I I
D<H
0
|
RGN R ‘ —p i

nll = {n10\d3}
nll=0

nll =nll*
nll* = {m\d3}
nll* = {dl, d2, d4,
ds, d9, d10, d12}

nl2=0

Rule Prevalence = 0.083
Geometrical difference = 0.75
Sequential difference = 0.916

Rule Prevalence = 0.166
Geometrical difference = 0.833|
Sequential difference = 0

Design diversity = 0.833
Design abundance = 1.272
Matching degree = 0.272
Geometrical difference = 0.741
Sequential difference = 0.643

Design diversity = 1.0
Design abundance
Matching degree = 0.25
Geometrical difference = 0.749)
Sequential difference = 0.589

1.333

Example

Hybrid design - OR
No. of Original Rules =12

Evaluation Criteria:
Diversity= 1.0
Abundance= 1.333
Matching= 0.25
Geometrical diff.= 0.749
Sequential diff.= 0.589

7
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User guide gramma
for a hybrid design

r  Evaluation of the

rule

Evaluation of the
design

l;:;le Example 8: Hybrid design derivation - 9 Original rules
d3, d10 nl
OR
3a —p —® ®
L=W L>H L>M
dl, d4 n2 e e
OR
b | @ @ —p 3 ® ‘ ‘
L=W L=H L>M
dé n3
OR . pu — ‘(/ \1
11b nd i ‘ ‘ RK\ /f ‘ ‘
D<H D=M
d4, d8 n4
OR| ||| . f Rq
6b N _} ‘ ‘
D<H D<M
d9 n5
OR| /7™y Ty
g s %
L=W LoLb Lb>H  LoM
ds n6
OR| |17y ird
"R ] S [
D<H  D>M

nl = {n\d3, d10}

d6, d7, d8, d9, d11,
di2}

n2 = {nl\dl, d4}
n2 = {d2, d5, d6, d7
ds, d9,dll, d12}

n3 = {n2\d6}

d9, dl11, d12}

nd = {n3\d4, d8}
n4 = {d2, d5, d7, d9,
di1,d12}

n5 = {n4\d9}

n5 = {d2, ds, d7,d11
di2}

n6 = {n5\ds}

n6 = {d2, d7, dl1,
di2}

nl = {dl, d2, d4, d5,

n3 = {d2, d5, d7, d8,

Rule Prevalence = 0.166

Sequential difference =

Rule Prevalence = 0.166
Geometrical diffes
Sequential difference

Rule Prevalence = 0.083
Geometrical diffes
Sequential differenc

Rule Prevalence = 0.166
Geometrical difference
Sequential difference =

Rule Prevalence = 0.083
|, Geometrical difference =0.916
Sequential difference = 0.833

Rule Prevalence = 0.083
Geometrical difference = 0.583
Sequential difference = 0.5

Geometrical difference = 0.583

3 Matching degree = 0.5

Geometrical difference = 0.735
Sequential difference = 0.527

Design diversity = 0.166
Design abundance = 2.0
Matching degree = 1.0

Geometrical differen 0.583
Sequential difference = 0.5

Design diversity = 0.333
Design abundan 2.0
Matching degr .5

Geometrical difference = 0.708
Sequential differ

Design diversity = 0.416
Design abundanc
Maching degree =
Geometrical differenc:
Sequential difference = 0.5

Design diversity = 0.5
Design abundance = 1.75

Geometrical difference = 0.728
Sequential difference = 0.458

Design diversity = 0.583
Design abundance = 1.4
Matching degree = 0.4

Geometrical difference = 0.766)
Sequential difference = 0.533

Design diversity = 0.666
Design abundance = 1.333
Matching deg 1333
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Rule Example 8: Hybrid design derivation - 9 Original rules User gulde.gramfnar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

d3, dl1 n7
AR Rule Prevalence=0.166 | oosien diversity =075
OR n7={n6\d3, d11 rova shee=. Design abundance = 1.428
5b {—E —p fj% n7:((d2 a7 dlZ}) Geometrical difference=0.75 Matching degree = 0.285
i\:_j &J e D Sequential difference=0.333| Geometrical difference = 0.737
Sequential difference = 0.499
Db>Dt  Db<H Di<M
d4', d12' n8
= Rule Preval 0.166 Design diversity = 0.833
AN _ ule Prevalence = 0.16 R -
OR f % > P%“ } n8 = (n7\d4, d12} | Geometical difference = 0.833| ppo oy 2Pundance = 13
9c S n8 = {d2, d7} Sequential difference = 0.666 | (s oo i oice
&J 1&2 4 Geometrical difference = 0.749)
Sequential difference = 0.52
D>H  D>M
d6, d7 n9 Design diversity = 0.916
Design abundance = 1.555
Rule Prevalence = 0.166
| n9=0 Geometrical difference =0.833 | Geometrical difference = 0.758]
= Sequential difference = 0 Sequential difference = 0.462
or| |7 > | n
of | [ Y
D<H Example 8
Hybrid design - OR
No. of Original Rules = 9
Evaluation Criteria:
Diversity= 0.916
Abundance= 1.555
Matching= 0.333
Geometrical diff.= 0.758
Sequential diff.= 0.462
|
,,, L >
O
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Rule Example 9: Hybrid design derivation - 7 Original rules User gulde.gram.mar Evaluation of the Evaluatllon of the
no. for a hybrid design rule design
| d6 nl
OR | nl = {n\d6} Rule Prevalence = 0.083 gff:i: diversity =0.083
4a : —> nl = {dl,d2,d3, d4, g“"“‘“‘f“]’ﬂ,‘f'f‘"m"“ﬁE2-9‘5 Matching degree = 1.0
i ds, d7,ds8, d9, d10, equential difference = 0. Geometrical difference = 0.916|
i dl1,di12} Sequential difference = 0.5
L=W L>H L=M
d3 n2
_ Design diversity = 0.166
OR @ ?@ n2 = {nl\d3} (R}l!le P‘reyﬂller:_c(e(‘f 9'083 Design abundance = 1.0
4b > n2 = {dl, d2, d4, d5 cometrical differen Matching degree = 0.5
c ’ 77 | Sequential difference = 0.5 o T s
d7,d8, d9, d10, d11, Geometrical difference = 0.916]
12} Sequential difference = 0.5
Db>Dt Db<H Di=M
d2,d3, d6, n3
d7,d8, d12
| [T ZaaN M= (2, | rakpeee—os [P =00
3b — > d6, d7, d8, d12} S:O.T;K‘Gg.;‘rﬁt;n Matching degree = 0.666
%,& r/ \1 %‘& r/ \1 n3 = {dl, d4, ds, d9,[>cauen Geometrical difference = 0.749)
d10, d11} Sequential difference = 0.444
D<H D<M
d9 n4
T Design diversit y=0.583
g ) = = 3 s
or| T TS M) e B e 25
1lc = , d4a, N e ; atching degre .
%4& r/ \1 9 P r/ \1 dity Sequential difference =0.833 | 50 /21 difference = 0.791
= = Sequential difference = 0.541
L=W LeLb Lb>H LM
d4, d8 nS
7 S 7 S Design diversity = 0.666
OR| TN N nS = (n\d4,d8} - [Rule Prevalence =016 | peyn sundane =22
—> - ' ' . eometrical difference = 0. Matching degree = 0.4
6b h KA/ n5 ; (d1', d5', d10' | equenial difference = 0.3 | Geomettical difeence = 0.749
> % b 4 dinry Sequential difference = 0.499
D<H D<M
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Rule Example 9: Hybrid design derivation - 7 Original rules User gunde.gram!nar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design
dir n6
- 3 Design diversity = 0.75
Rule Prevalence = 0.083 h
OR ki 6 ={n5\dl1 . . _ Design abundance = 2.0
0R /7‘\( 26 _ Erdll 45 }dl()} Geometrical difference = 0.583| Matching degree = 0.333

Db<Dt Db

H D<M

ds, d10 n7

e

f

r/

\1

D>H

n7=0

Sequential difference = 0.666

Rule Prevalence = 0.166
Geometrical difference = 0.833|
Sequential difference = 0

Geometrical difference = 0.721
Sequential difference = 0.527

Design diversity = 0.916
Design abundance = 2.0
Matching degree = 0.285
Geometrical difference = 0.737|
Sequential difference = 0.452

Example 9
Hybrid design - OR
No. of Original Rules = 7

Evaluation Criteria:
Diversity= 0.916
Abundance= 2.0
Matching= 0.285
Geometrical diff.= 0.737
Sequential diff.= 0.452
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. . . . id. i Evaluati f th
Rule Example 10: Hybrid design derivation - 3 Original rules User gui € grammar Evaluation of the valuation ol the
no. for a hybrid design rule design
di12 nl
| !
i T [T | nl={n\dI2} Design diversity = 0.083
\ n Rule Prevalence = 0.083 :
' = ' ! . y Design abundance = 1.0
OR j ] u nl = {dl',d2', d3', | Geometrical difference = 0.916[ pp 51" " 00
Ta ! d4', d5', d6', d7', d8',| Sequential difference = 0.5 g cogree =
‘ | | | Geometrical difference = 0.916]
i d9',d10', d11'} Sequential difference = 0.5
i
D<H D>M
ds', d6', d7', d§' n2
!
] | | n2 = {nI\d5, d6,d7, § _ Design diversity = 0.416
ox R EN/aAY |
b . — —p eometrical difference = 0. Matching degree = 0.5
! n2 = {dl, d2, d3, d4, Sequential difference =0.5 | Geometrical difference = 0.666)
d9, d10,d11} Sequential difference = 0.5
i
D<H D=M
d3, dl1 n3
| |
. Design diversity = 0.583
OR Rule Prevalence = 0.166 Design abundance = 2.333
3f |- n3=0 Geometrical difference = 0.833| Matching degree = 0.333

Sequential difference = 0

Geometrical difference = 0.721
Sequential difference = 0.333

Example 10
Hybrid design - OR
No. of Original Rules =3

Evaluation Criteria:
Diversity= 0.583
Abundance= 2.333
Matching= 0.333
Geometrical diff.= 0.721
Sequential diff.= 0.333
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Rule

Example 11: Hybrid design derivation - 6 Original rules

User guide grammar
for a hybrid design

Evaluation of the
rule

Evaluation of the
design

d2, d3, d6,
d7, ds, d12

Db<Dt Db>H

DM __

W -

B >

nd = {n3\d2, d3,
d6, d7, d8, d12}
nd = {d1, d4, d9,
d10}

n5 = {nd\d4, d12}
n5 = {dl, d9, d10}

n6 =0

Rule Prevalence = 0.5
Geometrical difference = 0.416
Sequential difference = 0.333

Rule Prevalence = 0.166
Geometrical difference = 0.833
Sequential difference = 0.666

Rule Prevalence = 0.083
Geometrical difference = 0.916
Sequential difference = 0

no.
d5 nl
- - Design diversity = 0.083
OR m nl = {n\d5} Rule Prevalence = 0.083 Design abundance = 1.0
6a —p o | e nl = {dl, d2, d3, d4,| Geometrical difference = 0.916| Matching degree = 1.0
de6, d7, d8, d9, d10, Sequential difference = 0.5 Geometrical difference = 0.916|
di1,d12} Sequential difference = 0.5
< —
D>H D>M
d3,dl1 n2
- - Design diversity = 0.25
OR Djj n2 = {nl\d3, d11} gule Prleyalleggfef: 0.166 07 Design abundal{ce 15
| . ] —> - n2 = {dl, d2, d4, do,| Seometrical difference =0.75 | raiching degree = 0.5
5b d7, d8, d9, d10, d12} Sequential difference = 0333 | Geometrical difference = 0.833)
Sequential difference = 0.416
Db>Dt Db<H Dt<M
— e, o —
ds n3
Design diversity = 0.333
OR n3 = {n2\d8} Rule Prevalence = 0.083 Design abundance = 1.333
12 - 4’ - - n3 = (d]’ d2, d4, d6,|Geometrical difference = 0.916 Matching degree = 0.333
¢ d7,do9, d10, d12} Sequential difference = 0.833 | Geometrical difference = 0.86
,dd, 5 -

Sequential difference = 0.555

Design diversity = 0.666
Design abundance = 2.5
Matching degree = 0.5
Geometrical difference = 0.749
Sequential difference = 0.499

Design diversity = 0.75

Design abundance = 2.4
Matching degree = 0.4
Geometrical difference = 0.766
Sequential difference = 0.533

Design diversity = 0.833
Design abundance = 2.166
Matching degree = 0.333
Geometrical difference = 0.791
Sequential difference = 0.444

Example 11
Hybrid design - OR
No. of Original Rules = 6

Evaluation Criteria:
Diversity= 0.833
Abundance= 2.166
Matching= 0.333
Geometrical diff.= 0.791
Sequential diff.= 0.444
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Rule Example 12: Hybrid design derivation - 5 Original rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design
d7 nl
= | nl={n\d7} Rule Prevalence = 0.083 Design diversity =0.083
(gR » /\ B nl = {d1, d2, d3, d4, Geometrical differe ?A:ilg}q?x?:tzzg?;‘ecijzjo
: kj ds,d6, d8, d9, d10, |Sequential difference =05 Geomerrical difference = 091§
dil1,di12} Sequential difference = 0.5
L=W D<L L>H D=M
di2 nx . —
— — Design diversity = 0.166
OR n2 = {n\d12} Rule Prevalence = 0.083 Design abundance = 1.0
—p - n2 = {dl, d2, d3, d4,| Geometrical difference = 0.916| Matching degree = 0.5
14b d5, d6, d8, d9, d10, Sequential difference = 0.5 Geometrical difference = 0.916]
di1} Sequential difference = 0.5
D> zor<H D>M
dl, d4 nx
i Design diversity = 0.333
OR ﬂdmm fﬁk n3 = {n2\dl, d4} R‘UIC Prevalence = 0'166_ Design abundance 33
® N » _ 3.d5 Geometrical difference = 0.833 Matching degree =
1b kiﬂ &&J n3 = {d2, d3, ds, d6, Sequential difference = 0.5
dg, d9, d10,d11}
L=W L<H L>M
ds', d6', d7', n4d
dg'
OR f m& ﬁﬁk n4 = {n3\d5,d6,  |Rule Prevalence = 0.333 gt::i: diversity =083
» d7, d8) Geometrical diffes Matching d ~05
8b Y ; Sequential differenc alening cegree =
K J T&ﬂ nd = {d2, d3, d9, cquentia Geometrical difference = 0.77
d10,d11} Sequential difference = 0.5
D> =or<H D=M
Design diversity = 0.75
d3, d11 n3 Rule Prevalence = 0.166 Design abundance = 2.0
n5=0 Geometrical difference = 0.833| Matching degree = 0.4
- Sequential difference = 0 Geometrical difference = 0.782)
Sequential difference = 0.4
OR| | 225K > 4%
5f
¥ P
o [ Example 12
> Hybrid design - OR
/| No. of Original Rules = 5
Evaluation Criteria:
Diversity= 0.75
Abundance= 2.0
Matching= 0.4
Geometrical diff.= 0.782
~ Sequential diff.= 0.4
0 ]
(}
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B-3 Hybrid designs composed of hybrid rules

. . s . id i Evaluati f th
Rule Example 1: Hybrid design derivation - 5 hybrid rules User gui € grammar Evaluation of the valuation ot the
no. for a hybrid design rule design
d3, d7, d10 nl
| — — Design diversity = 0.25
HR i — nl = {n\d3, d7, d10} | Rule Prevalence =0.25 Design abundance = 3.0
12a 4’ nl = {dl, d2, d4, d5, Geomet_ncal_z.!l_ﬁerence = 1.0 | Matching degree = 0.5
1 — de, ds, d9, d11, d12} Sequential difference = 0.5 | Geometrical difference = 1.0
| Lb=Wb Li=Wt LbsH LesM | Sequential difference = 0.5
J— -
dl, d4,d9 n2
- b Design diversity = 0.5
HR — — n2 = {n1\d1, d4, d9} | Rule Prevalence = 0.25 Desizn abundince = 3.0
oh —> e 12 = (42,45 6,0, | Gt difemnce - L0 g g =025
L [ dl1,d12} 4 =929 Geometrical difference = 1.0
Sequential difference = 0.708
L=W L<H L<M
re—
d2, d4 n3
— Design diversity = 0.583
HR - g 1 n3 = {n2\d2, d4}  |RulePrevalence=0.166 |pegion abundance = 2.666
3d | = —> n3 = (ds, d, d8, d11] Jeometrical difference = L0/ patching degree = 0333
[ AN ,,,J di12} Sequential difference = 0.5 | Geometrical difference = 1.0
— Sequential difference = 0.638
D>H  D>M
- - LT
dl', ds', dé', n4
d7', d8
TR TR Design diversity = 0.833
HR ’ —‘ —‘ n4 = {n3\dl, d5, d6, |Rule Pre‘valem»:?: 0.416 Design abundance = 3.25
12b —Pp d7, d8} Geometrical difference = 1.0 | Matching degree = 0.25
. nd = {d11, d12} Sequential difference = 0.583| Geometrical difference = 1.0
— —t ’ Sequential difference = 0.624
L=W L<H L>M
[ [
d2,d3,dl1 n5 Design diversity = 0.916
Design abundance = 3.2
gule Preyalleg‘cfef: 025 10 Matching degree = 0.2
— ) n5=0 s eomel‘mic:j»ffl erenci;(]_ Geometrical difference = 1.0
HR ﬁ{ —‘ Vf —‘ equential difference = 0.0 Sequential difference = 0.499
R T
— L
Db>Dt  Db<H
Example 1
Hybrid design - HR
No. of Hybrid Rules = 5
Evaluation Criteria:
Diversity= 0.916
[ Abundance= 3.2
Matching= 0.2
[ L1 T Geometrical diff.= 1.0
Sequential diff.= 0.499
0
@\ , L
(@
W
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. . Lo . ser guide grammar| i Evaluation of the
Rule Example 2: Hybrid design derivation - 10 Hybrid rules User gui 8 . Evaluation of the valuatu
no. for a hybrid design rule design
d7,d12
_ Design diversity = 0.25
HR ‘ nl = {n\d7, d12} Rule Prevalence=0.166 Design abundance = 2.0
5 JE nl = {dl, d2, d3, d4, | Geometrical difference=1.0 Matching degree = 0.5
a d5, d6, d8, d9, d10, | Sequential difference=0.5 | Geometrical difference = 1.0
i dit} Sequential difference = 0.5
Db>Dt Db>H Di=M —- -
d2, d3, d6, d7 n2
dg, d11, d12
Design diversity = 0.583
- B 1N n2 = {nl\d2, d3, Rule Prevalence = 0.583 Design abundance = 4.5
—Pp $ d6, d7,d8,d11,d12} Geomel'rical'difference = 1.0 | Matching degree = 0.5
L/ n2 = {dl, d4, d5, d9, Sequential difference = 0.333| Geometrical difference = 1.0
d10} Sequential difference = 0.416
Db>Dt Db<H Dt<M
— e
d3, d9 n3
Design diversity = 0.666
HR N / n3 = {n2\d3, d9} Rule Prevalence = 0.166 Dcsiin abundach 3.666
20c $ —Pp n3 = {dI d4’ a5 Geometrical difference = 1.0 | Matching degree = 0.333
=4 N dl()_ T Sequential difference =0.5 | Geometrical difference = 1.0
} Sequential difference = 0.444
Db<Dt Db>H D<M ____ —
d2, d4 n4
Design diversity = 0.75
HR /7 nd = {n3\d2, d4} R‘Ule Prevalence = 0.166 Design abundance = 3.25
4d nd = {d1, d5, d10} Gcomclpcal.dlffcrcncc = 1.0 | Matching degree = 0.25
AN T Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.458
L=W L>H L>M = =
dl, d4, d9 n5
n5 = {nd\dl, d4, d9}
n5 = {d5, d10} Desien diversity = 0.833
n5=0 Rule Prevalence = 0.25 e‘sfgn b o=
HR 5=n5* Geometrical difference = 1.0 | e 2h dPundance =32
n =n. @ = 1.0 Matching degree = 0.2
5 ential difference — dching deg
15b n5* = {m\dl, d4, d9} |Sequential difference = 0.916| Geometrical difference = 1.0
n5* = {d2, d6, d8, Sequential difference = 0.549
L=W L<H L<M ,,7,5‘1 FI - dit}
nx
n6 = {n5\d2, d9}
n6 = {ds, d10} Design diversity = 0.833
HR n6=0 Rule Prcyalcn;c =0.166 Design abundance = 3.0
8d n6 = n6* Geometrical difference = 1.0 | Matching degree = 0.25
n6* = {m\d2, d9} Sequential difference = 0.833| Geometrical differen 1.0
n6* = {dl dé) 48 Sequential difference = 0.597
dit}
o™
n7 = {n6\d2, d11}
n7 = {d5, d10}
n7=0
d2,d11 nx n7 =n7*
n7* = {m\d2, d11}
* =
H;* : {@dl’ do, d8} Design diversity = 0.833
HR 27* ; 7 Rule Prevalence = 0.166 ﬁesllgh'} Ab?l?dancizzz':?
Geometrical difference = 1.0| ¥ atching degree = 0.
10e 07%% = {n\(n7+n7*)}| sequential difference = 0.75 | Geometrical difference = 1.0
n7** = {d2, d3, d4, Sequential difference = 0.618
d7,d9,dl11, d12}
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Rule Example 2: Hybrid design derivation - 10 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design
~TUEE =
_ Design diversity = 0.833
8 = {n7\d2 ;
HR 28 _ }35' dl}()'} Rule Prevalence = 0.083 Design abundance =2.625
6c P Geometrical difference = 1.0| Matching degree = 0312
C n8=0 Sequential difference = 0.5 Gcomcz_rlca]_dmcrcncc =1.0
n8 = n8* Sequential difference = 0.604
n8* = {m\d2}
Db<Dt Db>H Di=M n8* = {dI', d6', d8'}
= =
d2', d3', d6', n9
d7', d8'
Design diversity = 0.833
HR n9 = {n8\d2, d3, d6, |Rule Prevalence =0.416 Design abundance = 2.888
11d d7, 8} Geometrical difference = 1.0 Matching degree = 0.333

n9 = {d5, d10}

ds, d9, d10 nx

nx =0

Sequential difference = 0.916 Geometrical difference = 1.0

Sequential difference = 0.638

Design diversity = 1.0
Design abundance = 2.9

1.0 |Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.574

Rule Prevalence=0.25
Geometrical differenc
Sequential difference=0.0

Example 2
Hybrid design - HR
No. of Hybrid Rules = 10

Evaluation Criteria:
Diversity= 1.0
Abundance= 2.9
Matching= 0.3
Geometrical diff.=1.0
Sequential diff.= 0.574
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Appendix
Rule Example 3: Hybrid design derivation - 9 Hybrid rules User gulde.gram'mar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design
de, d7 nl
Design diversit;
HR 1 nl= (16,47} | Rule Prevlence =0.166 | penin Goery
la| ——i—— ———— —» nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 Matching degree
| ds, d8, d9, d10, d11, | Sequential difference = 0.5 | Geometrical difference = 1.0
| d12} Sequential difference = 0.5
R —
L=W D<L L>H D=M
d2, d3, d6, d7 n2
dg, d11, d12
_ Design diversity = 0.583
HR /f n2 = {n1\d2, d3, Rule Prevalence =0.583 | Design abundance = 4.5
> < > d6, d7, d8, d11, d12} | Geometrical difference = 1.0 Matching degree = 0.5
5b K\\ n2 = {dl, d4, d5, d9, |Sequential difference = 0.333| Geometrical difference = 1.0
d10} Sequential difference = 0.416
Db>Dt  Db<H Di<M
.. —
ds, d9 n3
/f ~ Rule Preval 0.166 Design diversity = 0.666
HR NN n3 = {n2\d8, d9} ule Prevalence = 0. Design abundance = 3.666
9 —Pp 3 / n3 = {d1, d4, d5 Gcomcu_'lcal_dlffcrcncc =10 Matching degree = 0.333
\\ N 10} U Sequential difference = 0.833 Geometrical difference = 1.0
Sequential difference = 0.555
L=W Lt>Lb Lb>H LM
T —
dl,d4,d9 n4 n4 = {n3\dl, d4, d9}
_ _ n4 = {d5, d10} Design diversity
HR - \\ 7 \\ =0 Rule Prevalence = 0.25 Design abundan
’ 4 nd = nd* Geomel.rica].diffsrsnce = 1.0 | Matching degree
15b P oy nd = (mid1, dd, doj|Seauental difference =0.916|Geometrical difference = 1.0
4 - (d2 dé dil Sequential difference = 0.645
nat = > dd, s
L=W L<H L<M d12}
—— ——
d2, d4 nx
n5 = (nd\d2, d4} Design diversity = 0.833
Z S n3={d5, d10} Rule Prevalence = 0.166 | Design abundance =3.2
HR 1 —p 3 p n5=0 Geometrical difference = 1.0 Matching degree = 0.2
4 N | n5 =n5* Sequential difference = 0.5 | Geometrical difference = 1.0
= n5* = {m\d2, d4} Sequential difference = 0.616
LW L>H LM n5* = {dl, d3,dl1,
di12}
d1, d4, d5 nx n6 = {n5\dl, d4, d5}
— — n6 = {d10} Design diversity
HR N N n6=0 Rule Prcya]cn;c =025 Design abundan,
16b —p 16 = n6* Gcomcu}'lcalbdlffcrcncc = 1.0| Matching degree
A r/ N r/ 6% = {m\d2, d4} Sequential difference = Geometrical difference = 1.0
B ’ Sequential difference = 0.597
L=W L>.=ofl<H L>M n6* = {d3, d11,d12}
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Rule Example 3: Hybrid design derivation - 9 Hybrid rules User gulde.gram.m ar|  Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design
—J
dl, d2,d3, d4, n7
do, d7, d8, d12
n7 = {n6\dl, d2,
= < d3, d4, d6, d7, d8, Design diversity = 0.916
HR TN (‘4\ d12} Rule Prevalence = 0.666 Design abundance = 3.857
b . 4’ k& n7 = (dl()') Geometrical difference = 1.0 Matching degree = 0.285
| 2 ’/ L n7=0 Sequential difference = 0.333| Geometrical difference = 1.0
n7 = n6* Sequential difference = 0.559)
L=W L>H LM 70 " | n7* = {m\dl, d2, d3,
d4, d6, d7, d8, d12}
n7* = {dl11'}
t‘ t‘
d9, d11' n8
r%{ r = Design diversity = 0.916
f ) n8 = {n7\d9, d11 Rule Prevalence = 0.166 Design abundance = 3.625
¥7R (& —Pp 8 = }le] } Geometrical difference = 1.0 | Matching degree = 0.25
c /4 e Sequential difference = 0.666| Geometrical difference = 1.0
Sequential difference = 0.572)
Db<Dt Db>H Dt=M
—— ——
Design diversity = 1.0
Design abundance = 3.555
Rule Prsyalen;e =0.25 Matching degree = 0.222
n9=0 Geometrical difference = 1.0 Geometrical difference = 1.0
d2,ds, d10 n9 Sequential difference = 0.0 | sequential difference = 0.50!
wrl VTS 7N
2A . ' \
Example 3
P pht Hybrid design - HR
No. of Hybrid Rules =9
] ] Evaluation Criteria:
Diversity= 1.0
- - Abundance= 3.555
(1] (1 Matching= 0.222
Geometrical diff.= 1.0
Sequential diff.= 0.509
0
7 .
&)
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Rule Example 4: Hybrid design derivation - 11 Hybrid rules User gulde.gram.m ar  Evaluation of the Evaluatllon of the
no. for a hybrid design rule design
d2,d7, d8, d9 nl
Design diversity =0.333
HR nl = {n\d2, d7, d8, |Rule Prevalence =0.333 Dz::g: al]j\lll(i]r;:\tilcc 40
40| ——i—— ———— —p d9} Geometrical difference = 1.0 na(ching degree = 0.5
nl = {dl, d3, d4, d5, | Sequential difference = 0.75 | Geometrical difference = 1.0
d6, d10, d11, d12} Sequential difference = 0.75
Lb=Wb Lt=Wt Lb>Lt Lb>H Lt<M
d2, de, d7, d8 n2
_ o eq o — R
_ R Design diversity = 0.416
HR ) — - |12 = {nl\d2, d6, d7, Sule Prevalence =0.333 1 Design abundance = 40
4c —p H T dg} LOmCll.’lCa clillerence = 1 Matching degree = 0.5
A n2 = {dl, d3, d4, 5, | Sequential difference =05 | Geometrical difference = 1.0
d10,d11,d12} Sequential difference = 0.625
L=W Lt>Lb Lb>H Li=M
d2, d3, d6, d7, d8 n3
— —_ 7—T0—0T—7 n3 = {n2\d2, d3, D _ Design diversity = 0.5
HR o — — T de, d7, d8} Rule Pru_\zflcn_cc - 0'416_ Design abundance = 4.333
it i ’ B & , A/, Geometrical difference = 1.0 Matchine d 05
) T [ 3 = {d1, 4, d5, d10] Sequential difference = 0.5 | gonors G868 = -
== === n>= T cquential ditlerence = 0. Geometrical difference = 1.0
di1,d12} Sequential difference = 0.583
L=W L>H L>M
dl, d4, d6 n4
HR T B n T nd = {n3\dl, d4, d6} | Rule Prevalence =025 sign abundance = 4.0
18b| | 1® ¢ —> {} nd = {d1, d5, d1o, | Geometrical difference = 1.0} nyiching degree = 0.375
L A A dil,d12} Sequential difference =0.5 | Geometrical difference = 1.0
Sequential difference = 0.562|
L=W L<H L=M
49, d12 n5 n5 = {nd\d9, d12}
n5 = {dl, d5, d10, N
=+ [ ] + di1 Rule Prevalence = 0.166 Design diversity =0.666
HR fd fﬁ Geometrical diffe - 10 Design abundance = 3.6
20b LJ —> Ej n5=0 s?omu{]?d.f; ucnci 6 9' Matching degree = 0.3
.. N n5 =n5* equential difference = 0.916| Geometrical difference = 1.0
n5* = {m\d9, d12} Sequential difference = 0.633
,,T.".T,, n5* = {d3, d4}
d2, d4 n6 M
1 1 Design diversity = 0.666
HR ) (G n6 = {n5\d2, d4} Rule Prevalence =0.166 | Design abundance = 3.333
4d > L d U n6 = {dl, d5, d10, |Geometrical difference = 1.0 Matching degree = 0.333
N Wl ) di1} Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.611
L=W L>H L>M 777;@;‘777
dl, d4, d5 n7
Design diversity = 0.833
HR| | e T Ol 48] | e = Lo b ndree 3215
— e (difference = 1.0 | Matching degree = 0.285
16b L N N~y 7 n7={d10, di1} Sequential difference =0.5 | Geometrical difference = 1.0
—— —— Sequential difference = 0.595|
L=W L>H L>M __ E i —
d3,d1l M n8 M
n8 = {n7\d3, d11}
n8 = {d10} sion diversity =
| R w = e | B 000
r}’i » n8 = n8* Geometrical difference = 1.0 M"l hine d ~0 2'5
226 TR N = Sequential difference = 0.333| Matching degree =0.25
. == n8* = {m\d3, d11} Geometrical difference = 1.0
n8* = {d5, d12} Sequential difference = 0.562|
Db>Dt Db>H Dt<M
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Rule Example 4: Hybrid design derivation - 11 Hybrid rules User gulde.gr ammar|  Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design
d4,d9, d12 || n9 il
: Design di i 0.916
— —- o esign diversity = 0.
e | BN =5 = o, 9,42 SIS0 | i 11
13¢ < % 1 ‘\ \+ /‘ T n9 = {d10} Sequential difference = 0.833 Délalchmg A:.lcgr.cc - 0'223
== == eometrical difference = 1.0
Sequential difference = 0.592|
Db<Dt Db<H Dt>M
d3', d10' nx it
‘ ‘ nl0 = {n9\d3, d10} Design diversity = 1.0
HR N | ZEEN nl0=0g Rule Prcya]cn_cc =0.166 Design abundance = 3.0
20| 1 (REA - — - Mozni0s | D10 e =02
=2, NS=2 10% = {m\d3, d10} 92| Geometrical difference = 1.0
‘ ‘ n5* (ds. d1 ‘1 ) Sequential difference = 0.591
n5* = {d5,
Db>Dt Db<H D=M
d3,d9,d11 [ nll [
‘ | ‘ Design diversity = 1.0
N 72N Rule Prevalence = 0.25 Design abundance = 3.0
111; L » N «%; nll=0 Geometrical difference = 1.0 | Matching degree = 0.181
=/, N7, Sequential difference = 0.0 | Geometrical difference = 1.0
i Sequential difference = 0.537|
D<H
Example 4
Hybrid design - HR
No. of Hybrid Rules = 11
Evaluation Criteria:
Diversity= 1.0
Abundance= 3.0
Matching= 0.181
Geometrical diff.= 1.0
r Sequential diff.= 0.537
0
S ]
- R
i
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Rule Example 5: Hybrid design derivation - 5 Hybrid rules User guide grammar)  Evaluation of the Evaluation of the
no. ° for a hybrid design rule design
ds, d6 nl
- - 1 = {n\d5, d6 " _ Design diversity = 0.166
HR nl={n\ds, d6} Rule Prevalence = 0.166 Design abundance = 2.0
[ B nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 Matchine d 05
6a 4’ N L o atching degree .
d7, d8, d9, d10, d11, | Sequential difference = 0.5 Geometrical difference = 1.0
d12} Sequential difference = 0.5
L=W L>H L=M
d3, d12 n o
- T Design diversity = 0.333
HR qu\ n2 = {nl\d3, 12} Rule Prevalence =0.166 | Design abundance = 2.0
> n2 = {dl, d2, d4, d7, Geometrical difference = 1.0 | Matching degree = 0.25
4b &ﬁ( d8, d9, 10, d11} Sequential difference =0.5 | Geometrical difference = 1.0
U ’ Sequential difference = 0.5
D<H D=M
S, A
d2, d3, d4, do, n3
d7, dg, d12
Design diversity= 0.666
HR )Eﬁﬁ / )?@ n3 = {n2\d2, d3, Rule Prevalence = 0.583 Dcsén bundinees 3.
13b —p» d4, d6, d7, d8, d12} Geometrical difference = 1.0 | Matching degree=
\&ﬁ \&ﬁ( n3 = {dl, d9, d10, Sequential difference = 0.333| Geometrical difference= 1.0
di1} Sequential difference= 0.444
D<H D<M
N, -
do', d11' n4
/%f?@\ Design diversity = 0.833
@ @ s _ Rule Prevalence = 0.166 Design abundance = 3.25
HR —p L n4 = {n3\d9, d11} Geometrical difference = 1.0 | Matching degree = 0.25
e T \&ﬂ/ n4 = {dl. d10} Sequential difference = 0.666| Geometrical difference = 1.0
Sequential difference = 0.499
Db<Dt Db>H  Di=M
Design diversity = 0.916
Rule Preval 025 Design abundance = 3.2
ule Frevalence = 0. Matching degree = 0.3
dl, d4,d12 ns nS=0 GSOmS(TlCal.dlffErEnCE = 1.0} Geometrical difference = 1.0
Sequential difference = 0.0 | Sequential difference = 0.399
| (7 , (&
e H Y 4 HE
Example 5
D<H Hybrid design - HR
No. of Hybrid Rules = 5
Evaluation Criteria:
Diversity= 0.916
Abundance= 3.2
Matching= 0.3
Geometrical diff.= 1.0
Sequential diff.= 0.399
0 y / y
IS 4 24 P4
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HR
13¢

HR
13b

HR
19¢

d3,dl1

d4, d9, d12

Db<Dt  Db>H DM

d2, d3, d4, d6.
d7,ds, d12

Db<Dt

Db>H Di>M

ds, d9, d10, d11}

n3 = {n2\d3, d11}
n3={dl, 2, d4, d6,
ds, 9, d10}

n4 = {n3\d4, d9, d12}
n4 = {dl, d2, d6, d8,
d10}

5 = {nd\d2, d3,
d4, d6, d7, d8, d12}
5= {dl, d10}
5=0

5 =n5*

5% = {m\d2, d3,
d4, d6, d7, d8, d12}
5% = {dS, d9, d11}

n6 = {n5\d3, d9}
n6 = {dl, d10}

Sequential difference = 0.5

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.833

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Geometrical difference = 1.0
Sequential difference = 0.5

Rule Example 6: Hybrid design derivation - 9 Hybrid rules User guide grammar  Evaluation of the Evaluation of the
no. for a hybrid design rule design
ds, d7 nl
| N - - _ Design diversity = 0.166
HR ' , \ m nl = {n\d5, d7} Rule Prevalence = 0.166 Design abundance = 2.0
3 RN —» : : nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 | Matching degree = 0.5
>4 | d6, d8, d9, d10, d11, | Sequential difference =0.5 | Geometrical difference = 1.0
| \.-, d12}y Sequential difference = 0.5
Di<Db Dbs>H Di=M
d3, d12 n2
— T o Design diversity = 0.333
NZan\ n2={n\d3, 12} | RulePrevalence =0.166 | Dosion abundince 22.0
ah : : n2 = {dl, d2, d4, d6, | Geometrical difference = 1.0| \aching degree = 0.25

Design diversity = 0.416
Design abundance = 2.0
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.444]

Design diversity = 0.583
Design abundance = 2.25
Matching degree = 0.25
Geometrical difference = 1.0
Sequential difference = 0.541

Design diversity = 0.833
Design abundance = 3.2
Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.499|

Design diversity = 0.833
Design abundance = 3.0
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.499)|

288



Appendix

Appendix-B

Rule Example 6: Hybrid design derivation - 9 Hybrid rules

User guide grammar
for a hybrid design

Evaluation of the

Evaluation of the
design

Db>Dt Db>, =lor<H Dt=M

de, d7, d8

n8* = {m\d3, d10}
n8* = {dl, d2, d5, d8
dity

n9=0

no. rule
_ Design diversity 0.916
HR n7 = {n6\d1, d4, d6} Rule Prevalence = 0'257 Design abundance = 3.0
18b 7= (10} Geometrical difference = 1.0 Matching degree = 0.285
n7 = S _ a =0.
Sequential difference = 0.5 Geometrical difference = 1.0
Sequential difference = 0.49
L=W L<H L=M
d3', d1o n8 = {n7\d3, d10} Desien diversity = 1.0
— R esign diversity = 1.
HR nz - (?J Rule Prevalence = 0'{66 Design abundance = 2,875
23b ng = n Geometrical difference = 1.0 Matching degree = 0.312

Sequential difference = 0.583

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.0

Geometrical difference = 1.0
Sequential difference = 0.51

Design diversity = 1.0
Design abundance = 2.888
Matching degree = 0.277
Geometrical difference = 1.0
Sequential difference = 0.453]

Example 6
Hybrid design - HR
No. of Hybrid Rules =9

Evaluation Criteria:
Diversity= 1.0
Abundance= 2.888
Matching= 0.277
Geometrical diff.= 1.0
Sequential diff.= 0.453
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d9,d11}

Sequential difference = 0.5

Geometrical difference = 1.0

Appendix Appendix-B
Rule Example 7: Hybrid design derivation - 12 Hybrid rules User gulde'gram'mar Evaluation of the Evaluatl'on of the
no. for a hybrid design rule design
d3, d10, d12 nl
HR f N N nl = {n\d3, d10, d12}| Rule Prevalence = 0.25 gz;iég :l];‘/ft:;;tgj O.;SU
10a] —f—— ———— —p o ° nl = {dl, d2, d4, d5, | Geometrical difference = 1.0| Natching degree= 0.5
k o o d6, d7,d8, d9,d11} |Sequential difference =0.5 | Geometrical difference= 1.0
] hd hd Sequential difference= 0.5
L=W L<H LM
dl, d4,d5 n2
HR f n2 = {nl\dl, d4, d5} | Rule Prevalence = 0.25 g:iig: fllj\l/f;ds:g; 22 0
b R TS n2 = {d2, d6, d7, d8, | Geometrical difference = 1.0 Ma’lc]ling degree = 0.2'5

HR
3d

dl, d4, d9

L=W L<H

n4

—

D>H

D>M

L]
Tfﬁ

dl, d4, d8

L=W L<H L<M
d2, d6, d7, n6é
d8

o

'Q\J

L=W LtzLb Lb>H Lt=M

n3 = {n2\dl,d4, d9}
n3 = {d2, d6, d7, d8,
dity

nd = (n3\d2, d4}
nd = {d6, d7, d8,
di1}

n5 = {nd\dl, d4, d8}
n5 = {d6, d7,d11}

n6 = {n5\d2, d6, d7,
ds8}

n6 = {d11}

n6 = (@}

n6 = n6*

n6* = {m\d2, d6, d7,
ds8}

n6* = {d3, d5, d9,
d10, d12}

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.916

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.333
Geometrical difference = 1.0
Sequential difference = 0.5

Sequential difference = 0.5

Design diversity = 0.583
Design abundance = 3.0
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.638|

Design diversity = 0.666
Design abundance = 2.75
Matching degree = 0.375
Geometrical difference = 1.0
Sequential difference = 0.604|

Design diversity = 0.75
Design abundance = 2.8
Matching degree = 0.4
Geometrical difference = 1.0
Sequential difference = 0.549)|

Design diversity = 0.916
Design abundance = 3.0

Matching degree = 0.333
Geometrical differenc
Sequential difference
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Rule Example 7: Hybrid design derivation - 12 Hybrid rules User gunde'grampl ar|  Evaluation of the Evaluatl'on of the
no. for a hybrid design rule design
d2, d3, do, n7
d7,d8
= (S n7 = {n6\d2, d3, d6, | Rule Prevalence = 0.416 ggfig: f;}‘ﬁjﬁ; 9‘312685
! Y Seometrical difference = § =2
2d T 1§ i —p 1? ‘¢ d7, 8} g’“omhi‘":ﬂ‘?f’ffuc‘mf 6 ;'0 Matching degree = 0.285
\*\\\\,,,J A - n7 = {dl1} cquential ditference = 0.5 | Geometrical difference = 1.0
S = Sequential difference = 0.535|
L=W L>H L>M
dl, d3, dl1 nx
_ _ n8 = {n7\dl, d3, o
HR /77/’"7\\ /7/ ) d11} Rule Prevalence = 0.25 gaifgn d:)ver;ny‘: 1'2 25
iy > fﬁﬂ n8 = {@} Geometrical difference = 1.0 | o 57 douncance = 5.
1b L& M ‘&ﬂ 8 = n8* Sequential difference = 0.333 Matching degree =0.25
&\W{/ e ng*‘ n? L duentia =92 Geometrical difference = 1.0
S no*® = imudl, do, Sequential difference = 0.51
dl1}
L=W Lb>Lt Lb<H Lt<M n8* = {d5, d9, d10
% d12}
d3,d9 n9
o 3 7 ng = é%S}\d'i a9} Rule Preval 0.166 Design diversity = 1.0
HR| |/} TR n9 = “ € 'EV“ ence = - Design abundance = 3.111
18¢ }Fﬂ —> }?ﬁf £ n9 =n9%* (Juomu_r?ua]_dlffcrcmi =101 Matching degree = 0.222
\\\\E&g ] \\E&—JA«/ N0 o (m\d3, doj | Seduential difference =0.833) Gegmersica diference = 1.0
N n9* = {ds, d10, d11, Sequential difference = 0.546|
Db<Dt Db>H Dt>M d12}
nl0
i B n10 = {n9\d9, d11} Design diversity = 1.0
HR /%%} nl0 = {@} Rule Prevalence =0.166 Design abundance = 3.0
12¢ —> } “\}qﬁ nl0 =nl0* Geometrnca]‘dlfference = 1.0| Matching degree = 0.2
\&/ 4 nl0* = {m\d9, d11} Sequential difference = 0.75 | Geometrical difference = 1.0
S b nl0* = {d5', d10, Sequential difference = 0.566)|
D>H D<M d12'}
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Rule Example 7: Hybrid design derivation - 12 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design
d4', d9', d12'
nll = {n10\d4, d9,
- d12} Design diversity = 1.0
/,/} - nll={@} Rule Prevalence = 0.25 Design abundance = 3.0
ﬁlz ;ﬁ j‘ nll=nll* Geometrical difference = 1.0 | Matching degree = 0.227
N Y . Sequential difference = 0.666 | Geometrical difference = 1.0
\&J = 2};} {m\d4, d9, Sequential difference = 0.575|

Db<Dt

Db>H DM

d2, ds, d10

Db>Dt Db<H

nl1* = {dS, d10}

nl2=0

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.0

Design diversity = 0.25
Design abundance = 3.0
Matching degree = 0.208
Geometrical difference = 1.0
Sequential difference = 0.527|

Example 7
Hybrid design - HR
No. of Hybrid Rules =12

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.0
Matching= 0.208
Geometrical diff.= 1.0
Sequential diff.= 0.527
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Rule Example 8: Hybrid design derivation - 9 Hybrid rules User guide grammar)  Evaluation of the Evaluation of the
no. for a hybrid design rule design
d3, ds5, d10 nl
- - Design di ity = 0.25
HR ; / nl = {n\d3, d5, d10} | Rule Prevalence = 0.25 Dz:g: a;\:;;r;:ic =30
Ja| ———— ———— —p . ° nl = {dl, d2, d4, d6, Geometrical difference = 1.0 Matching degree = 0.5
1 \ d7,d8, d9, d11, d12} | Sequential difference =0.5 | Geometrical difference = 1.0
| Sequential difference = 0.5
L=W L>H L>M
d1, d4, d5 n2
- - _ R o Design diversity = 0.416
HR / // n2 = {nl\dl, d4, d5} | Rule Prevalence = 0.25 Design abundance = 3.0
Sb - ° —Pp ° ° n2 = {d2, do, d7, d8, Geometf]ca].dlfference =10 Matching degree = 0.5
& k 9, d11,d12} Sequential difference =0.5 | Ge,metrical difference = 1.0
I T— Sequential difference = 0.5
L=W L<H L>M
dia4,do || n3
Design diversity = 0.5
HR // /fj n3 = {n2\d1, d9} Rule Prevalence = 0.25 D;sgn abuLnd:xXce 30
9b »|-o —p n3 = {d2, d6, d7, d8, | Geometrical difference = 1.0 | o hing degree = 0.333
\& ‘ ‘ ‘ %J ‘ ‘ ‘ dll1,di12} Sequential difference = 0.916| Geometrical difference = 1.0
Sequential difference = 0.638
L=W L<H L<M
o me
d2, d4 n4
Design di ity = 0.583
HR %T / = nd=(n3\d2,d4} | RulePrevalence=0.166 | pegtl ol 2 00R
3d > [g o n4 = {d6, d7, d8, Geomel.rica].difference =10 Matching degree = 0.375
N %J ‘ ‘ ‘ \\ [_J ‘ ‘ ‘ dil1,di2} Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.604|
D>H  D>M
) O
dl, d2, d3, d4, n5
de, d7, d8, d12
HR / = / I n5 = {nd\dl, d2, Rule Prevalence = 0.666 g:zg: ‘:“)‘uen';;f: ?2186
b oo > (@) d3, d4, d6, d7, d8, | Geometrical difference = 1.0 thcghir;g degree —04
R\ _ ‘ ‘ ‘ Q@QJ ‘ ‘ ‘ d12) Sequential difference = 0.333 G eurical difference = 1.0
n5 = {dl1} Sequential difference = 0.549
L=W L<H L<M
—— —— N N
ds, d11 n6
n6 = {n5\d8, d11} o
= n6 = Design diversity = 1.0
HR Kﬁﬁj Kfﬁ n6 = l{l?*] Rule Prevalence = 0.166 Design abundance = 3.5
21 kLJ‘ —p *_ Geometrical difference = 1.0| Matching degree = 0.333
¢ \ <= ‘ ‘ ‘ &J ‘ ‘ ‘ n6* = {m\d8, d11} | gequential difference = 0.833 Geometrical difference = 1.0
n6* = {d5, d6, d7, d9 Sequential difference = 0.597
Db<Dt Db>H  Di=M d10, d12}
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Rule Example 8: Hybrid design derivation - 9 Hybrid rules User gulde.gram.m ar| - Evaluation of the Evaluatllon of the
no. for a hybrid design rule design
d3,d9 nx
n7 = {n6\d3, d9} Design diversity = 1.0
% - Rule Prevalence = 0.166 Design abundance = 3.285
HR Kfﬁ} —p Kﬁ n7 = {0} Geometrical difference = 1.0 Mus[mhn : 3" anc; 0.285
6e n7 = n7% At © atching degree = 0.
&J ‘ ‘ ‘ %g‘ ‘ ‘ ‘ n7* = (m\d8, d11} Sequential difference =0.75 | Geometrical difference = 1.0
B ’ Sequential difference = 0.618
n7* = {d5', d6', d7',
d10', d11', d12}
do', di1' nx
; n8 = {n7\d9, d11 Design diversity = 1.0
HR Kﬁﬁ‘ /_‘7 8 = EQ} } Rule Prevalence = 0.166 Design abundance = 3.125
17e —p K& —ng* Geometrical difference = 1.0 | Matching degree = 0.25
&% ‘ ‘ ‘ \ 4 ‘ ‘ ‘ n8=n Sequential difference = 0.666| Geometrical difference = 1.0
n8* = {m\d8, d11} Sequential difference = 0.624
Db<Di Db>H Di=M n8* = {d5, d6, d7,
dl10, d12}
de6, d7, d9 nx
Design diversity = 1.0
Rule Preval =025 Design abundance = 3.111
HR %f% 9=0 Gz:mcrler;}cdale?l‘i:fefcrcncc = 1.0 | Matching degree = 0.222
3f %;ﬁf 7= Sequential difference = 0.0 | Geometrical difference = 1.0
Sequential difference = 0.555
D<H
— Example 8
Hybrid design - HR
No. of Hybrid Rules =9
Evaluation Criteria:
Diversity= 1.0
Abundance= 3.111
Matching= 0.222
Geometrical diff.= 1.0
Sequential diff.= 0.555
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12¢

HR
13b

HR
13¢

HR|_

d2, d3, d4,d
d7,ds, d12
|

d4,d9, d12

6.

1

|
Db>Dt Db<H Dt<M

Db<Dt

Db>H Di>M

n3 = {n2\d8, d9}
n3 = {dl, d2, d4, d6,
d7, d10}

Db<Dt Db>H DM

n4 = {n3\d2, d3,
d4, d6, d7, d8, d12}
n4 = {dl, d10}
nd = {@}

n4 = nd*

n4* ={m\d2, d3,
d4, d6, d7, d8, d12}
n4* = {ds, d9,dl1}

n5 = (nd\d4, d9, d12}
n5 = {dI', d10'})

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.833

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333|

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.833

Rule Example 9: Hybrid design derivation - 7 Hybrid rules User guide grammar  Evaluation of the Evaluation of the
no. for a hybrid design rule design
ds, d12 nl
|
| ] B nl = {n\d5, d12 D o Design diversity = 0.166
HR \ l:D — t : ! Rule Pruyalcnsc =0.166 Design abundance = 2.0
o S S > - nl = {dl, d2, d3, d4, | Geometrical difference = 1.0| o St t oS
la ! d6, d7, d8, d9, d10, | Sequential difference = 0.5 Geometr%ca]%lifferen‘ce =1.0
| | di1} Sequential difference = 0.5
|
D>H D>M
d3, dl1 n2
! . _ !
_ Design diversity = 0.333
HR l:D n2 = {nl\d3, d11} Rule Prcyalcn;c =0.166 Design abundance = 2.0
b L _ n2 = {dl, d2, d4, d6, |Geometrical difference = 1.0 Matching degree = 0.25
d7, d8, d9, d10} Sequential difference = 0.333 Geometrical difference = 1.0

Sequential difference = 0.416|

Design diversity = 0.5
Design abundance = 2.0
Matching degree = 0.166
Geometrical difference = 1.0
Sequential difference = 0.555|

Design diversity = 0.833
Design abundance = 3.25
Matching degree = 0.25

Geometrical difference = 1.0
Sequential difference = 0.499)|

Design diversity = 0.833
Design abundance = 3.2
Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.566|
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Sequential difference = 0.0

Rule Example 9: Hybrid design derivation - 7 Hybrid rules User gulde'gram‘m ar| - Evaluation of the Evaluatl'on of the
no. for a hybrid design rule design
dl', ds', de', n6
d7', d§'
! |
X - ) Design diversity = 0.916
|/ Z==\ n6 = [n5\d1, d5, d6, | Rule Prevalence =0.416 | pedien bindance = 3.5
19|~ _ l_ d7, d8} Geometrical difference = 1.0 Matching degree = 0.25
\“\ / n6 = {d10} Sequential difference = 0.583| Geometrical difference = 1.0
= Sequential difference = 0.569|
i i
L=W L<H L=M
ds, d9, d10 n7
| |
Design diversity = 1.0
HR R}“ Prevalence = 0.25 Design abundance = 3.428
6f - - nx =0 Geometrical difference = 1.0 Matching degree = 0.214

Geometrical difference = 1.0
Sequential difference = 0.487|

Example 9

Hybrid design - HR
No. of Hybrid Rules =7

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.428
Matching= 0.214
Geometrical diff.=1.0
Sequential diff.= 0.487
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Rule Example 10: Hybrid design derivation - 3 Hybrid rules User gulde.gram.mar Evaluation of the Evaluatllon of the
no. for a hybrid design rule design
d3, d7,d10 nl
| P — > — _ _ Design diversity = 0.25
HR ‘ ni : {g\ld%2d7d,4dldo5} CR;U]C Pr[uva]lugcfuf— 0'2‘5_ 10 Design abundance = 3.0
24| ———— ———— — > nl = {dl, d2, d4, d5, | Geometrical difference = 1.0} \p 1 hino degree = 0.5
} L d6, d8, d9, d11, d12} | Sequential difference =05 | Gooetrical difference = 1.0
| Sequential difference = 0.5
Lb=Wb Lt=Wt Lb>H Lt=M
dl', ds', d6', d7', d8' n2
P R 5 - Design diversity = 0.583
HR ﬁ gg dé;‘l\dl’ 45,46, I Rule Prevalence = 0.416 | Design abundance = 4.0
19 4} 5 Gcomc!‘nca]‘dlffcrcncc =1.0 Matching degree = 0.5
P LA n2 = {d2, d4, d9, Sequential difference = 0.583| Geometrical difference = 1.0
dil, d12} Sequential difference = 0.541]
L=W L<H L=M
d4, d9, d12 n3
[ Design diversity = 0.833
HR Yy AT Rule Prevalence = 0.25 Design abundance = 3.666
¢ —> n3=0 Geometrical difference = 1.0| Matching degree = 0.333
7 L NN N Sequential difference =0.0 | Geometrical difference = 1.0
Sequential difference = 0.361]
D<H
Example 10
Hybrid design - HR
= No. of Hybrid Rules =3
Evaluation Criteria:
Diversity= 0.833
Abundance= 2.666
Matching= 0.333
Geometrical diff.= 1.0
AT AV Sequential diff.= 0.361
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Rule Example 11: Hybrid design derivation - 6 Original rules User gulde'gram'm ar|  Evaluation of the Evaluatl'on of the
no. for a hybrid design rule design

d2, d8, d9, d12
- Design diversity = 0.333
HR nl = {n\d2, 8, d9, Rule Prevalence = 0.333 Diziiz al])\\llhnr;iui,cc =40
I di2} Geometrical difference = 1.0| Npatchine desree = 0.5
%a 1= {d1, d3, d4, d5. | Sequential difference = 0.75 t el differen,
nl = » 49, 4%, @), Sequential ditterence = 0.75 | Geometrical difference = 1.0
d6, d7,dl10,d11} Sequential difference = 0.75
d2, de, d7, d8
n2 = {nI\d2, d6, d7, Rule Preval 0333 Design diversity = 0.5
HR - o ds ule Prevalence = 0.3 Design abundance = 4.0
3¢ af—-—|-—pe —> n2)— (d1, d3, d4, d5 Geometrical difference = 1.0| Matching degree = 0.5
- 2570 B B2 ) Sequential difference = 0.5 | Geometrical difference = 1.0
d10,d11} Sequential difference = 0.625|
d2, d3, d6, d7, d8 n3
T n3 = {n2\d2, d3, Design diversity = 0.583
HR : i de, d7, d8} Rule Prevalence = 0.416 Design abundance = 4.333
1d > ° < &5 Geometrical difference = 1.0 Matching degree = 0.5
N i n3 = (dl, d4, d5, Sequential difference =0.5 | Geometrical difference = 1.0
N —1 d10, d11} Sequential difference = 0.583|
L=W L>H L>M
dl, d4, d6 n4
Design diversity = 0.5
HR n4 = {n3\dl, d4, d6} | Rule Prevalence = 0.25 Design abundance = 4.0
b nd = {d3',d5', d10, | Geometrical difference = 1.0| npyching degree = 0.375
diny Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.562|
L=W L> zor<H L>M
dl', ds', d6', n5
d7', d§'
_ Design diversity = 0.75
HR n5 = {n4\dl, d5, d6, |Rule Prc.va]cn.cc =0416 Design abundance = 4.2
12b d7, d8} Geometrical difference = 1.0 | Magching degree = 0.4

L>M

L=W L>, =or<H

d3,do9, d11

n5 = {d3,d10, d11}

n6 =0

Rule Prevalence = 0.25

Sequential difference = 0.0

Sequential difference = 0.583

eometrical difference = 1.0

Geometrical difference = 1.0
Sequential difference = 0.566|

Design diversity = 0.916
Design abundance = 4.
Matching degree = 0.3
Geometrical differenc 0

0
33

Sequential difference = 0.472

Example 11
Hybrid design - HR
No. of Hybrid Rules = 6

Evaluation Criteria:
Diversity= 0.916
Abundance= 4.0
Matching= 0.333
Geometrical diff.= 1.0
Sequential diff.=

.472
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Rule Example 12: Hybrid design derivation - 5 Hybrid rules User gulde.gram.m ar)  Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

d3, d10, d12 nl
o " lnl= {n\d3, d10. _ Design diversity = 0.25
’ 4 Rule Prevalence = 0.25 . L
HR R ’ . ® di2} Geometrical difference = 1.0) D(,:Slgt:l abundancu_— 30
10a N - nl = {dl, d2, d4, d5,| Sequential difference = 0.5 Matching degree = 0.3
- 5 B B q “ ~ 7 | Geometrical difference = 1.0
I dé6, d7, d8, d9, d11} Sequential difference = 0.5
L=W L>H L>M ° °
d1, d4, d6 n2
HR D n2 = {nl\d1, d4, d6}| Rule Prevalence = 0.25 gz::g: ;‘j‘(s‘iﬁ: 220
11b| —#—+—* —p {fete n2 = {d2, d5, 7, 8, Seometricar difference = |0 vparching degree = 0.25
d9, d11} equential difference = 0.5 | o metrical difference = 1.0
a— Sequential difference = 0.5
L=W L<H L>M
d9, d12 n3
Design diversity = 0.583
HR n3 = {n2\d9, d12} Rule Prevalence = 0.166 Design abundance = 2.666
20b n3 = {d2, d5, d7, d8, | Geometrical difference = 1.0 | Matching degree = 0.333
di1} Sequential difference = 0.916| Geometrical difference = 1.0
Sequential difference = 0.63:
D<H D<M 7779—’9T—7
d2', d3', d6', n4
d7',d8'
; Design diversity = 0.833
HR . % nd = {n3\d2, d3, d6, g‘”c P ‘“_"gfll“g_cf“‘fz 0416 | 0| Desien abundance = 3.25
11d > } d7, d8} S so"}ap?‘;.ﬁl srenci 6 9‘16 Matching degree = 0.25
\g n4 = {d5,d11} cquential difference = 0. Geometrical difference = 1.0
: Sequential difference = 0.70:
D>H  D>M ij
Design diversity = 0.916
. _ Design abundance = 3.2
Grometrcal diferenee = 10 Matching deree =03
n5=0 | Geometrical difference = 1.0

d2,d3,dl1

Db>Dt

Db<H

Sequential difference = 0.0

Sequential difference = 0.56

Example 12
Hybrid design - HR
No. of Hybrid Rules = 5

Evaluation Criteria:
Diversity= 0.916
Abundance= 3.2
Matching= 0.3
Geometrical diff.= 1.0
Sequential diff.= 0.566
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Appendix-C: Pairs of hybrid designs

C-1 Five pairs of hybrid designs composed of original rules (OR)

Rule Pair 1: Hybrid design derivation - 6 Original rules User gUIde‘gram.mar Evaluation of the Evaluat{on of the
no. for a hybrid design rule design
ds nl
_ | nl={n\ds}
: sity = 0.083
or I T e B - o
Geometrical difference = 0,916
—_—t— - ——— —p || e do, d7, d8, d9, d10, Heret Matching degree = 1.0
6a dil, di2} Sequential difference =05 | Geometrical difference = 0.916
’ Sequential difference = 0.5
D>H D>M
d4,d8 n2
_ — _ ) Design diversity = 0.25
oR m n2= (01N 08) i pevatence 0160 [DUER ey 2025
R o el > n2 = (d1, 2, d3, d6, | Geometricaldifference = 0.583| v i degree < 0.5
d7,d9,d10,d11,  |Sequential difference =0.333 | Geometrical difference = 0.749
d12} Sequential difference = 0.416

—emss Design diversity = 0.333
OR RN n3 = {n2\d9} Rule Prevalence = 0.083 Dosion bundance = 1.333
e —p |t n3 = {dl, d2, d3, d6, | Geometrical difference = 0.916 \pyching degree = 0333
¢ Ny ‘ ‘ ‘ ‘ d7,d10,d11,d12) |Seauental difference =0.833 | Geomerical difference = 0.805
: B s Sequential difference = 0.555

L=W LoLb Lb>H  LoM

=y —

[
Db<Dt Db3H Di<M

T O

d2, d3, d6, n4
d7,d8, d12
e R _ . Design diversity = 0.75
or| T N 4= (n3\d2, d3, | Rule Prevalence =0.5 Do e o s
- o > d6, d7, d8, d12} Geometrical difference = 0.416| Matching degree = 0.5
3b T g . ] . . | Sequential difference = 0.333 | s ol differenee —
N nd = {dI', d10, d11') Geometrical difference = 0.707
N = N Sequential difference = 0.499
D<H D<M i
dir n5
S S Rule Prevalence = 0083 Design diversity = 0.833
RN Y4 ule Prevalence = 0.083 Design abundance = 2.2
OR| fi77 7\ > i 5= {nd\d11} Geometrical difference = 0.583 yjorcbineg degres v 0.4
I5¢| 7% ¢ n5 = {dl1,d10} Sequential difference = 0.666 | gz e oo~
N ‘ ‘ ‘ ‘ \\ ‘ ‘ ‘ ‘ ={dL, q =0666 | Geometrical difference = 0.682
=l Sequential difference = 0.533
Db<Dt Db>H Dt<M
Design diversity = 0916
Design abundance = 2.0
Rule Prevalence = 0.083 Matching degree = 0333
n6=0 Geometrical difference = 0.916| Geometrical diff 0721
= dif =0 al dif = 0444
dl1 nx
= BN
OR 7 AP Pair 1
B Ny L
1f ‘ ‘ ‘ ‘ < ‘ ‘ ‘ ‘ N Hybrid design - OR
== No. of Original Rules =6

—

Evaluation Criteria:
Diversity= 0.916
Abundance= 2.0
Matching= 0.333
Geometrical diff.=0.721
Sequential diff.= 0.444
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. . . Lo . User guide grammar!| i Evaluation of the
Rule Pair 1: Hybrid design derivation - 10 Original rules g £ . Evaluation of the .
no. for a hybrid design rule design
® " — |nl={n\d5} Design diversity = 0.083
OR nl = {dl, d2, d3, d4, g“le P‘f_Valleg?fef:“-‘]83 0.916| Desien bundance = 1.0
| | _el— eometrical difference = 0. Matchi de =1.0
6 7 e ey O St 05|t <0916
Sequential difference = 0.5
d4, d8 PP
— — Design diversity = 0.25
OR m n2 = {nl\d4, d8} Rule Prevalence = 0.166 Design abundance = 1.5
IR I — 1 n2 = {dl, d2, d3, d6, | Geometrical difference = 0.583| Matching degree = 0.5
o d7, d9, d10, d11, Sequential difference = 0.333 | Geometrical difference = 0.749
di12} Sequential difference = 0.416
D<H D<M 7g7
d9 n3
! Design diversity = 0.333
T _ ) _ esign diversity = 0.333
OR . AN n3 = {n2\d9} Rule Pre}/fllen.ce‘:f().(?83 Design abundance = 1.333
e — e o n3 = {dl, 2, d3, d6, | Geometrical difference = 0.916) Ny ching degree = 0333
N ‘ ‘ ‘ ‘ d7,d10,d11, d12} | Seauential difference = 0833 | Geometrical difference = 0.805
B Sequential difference = 0.555
L=W LoLb Lb>H LM
d2, d3, d6, n4
d7,ds8, d12
TS, TS, Design diversity = 0.75
OR N ;f\\: n4 = {n3\d2, d3, Rule Prevalence = 0.5 Design abundance = 2.5
g o » i d6, d7, ds, d12} Geometrical difference = 0.416| \ g« hino deoree = 0.5
3b) T j P Sequential difference = 0.333 e
N *\ /‘ nd = {dl1, d10,d11} |4 227 | Geometrical difference = 0.707
D R Sequential difference = 0.499
D<H D<M
di1 nS
Toos n5 = {n4\d11} Design diversity = 0.833
o7 N N Rule Prevalence = 0.083 h
= Design abunda =22
OR| 77T, h n5 ={dl, d10} Geometrical difference = 0.583| Njorchineg doaros < 0.4
14c ! ’ n5={@} Sequential difference = 0.833 | gy norors oooree =
:x\j/’/ ) q = Geometrical difference = 0.682
N e = n5 =n5* Sequential difference = 0.566
5
Db<Dt Db>H Dt<M n5 { m\d11 }
n5* = {d2, d3, d4,
ds, d6, d7, d9, d12}
n5* = (@}
N - n5* = n5**
n5%* = {n\(n5+n5%)}
n5%* = {d8, d11}
di1 n6
n6 = {n5\d11} Rule Preval 0083 ges?gn d'ijvergity = (].23(?
_ ule Prevalence = 0.083 esign abundance = 2.
OR n6 = {dl, d10} Geometrical difference = 0.916| Matching degree = 0.333
de n6 = (@} Sequential difference = 0.75 | Geometrical difference = 0.721
n6 = n6* Sequential difference = 0.597
n6* = {m\d11}
n6* = {d2, d3, d4,
ds, d6, d7,d9, d12}
n7 = {n6\d2}
- Design diversity = 0.833
OR n7 = {d1, d10} Rule Prevalence =0.083 Design abundance = 1 857
T [ n7 = {0} SGeomel('lc;‘gbcflflfferencEg2.833 Matching degree = 0.285
45 n7 =n7* equential difference = 0.5 Geometrical difference = 0.737
n7* = {m\d2} Sequential difference = 0.583
Db<Dt Db>H Dt=M n7* = {d3, d4, d5,
d6, d7, d9, d12}
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. . . Lo - User guide grammar| i Evaluation of the
Rule Pair 1: Hybrid design derivation - 10 Original rules g grami Evaluation of the .
no. for a hybrid design rule design
n8 = {n7\d9}
n8 = {dl'. d10' el Design diversity = 0.833
OR g = {Q ’ ! R‘fl“ P““v‘?lmv“ =0, 02?3 Design abundance = 1.75
6d n8 = {D} Geometrical diffe =075 | Magching degree
n8 = n8&* Sequential difference =0.833 | 5.0 arrical diff =0.739
n8* = {m\d9} Sequential difference = 0.635

D>H D>M

n8* = {d3', d4', d5',
de', d7',d12'}

n9 = {n8\d3}
n9 = {dl, d10}

nl0=0

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference = 0.916

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference = 0

Design diversity = 0.833

Geometrical differ
Sequential difference = 0.666

Design diversity =0.916
Design abundance = 1.6
Matching deg 2
Geometrical difference = 0.774
Sequential difference = 0.599

Pair 1
Hybrid design - OR
No. of Original Rules = 10

Evaluation Criteria:
Diversity= 0.916
Abundance= 1.6
Matching= 0.2
Geometrical diff.= 0.774

Sequential diff.= 0.599
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Rule

Pair 2: Hybrid design derivation - 6 Original rules

User guide grammar|

Evaluation of the

Evaluation of the

Evaluation Criteria:
Diversity= 0.75
Abundance= 2.166
Matching= 0.333
Geometrical diff.= 0.735
Sequential diff.= 0.388

no. for a hybrid design rule design
d12 nl
nl = {n\d12} Design diversity = 0.083
_ Rule prevalence = 0.083 Design abund: =1.0
OR . m nl= (dl’ d2,d3, d4, Geometrical difference = 0.916 eSIgn avun ance_ N
Ta > o Y d5. d6. d7. d8. do nea; © Matching degree = 1.0
, do, d/, ds, d, Sequential difference = 0.5 Geometrical difference = 0.916]
d10,d11} Sequential difference = 0.5
D>H D>M —
d3, d11 n2
OR E n2={n\d3,d11} | Ry prevatence = gcs?gu dlijvcr:ily N 0'2155
_ NS esign abunda E
5b e | & > S n2 = {dl, d2, d4, d5, Geometrical diff . Matching degree = 0.5
d6, d7,d8, d9, d10} |Sequential differen -333 | Geometrical difference = 0.833)
Sequential difference = 0.416
Db>Dt  Db<H Dt<M
d4 n3
Design diversity = 0.333
n3={n2\d4} | Rule Prevalence = Dﬁiiii: e o a3
orR| /77N N n3={d1, d2, dS, d6, | Geometrical di Matching degree  0.333
8¢ V b \ )/ d7,d8, d9, d10} |Sequential difference =05 | Geometrical difference = 0.833
Sequential difference = 0.444
D>H D>M
d3, d6, d7, n4
dg
OR n4 = {n3\d3, d6, Rule Prevalence = 0.333 Design dwcrs:ly :0'2_803
OR| 070 —» a7, ds} 5
v n4 = {dl, d2, d5, d9, Geometrical difference = 0.77
d10} Sequential difference = 0.458
D>H D>M
ds', d6', d7' n5
,d8'
Design diversity = 0.666
OR n5 = {nd\dS, d6, d7, |Rule Prevalence = 0.333 Desige ebroriare =24
3b ds} Geometrical difft 0416 \aiching degree = 0.4
n5={dl,d2,dg, |Sequentialdifference =05 | Geometrical difference = 0.699
d10} Sequential difference = 0.466
D<H D=M
— Design diversity = 0.75
Rule Prevalence = 0.083
6=0 Geometrical difft e=0.916
d2 n6 no = Sequential difference = 0 Geometrical difference = 0.735
Sequential difference = 0.388
AN
) (N
N\
I
. Pair 2
Db>Dt  Db<H Hybrid design - OR
i i No. of Original Rules =6
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. . . s . User guide grammar| i Evaluation of the
Rule Pair 2: Hybrid design derivation - 10 Original rules g gram Evaluation of the .
no. for a hybrid design rule design
di2 nl
nl = {n\d12} Design diversity = 0.083
OR E nl = {d1, d2, d3, d4 Rule Prevalence = 0.083 Design abundance = 1.0
2 o —eo » e B0, L Geomeuv'lcalvdlllerence =0.916| Matching degree = 1.0
a ’ d5, d6,d7,d8,d9, | Sequential difference =0.5 | Geomerical difference = 0.916
d10,d11} Sequential difference = 0.5
D>H D>M
d3,dll n2
= Design diversity = 0.25
n2 = {nl\d3,d11} Rule Prevalence = 0.166 oven wersf Y
OR N " Design abundance = 1.5
b e | o > S n2 = {dl, d2, d4, d5, Geometrical difference =0.75 Matching degree = 0.
d6, d7, d8, d9, d10} | Sequential difference =0.333 | oo meqrical difference = 0.833
Sequential difference = 0.416
Db>Dt  Db<H Di<M
d4 n3
n3 = {n2\d4} Design diversity =
OR ,\ ,’ \\ n3 = (d1, 2, d5, d6 Rule Prevalence=0.083 | pegion abundance = 1.3
3 —p - s o 2 B Geometrical difference=0.83BMatching degree = 0.333
C d7,d8, d9, d10} ial diff - ical di Z
» ds, d3, Sequential difference=0.5 | Geometrical difference = 0.833
Sequential difference = 0.444
D>H  D>M
d3, d6, d7, n4
ds
_ Design diversity = 0.583
n4 = {n3\d3, d6. = 5
OR| 77N Ra= O3 d6. | e 2033 {Desien sntncs =20
4d —p B S ‘al it 05 Matching degree = 0.5
\ } n4 = {dl, d2, d5, d9,| >eduential difference = 0. Geometrical difference = 0.77
+ d10} Sequential difference = 0.458
D>H  D>M
d2, d3, de, nS
d7,ds, d12
+ + = Design diversity = 0.666
5= (nd\d2,d3, | gyje prevatence =0.5 o abanda
OR Ao Design abundance = 2.8
N > $ d6,d7,d8, d12} | Geometrical difference = 0416 ypyy ching degree < 0.6
U n5={dl,d5,d9, |Sequentialdifference=0.333 | Geomenical difference = 0.699
d10} Sequential difference = 0.433
D<H DM
d9 nx
‘ Design diversity = 0.75
or| (/7R fxs n6 = {n5\d9} Rule Prevalence =0.083 | pesign abundance = 25
B —> n6 = {d1. d5, d10 niea quterence = . "% Matching degree = 0.5
e $ b {d1, d5, 10} sequentia diference = 0.833 | Geometriat difterence = 0.735
Sequential difference = 0.499
L=W LoLb Lb>H LoM
e e —
. S [
di1, d4 nx
Design diversity = 0.833
OR P RN ﬁ\ n7 = {n6\dl, d4} Rule Prevalence = 0.166 D::;E: alln‘:nenr;;x);ce =2.285
/ 5 ' Zf)j\, - ? Geometrical difference = (.833] Matchine d =0.428
tb N ] n7 = {d5, d10} Sequential difference = 0.5 aching degree = 0.
Ny b > a =0- Geometrical difference = 0.749
Sequential difference = 0.499
L=W L<H L>M
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n9* = {m\d10}

Sequential difference = 0.5

Appendix Appendix-C
Rule Pair 2: Hybrid design derivation - 10 Original rules User gunde.gram.m ar|  Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

ds5 nx
f\ f Rule Prevalence = 0.083 Design diversity = 0.916
= = ule Prevalence = (). aci 5 o=
N s — ool 8 = {n7\d5} Geometrical difference = 0,583 by on iPundance =223
7b 2 8={dl0} Sequential difference = 0.5 aiching degree =
L b7} n equential difference =0. Geometrical difference = 0.728
Sequential difference = 0.499
D>,=or<H D>M
d1o' nx
n9 = {n8\d10}
n9= o Design diversity = 1.0
OR ?’Zij 9= {g*] Rule Pruyalun.c%‘— 0.083 Design abundance = 2.111
13b 16 b nYy =n Geometrical difference = 0.7. Matching degree = 0.333
L< Geometrical difference = 0.73

Db<Dt

Db<H

n9* = {dl, d2, d5,
do}

nx =0

Rule Prevalence = 0.083
Geometrical difference = 0.916|
Sequential difference = 0

Sequential difference = 0.499

Design diversity = 1.0

Design abundance = 2.0
Matching degre
Geometrical difference = 0.749
Sequential difference = 0.449

Pair 2

Evalua

Abund:

Hybrid design - OR
No. of Original Rules = 10

Diversity= 1.0

Matching= 0.3
Geometrical diff.= 0.749
Sequential diff.= 0.449

tion Criteria:

ance= 2.0
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Appendix Appendix-C
Rule Pair 3: Hybrid design derivation - 6 Original rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design

d6 nl
*'m'* nl = {n\d6} Rule Preval 0083 Design diversit y= 0.083
- ule Prevalence = 0.4 Desi bundance = 1.0
OF [ » Z; d;d:léddzédg’lgé‘ ’Geometrical difference = 0.916) Mb_;llﬁ:;g :Zg:na_ 1.0
4a . — — D 70 BT B | Sequential difference =0.5 | Geometrical difference = 0.916|
di1, d12} Sequential difference = 0.5
d3 n2
*'T7 iT* Design diversity = 0.166
OR Q*$ n2={nl\d3} Rule Prevalence = 0.083 Dt::i: al‘:v‘utra:r)x’c
» nl = {dl, d2, d4, d5,Geometrical difference = 0.916| Matching degree
4b d7, d8, d9, d10, d11}Sequential difference =0.5 | Geometrical difference = 0.916
di2} Sequential difference = 0.5
Db>Dt Db<H Di=M — —= —
d2, d3, do, n3
d7,ds, d12
Design diversity = 0.5
or| [ RN 3= (122, 03,46, pue prince 05| DS e 205
3b —p d7,ds, d12} Geometrical difference = 0.416| Matching degree = 0.666
n3 = {dl1, d4, d5, 9| Seauential difference =033 | Geometrical difference = 0.749)
d10,d11} Sequential difference = 0.444
D<H DM — —
< I
n4 = {n3\d11}
di1 n4 n4 = {dl', d4', d5',
d9', d10'}
nd = {0} Design diversity = 0.583
OR O’% %% n4 = n4* Rule Prevalence = 0.083 Design abundance = 2.25
14 < > > nd* = {(m\d11} Gcomcu.'ic .q%ffcrcncc =0.583 Matching degree = 0.5
¢ 4% = {d2', 46, d7" Sequential difference = 0.833 | Geometrical difference = 0.707
38' (;12'] ’ ’ ’ Sequential difference = 0.541
Db<Dt Db>H Di=M —- — n4’; = pd#*
. _ n4** = {n\(n4+n4*)
nd** = {d3'}
d3' n5
Design diversity = 0.583
ox| [ Zaa) 5= fna) SO [ et
. > n5 = {dl, d4, d5, ference = 0.916 Matching degree = 0.4
€ _ . d9, d10} Sequential difference =0.916 | Geometrical difference = 0.749)
= Sequential difference = 0.616
D>H  D=M
Design diversity =0.75
Desi, bund: =20
Rl Prevaence <0166 | Lcugh dbundane =2
n6=0 Geomel?ical»difference =0.833| Geometrical difference = 0.763
Sequential difference = 0 Sequential difference = 0.513
ds, d10 n6
OR % % > % % ﬁ[ Pair 3
5f Hybrid design - OR
S S No. of Original Rules =6
D>H
o o Evaluation Criteria:
Diversity= 0.75
Abundance= 2.0
Matching= 0.5
Geometrical diff.= 0.763
Sequential diff.= 0.513
0
N
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Appendix Appendix-C
Rule Pair 3: Hybrid design derivation - 10 Original rules User gunde.gram.m ar| - Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

dé nl
- F— | nl = {n\d6} Design diversity = 0.083
OR nl = (dl, d2, d3, d4,| Rule Provalence = 0.083 ' | Design abundance = 1.0
R > eometrical difference = 0.916) i -1.0
4a _ | d5.d7.d8,d9, d10, | sequential difference =0.5 | Qs Sireren
dll, di2} Sequential difference
d3 n2
- T - Design diversity = 0.166
OR @*§ n2 = {nl\d3} Rule Preya]en_ce =0.083 Design abundance = 1.0
o > nl = {dl, d2, d4, d5,| Geometrical difference = 0.916| Marching degree = 0.5
d7, d8, d9, d10, d11,| Sequential difference =0.5 | Geometrical difference = 0.916
dl 2} Sequential difference = 0.5
Db>Dt Db<H Di=M 7A m
d2, d3, de, o n3
d7,ds8, d12
Design diversity = 0.5
or| K2 O n3= (022, d3, | Rute revatence = Dancn s 2666
3b ’ de6, d7, ds8, d12} GCUI’I‘ACU.'ICLIl.dlrfL =0416 Matching degree = 0.666
n3 = {dl, d4, d5, d9,| Sequential difference =0.333 | Geometrical difference = 0.749)
d10,d11} Sequential difference = 0.444
D<H D<M
—— >—— B -
d4 n4
n4 = {n3\d4} N
Design diversity = 0.583
OR &% QC;% n4 = {dl, ds, d9, Design abundance = 2.25
3 —p i d10,d11} Matching degree = 0.5
¢ n4 = {@} Geometrical differen
n4 = n4* Sequential difference
- D>H  D>M nd* = {m\d4}
n4* = {d2, d6, d7,
. | d8,d12}
d3, d6, d7, n5
d8
Design diversity = 0.583
or| K7 R% ¢ 3} 05 = {nd\d3, de, Do s 3
4d ! —p ) d7, d8} Matching degree = 0.6
@& && ns = {dl, ds, d9, Gcomcn.'ical.dil'l'crwcc =0.732
d10,d11} Sequential difference = 0.466
D>H  D>M
@ ne n6 = (n5\d9}
n6 = {dl, d5, d10, o
Design diversity = 0.666
OR 2 3§ ﬁ% di1} Rule Prevalence = 0.083 2333
L —» [ né = (@) Geometrical difference = 0.583 5
12b n6 = n6* Sequential difference =0.916 | Geometrical difference = 0.707
n6* = {m\d9} Sequential difference = 0.541
D<H D<M n6* = {d2, d4, d12}
g - 7775—%77
o e
d2 n7
OR ﬁ% % N n7 = {n6\d2} gu]e Preyal]ex;?{ef: 0.083 0583
> th B! 7 = {dl, d5, d10, jeometrical difference = 0.583| Matching deg;
2 D ; gl 1} { Sequential difference = 0.833 | Geometrical difference = 0.69
Sequential difference = 0.583
D>H  D>M
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Appendix Appendix-C

. . . N .. ser guide grammar| i Evaluation of the
Rule Pair 3: Hybrid design derivation - 10 Original rules User gui 8 . Evaluation of the valuati
no. rule
for a hybrid design 1 design
N ———
i aga il
dil n8
n8 = {n7\d11}
n8 = {d1'. d5". d10' Design diversity = 0.75
OR %3% %ﬁ g = {Q T ! Rule Prevalence =0.083 Design abundance = 2.0
1 A > n8 = {@} Geometrical difference = 0.916 Matching degree = 0,375
© n8 = n8* Sequential difference =0.75 | Geometrical difference = 0.718
n8* = {m\dl 1 } Sequential difference = 0.604
n8* = {d4', d12', d9'
D>H D<M ’
- . TP IR
oo i aga il
do' n9
%ﬁ %ﬁ Design diversity = 0.75
n9 = {n8\d9 Rule Prevalence =0.083 Design abundance = 1.888
103R o §d1 dS} 410} Geometrical difference = 0.916| Matching degree = 0.333
c - [ Sequential difference = 0.666 | Geometrical difference = 0.74
Sequential difference = 0.61
Db>Dt Db>H Dt=M
B A v - -
ool
ds, d10 nl0
OR %ﬁ %ﬁ Rule Prevalence = 0.166 s .
f Geometrical difference = 0.833| Nachi core
> nl0=0 i 3
st Sequential difference = 0 Geometrical difference = 0.749
Sequential difference = 0.549
£\ )

Pair 3
Hybrid design - OR
No. of Original Rules = 10

Evaluation Criteria:
Diversity= 0.916
Abundance= 1.9
Matching= 0.3
Geometrical diff.= 0.749
Sequential diff.= 0.549
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Appendix

Appendix-C

. . . S .. ser guide grammar i Evaluation of the
Rule Pair 4: Hybrid design derivation - 6 Original rules U gude g . Evaluation of the valuaty
no. for a hybrid design rule design
d3, d10 nl
- Design diversity = 0.166
OR _ _ [ nl={n\d3,dl0} | Ryl prevalence =0.166 Design abundance = 2.0
S —p P ’y D nl = {dl, d2, d4, d5, | Geometrical difference = 0.583| Matching degre |
3a d6, d7,d8,d9, dl1, |Sequentialdifference=0.5 | Geometrical difference = 0.583
d12} Sequential difference = 0.5
L=W L>H L>M
dl, d4 nx
OR o o n2 = {nl\dl, d4} Rule Prevalence =0.166
P ° ’ n2 = {d2, d5, d6, d7, Geometrical difference = 0.833)
b ‘ ‘ d8, do, d11, d12) Sequential difference = 0.5 1 difference = 0.708
U Sequential difference =0.5
L=W L<H L>M
di2 nx
Design diversity = 0.416
OR )_/xk n3 = {n2\d12} Rule Prevalence = 0.083 Design abundance = 1.666
» Z _ Geometrical difference = 0.916| Matching degre .333
14b ‘ ‘ L\/_( ‘ ‘ n3 = {d2, ds, do, d7, Sequential difference = 0.5 Geometrical difference = 0.777
dg, d9,d11} Sequential difference = 0.5
D<H D>M - >
d2, d3, de, n4
d7, d8, d12
_ Design diversity = 0.75
OR )—/i nd = {n3\d2, d3, Rule PIEYEIEHF?‘: 0.5 Design abundance = 2.75
3b & | & —p d6, d7, d8, d12} Geometrical difference = 0.416| Matching degree = 0.5
L ‘ ‘ ‘ ‘ nd = {d5', d9', d11'} |Seauential difference =0.333 | Geometrical difference = 0.687
Sequential difference = 0.458
D<H ' D<M . o
dir nS
Design diversity = 0.833
OR n5 = {nd\d11} Rule Prevalence = 0.083 s 24
» - — 15 = {ds, d9} Geometrical difference = 0.583 Matching degre .4
15¢ ‘ ‘ ‘ ‘ R Sequential difference =0.666 | Geometrical difference = 0.666
Sequential difference = 0.499
Db<Dt Db>H DM
Design diversity = 0.916
Design abundance = 2.166
Rule Prevalence = 0.083 Matching degre 5
n6=0 Geometrical difference = 0.916 Geometrical difference = 0.707
Sequential difference =0 Sequential difference = 0.416
d9 nx
OR 2T 20N [ Pair 4
st | 16 j\ —> \&} Hybrid design - OR
Nz ‘ ‘ ‘ ‘ No. of Original Rules =6
D<H
. ,7 Evaluation Criteria:
Diversity= 0.916
v Abundance= 2.166
Matching= 0.5
Geometrical diff.= 0.707
Sequential diff.= 0.416
0
L] L]
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Appendix Appendix-C

. . . I .. ser guide grammar i Evaluation of the
Rule Pair 4: Hybrid design derivation - 10 Original rules User g gram Evaluation of the .
no. for a hybrid design rule design
d3,d10 nl
nl={n\d3,d10} IRyl prevalence = 0.166 pesien diversity = 0,166
OR — — nl = {dl, d2, d4, d5, G YAt e Design abundance = 2.0
T I\ ° ° = > d2, d4, dO,| Geometrical difference = 0.583| Matching degree = 1.
3a d6,d7,d8, d9, d11, |Sequential difference=0.5 | Geometrical difference = 0.583
di2} Sequential difference = 0.5
=W L>H L>M
dl, d4 nx
- Design diversity = 0.333
OR — — n2={nl\dl, d4} Rule Prevalence = 0.166 Dcsiiu abuudmz 0
o i B ., 02 = A2, 45, d6, 07 Geometrical diference 0853 b undance =
1b ‘ ‘ d8,d9,d11,d12}  |Sequential difference=0.5 | Geometrical difference = 0.708
Sequential difference = 0.5

L=W L<H L>M

d12 nx

Design diversity = 0.416
OR )_/Lk n3 = {n2\d12} Rule Prevalence = 0.083 Design abundance = 1.666
14b ‘ ‘ —> ij ‘ ‘ n3 = {d2, d5, d6, d7 Geometrical difference = 0.916| Matching degree = 0.333

Sequential difference = 0.5 Geometrical difference = 0.777,

dg, d9, d11} Sequential difference = 0.5
D<H DsM < >
d2, d3, do, n4
d7,ds, d12
Design diversity = 0.75
OR Fanl 04 ={n3\d2,d3,  |Rule Prevalence = 0.5 Design abundance = 2.75
b PREPY —» d6,d7,ds, d12} Geometrical difference = 0.416| Matching degree = 0.5
L ‘ ‘ nd = {d5,d9, d11) |Sequential difference =0.333 | Geometrical difference = 0.687
Sequential difference = 0.458

D<H D<M —

L=W LiLb Lb>H LDMW

do n5
Design diversity = 0.833
OR it n5 = {nd\d9} Rule Prcvalcu@ =0.083 Design abundance = 2.4
e ' % % 05 = {d5 a1 1] GC\)mCll.'ICill.dlrrCl’CH Matching degree = 0.4
‘ ‘ S ’ Sequential difference Geometrical difference = 0.732
Sequential difference = 0.533
ds n6
Design diversity= 0.916
OR FYQ — n6 = {n5\d5} Rule Prevalence = 0.083 Design abund: 2.166
N ; \ n6 = {dl1} Geometrical difference = 0.583| Matching degree
b a2 ’ N Sequential difference = 0.5 | Geomerical difference= 0.707
e= —= Sequential difference= 0.527
D>H  D>M «E»
d3,dl1 nx
? n7 = {n6\d3, d11}
n7={@}
n7 =n7* Rule Preval 0.166 Design diversity = 1.0
OR AR n7* = {m\d3, d11 ule Prevalence =0.10 Design abundance
b —p» 7% = (dl > d4] Gcomcl. .dll'l'crcn Matching degree
DA ‘ ‘ ‘ ‘ n7%={dl,d2,d4, |sequential difference Geometrical difference = 0.713
ds, dé6, d7, d8, d9, Sequential difference = 0.499
Db>Dt DbcH DiM d10}
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Appendix-C

Appendix
Rule Pair 4: Hybrid design derivation - 10 Original rules User gunde.gram.mar Evaluation of the Evaluatl.on of the
no. for a hybrid design design
& n8 = {n7\d2}
nx n8 = {@D}
| n8 =n8* Desian diversity = 1.0
OR = n8* = {m\d2} Rule Prevalence = 0.083 Desien e o0
1 > - n8* = {dl', d4', d5', |Geometrical difference = 0.833| Matching degree = 0.375
e 2 de',d7',dg8', d9', Sequential difference =0.5 | Geometrical difference = 0.728
d1o', d11'} Sequential difference = 0.499
Db<Dt Db>H Dt=M n8* = (@}
n8* = n8**
n8** = {n\(n8+n8*)
. S T 8B | n8**={d2',d3',
d12'}
d2' n9
n9 = {n8\d2}
n9 = {@} Design diversity = 1.0
OR n9 = n9* Rule Prevalence = 0.083 Design abundanc
_ » _ » Geometrical difference = 0.75 | Matching degree
3d ‘ ‘ ‘ ‘ n9% = {m\d2} Sequential difference = 0.916 | Geometrical difference = 0.731
n9* = {dl, d4, d5, Sequential difference = 0.546
de, d7, d8, d9, d10,
di1}
d4,d12 nl0
! Rule Preval 0.166 Design diversity = 1.0
OR Fﬁ ule Frevalence = (). Design abundance = 1.9
_ » _ — Geomel{lca]»dlfference =0.833 Matching degree = 0.3
“ ‘ ‘ ‘ ‘ nio=0 Sequential difference = 0 Geometrical difference = 0.741
Sequential difference = 0.491
|
D<H
= R Pair 4
Hybrid design - OR
— No. of Original Rules = 10
Evaluation Criteria:
Diversity= 1.0
Abundance= 1.9
Matching= 0.3
Geometrical diff.= 0.741
Sequential diff.= 0.491
|
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Appendix Appendix-C
Rule Pair 5: Hybrid design derivation - 6 Original rules User gulde.gram.mar Evaluation of the Evaluatl.on of the
no. for a hybrid design rule design

d7 nl
. S nl = (n\d7) Rule Provalence = 0,083 Design diversity = 0.083
=0.083 D bundance = 1.0
o [ R o L LV | 1= (41 d2, d3, 04, Geometricl ditference ~0916] Vo seg
5a K/' ds, d6, d8, d9, d10, |Sequential difference = 0.5 ~0916)
di1,d12} Sequential difference = 0.5
L=W D<L L>H D=M
di2 n2
7 - n2={ni\d12} Rule Prevalence = 0.083 Design diversity =0.166
OR _ S e Design abundance = 1.0
14b /\ » fmﬁ n2 = {d1, d2, d3, d4, SGeomelnc]a; ;lflfferencfagylﬁ Matching degree = 0.5
N4 N d5, d6, d8, d9, d10, |Sequential difference =05 | ooy ical difference = 0,916
dl1} Sequential difference = 0.5
D<H D>M = =
d9 n3
n3 = {n2\d9%} Rule Prevalence = 0.083 Design diversity =025
R LT3 > 1 03 = {d1, 42, d3, 04, Geometnicl e - 0.583 DESEn abundane = L0
WQJ 1&%7 d5, d6, d8, d10, d11}| Sequential difference = 0.916 | ¢y oo "0e “r8 0805
Sequential difference = 0.638
- - D<H D<M —e— -
d3, d6, d7, n4
d8
nd = {n3\d3, d6, d7, _ Design diversity = 0.5
OR =y d8) { e Prvalence =0.333 | sg| Design abundan
4d —p ® s ‘eon?elx_'?cla”(l‘ e‘re?‘cf 6 5' ~| Matching degre
%y] nd = {d1, d2, d4, d5, | Sequential difference =0. Geometrical dif
d10,d11} Sequential difference = 0.604
D>H D>M
ds', d6', d7', n5
a8’ n5 = {nd\ds, d6, Desien divensts - 0583
d7, d8} Rule Prevalence = 0.333 csign diversity = 0.
7R > A Design abundance = 2.2
OR /? \%\ > 1LY nS = (d1, d2, dd, d10| Geometrical diference =0.416 1L o
\ﬁy (&J] di1} cquential difference =0. Geometrical difference = 0.682
Sequential difference = 0.583
D<H | D=M
Design diversity = 0.666
Design abundance = 2.166
Rule Prevalence = 0.166 Matching degree = 0.5
n6=0 Geometrical difference = 0.833| Geometrical difference = 0.707
d3, di1 6 B Sequential difference =0 Sequential difference = 0.486
3, n
x| | Py .
K&J R&J Pair 5
(T Hybrid design - OR
D<H No. of Original Rules =6
= Evaluation Criteria:
Diversity= 0.666
Abundance= 2.166
P Matching= 0.5
Geometrical diff.= 0.707
Sequential diff.= 0.486
0
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Appendix Appendix-C
. . . n .. ser guide grammar| i Evaluation of the
Rule Pair 5: Hybrid design derivation - 10 Original rules User gui gram Evaluation of the valuati
no. for a hybrid design rule design
d7 nl
/ v | ni=(na7) Rule Prevalence = 0.083 Design diversity =0.083
o3 Design abundance
ORf | /N nl = {dl, d2, 3, d4,| Geometrical difference = 0916| Matching degree = I
Sa ’ N4 ds, d6, d8, d9, d10, | Sequential difference =0.5 | Geometrical difference = 0.91
di1,d12} Sequential difference = 0.5
L=W D<L L>H D=M
di2 n2
OR 7 - n2 = {nl\d12} Rule Prevalence = 0.083 Desian diversity =0.166
f \ > ﬂ.ﬂ B.Q n2 = {d1, d2, d3, d4, | Geometrical difference = 0.916| - 5 2oundance =
14b \ Sequential difference = 0.5 Matching degre S
PN R ds, d6, d8, d9, d10, | Sea =05 | Geometrial difference = 0.914
dl1} Sequential difference = 0.5
D<H D>M = ol
d9 n3
n3 = {n2\d9} Design diversity= 0.25
Rule Prevalence = 0.083 .
OR £ N n3 = [d1, d2, d3, A4, | Geometrialdiference =0.583 P APUdances Lo,
L Wt d5, do, d8, d10, d11}) Sequential difference =0.916 | Goometrical difference=0.805
Sequential difference= 0.638
D<H D<M *'T.—.T'*
- =
o i
d3, de6, d7, n4
ds
_ Design diversity = 0.5
OR Ve 04 = {n3\d3, d6, 7. | Ryle prevalence =0.333 | Design abundance = 1.75
d I\ ds} Geometrical difference = 0.583 Matching degree = 0.5
’ \T\tz‘}) n4 = {dl, d2, d4, d5, | Sequential difference =0.5 | Geometrical difference = 0.74
d10,d11} Sequential difference = 0.604
D>H D>M < >
d4, d8 n5
or| [y Y 05 = (nd\d4, d8} | Rule Prevalence = 0.166 gt:g: diversity =0.
2 7 - Geometrical difference = 0.583| LCSig™
6b N/ > N 05 =1{d1,d2,d5, | g0 ential difference = 0333 | Maching degre
R‘\*\;ﬁj ‘\j d10,d11} q ~ 777 | Geometrical d
’ Sequential difference = 0.549
D<H D<M
d2 n6 n6 = {n5\d2}
n6 = {dl, d5, d10, L
o e a0 [Reree-nm | Pt e 200
ﬁ ﬁl > Geometrical difference =0.833 en ;
Tc xﬁ/ n6 = (@} Sequential difference = 0.5 Matching degree =0.333
kj A n6 = n6* quentia : Geometrical difference = 0.733)
n6* = {m\d2} Sequential difference = 0.541
Db<Dt Db>H Di=M n6* = {d3 d4., dé.
, d4, do,
771%\:5”7 d9, di2}
d9 n7
_ o Design diversity = 0.666
OR an ﬁ% n7 = {n6\d9} (R]u::np";‘:ﬂl[bzb&_(ongss— 0,75 | Design abundance = 1.
6d —Pp n7 = {dl, d5, d10, Sf ‘\;1"11 d'l'l"‘rﬁnbc‘iBXSS Matching degree = 0.
it Q’Sﬁﬁ di1} equential ditference =0 Geometrical difference = 0.737
Sequential difference = 0.583
D>H D>M
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Appendix Appendix-C
Rule Pair 5: Hybrid design derivation - 10 Original rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design

dit n8 n8 = {n7\d11}
—1dl' d5' . Design diversity = 0.75
OR ﬁ% E\‘h n8 _ {dl’,d5', d10'} Rule Prevalence = 0.083 D;;:é: a;;:‘;‘al:ce =15
—| n8 = {Q] Geometrical difference = 0.916) Matching degree = 0.25
de %fﬁ & n8 = n8* Sequential difference = 0.75 | Geometrical difference = 0.76
n8* = {m\d11} Sequential difference = 0.604
ott D n8* = {d2', 3, d4',
de', d12'}
d4', d12' n9
) Design diversity=0.75
- Rule Prevalence = 0.166 !
el - %}1 — %?@ ng _ {3?\(345 (111120} Geometrical difference = 0.833 ﬁ?&'ﬁl’? f‘b:“‘df\"\{
% & _/] 19 = {d1. d5. 10} Sequentia difference=0.666 Gioometiicel Tifferences 0768
Sequential difference=0.61
D>H  D>M
d5, d10 nl0
Rule Prevalence = 0.166 Design diversity = 0916
Osl; | } i @3} nl0=0 Geometrical differex;ce =0.833| Design abunday _12'6
- Sequential difference = 0 —0.774
Sequential difference = 0.549
D>H
- - Pair 5
Hybrid design - OR
No. of Original Rules = 10
! Evaluation Criteria:
WA
R Diversity= 0.916
Abundance= 1.6
Matching= 0.2
P Geometrical diff.= 0.774
Sequential diff.= 0.549
0
A n
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Appendix-C

C-2 Five pairs of hybrid designs composed of hybrid rules (HR)

. . . s . User guide grammar| i Evaluation of the
Rule Pair 1: Hybrid design derivation - 6 Hybrid rules g £ . Evaluation of the .
no. for a hybrid design rule design
de, d7 nl
- - - Design diversity = 0.166
- VU s rpese o | Do ey =0
JE — nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 y hing d ~0o S.
2a d5, d8, d9, d10, 11, | Sequential difference = 0.5 | pororing degree =0-
) B0 B § » [Pequential ditlerence = 0. Geometrical difference = 1.0
d12} Sequential difference = 0.5
L=W D<L L>H D=M —~ -
d3, d6, d8 nx
- - Design diversity = 0.333
HR m n2 = {nl\d3, d6, d8} | Rule Prevalence = 0.25 D:::i: al:’,:;;zce 25
6b —p n2 = {dl, d2, d4, d5, Geometrical difference = 1.0 Matching degree = 0.5
d9, d10,d11,d12} | Sequential difference =0.5 | Geometrical difference = 1.0
Sequential difference = 0.5
Db>Dt Db<H Dt=M
- ——
d2,d3,d4, — . nx
de6, d7, d8, d12
n3 = {n2\d2, d3, d4, Rule Prevalence = 0.583 Design d[i)ver;i(y = 925%03
HR > d6,d7, d8, d12} Geometrical difference = 1.0 | PEVIEh 2bundance =4
13b n3 = {dl, d5, d9, Sequential difference = 0.333) alching degree = 0.
d10,d11} Geometrical difference = 1.0
i Sequential difference = 0.444|
D<H D<M
— e
d4,d9, d12 nx
Design diversity = 0.666
D n4 = (n3\d4, d9, d12 Rule Prevalence =0.25 | pei8t S HE 200
HR — > i n4 = {dl', d5', d10', |Geometrical difference = 1.0 Matching degree = 0.375
13c N diny Sequential difference = 0.833| Geometrical difference = 1.0
Sequential difference = 0.541
Db<Dt Db>H Dt>M
dl', ds', d6' nx
d7', dg§'
Design diversity = 0.833
HR 7 N\ % Q n5 = {nd\dl, d5, d6, |Rule Prevalence = 0.583 Design abundance = 4.0
19 k& —p &\; d7, d8} Geometrical difference = 1.0 |Matching degree = 0.4
N PN=277 n5 = {d10,d11} Sequential difference = 0.583 | Geometrical difference = 1.0
Sequential difference = 0.549
L=W L<H L=M
Design diversity = 0.916
Design abundance = 3.833
Rule Prevalence = 0.25 Matching degree = 0.333
n6=0 Geometrical difference = 1.0 | Geometrical difference = 1.0
ds, d9, d10 nx Sequential difference = 0.0 |Sequential difference = 0.458
HR (A G
6f @i > W .
== == Pair 1
Hybrid design - HR
et No. of Hybrid Rules = 6
- - Evaluation Criteria:
Diversity= 0.916
Abundance= 3.833
Matching= 0.333
Geometrical diff.=1.0
Sequential diff.= 0.458
N 7=\
7 ) 7
L § ‘\,/; )
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Appendix Appendix-C
Rule Pair 1: Hybrid design derivation - 10 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for original design rule design

de, d7 nl
- - nl = {n\d6, d7} ) _ Design diversity = 0.166
HR Z Sﬁ nl = {dl, d2, d3, d4 Rule Pref/d']em.:e 70'166_ Design abundance = 2.0
Qa| — T — T — —> ds. ds8 d’9 di() (’ill, G‘eorr"af’c“],d’ffem‘"‘ci’ L0 Matching degree = 0.5
» do, dY, s » | Sequential difference =0.5 | 5.0 vical difference = 1.0
diz} Sequential difference = 0.5
L=W D<L L>H D=M —~ -
d3, d6, d8 n2
- - Design diversity = 0.333
HR f: :i n2={n1\d3, d6, d8} |Rule Prevalence = 0.25 Dzji:: a;\::i:zce 25
6b —p n2={dl, d2, d4, d5, Gcomcz.ncal.dlffcrcncc =1.0 Matching degree = 0.5
d9,d10,d11,d12} |Sequential difference =0.5 | Geomeqrical difference = 1.0
Sequential difference = 0.5
Db>Dt Db<H Dt=M
. —
d2,d3,d4, —- . — n3
de, d7, d8, d12
— Design diversity = 0.583
HR n3={n2\d2, d3, d4, Rule Prevalence = 0.583 Design abundance = 4.0
de, d7, d8, d12} G trical diff =10 . .
13b —p , d/, ds, cometrical difference = 1.0 | Matching degree = 0.5
n3={dl, d5, d9, d10, | Sequential difference = 0.333| Geometrical difference = 1.0
di1} Sequential difference = 0.444|
D<H D<M
_ e
d4, do9, d12 n4
_ ) _ Design diversity = 0.666
HR N n4={n3\d4, d9, d12} Rli]e Preyfxlen?e 5‘025 Design abundance = 3.75
—p & n4={dl, d5, d10, | Geometrical difference = 1.0 1, ching degree = 0.375
13¢ N di1} Sequential difference = 0.833 Gomerical difference = 1.0
Sequential difference = 0.541
Db<Dt Db>H Dt>M
dl, d2, d3, d4, n5
de, d7, d8, d12
n5 = {n(x-H\dl, d2, Design diversity = 0.75
HR ((’ Q N d3, d4, d6, d7, ds, Rule Pre}'alen?e =0.666 Design abundance = 4.6
176 k{_ —> 1 di12} Gcomcuk'lcalkdlffcrcncc = 1.0 | Matching degree = 0.4
S/ SERY n5 = {d5, d10, Sequential difference = 0.333| Geometrical difference = 1.0
d11}) Sequential difference = 0.499)
L=W L<H L<M
dg, dl11 n6
n6 = {n5\d8, d11} L
n6 = {d5, d10} Rule Prevalence = 0.166 Des!gn diversity = 0.833
HR N f _ ’ Geometrical difference = 1.0 | Design abundance = 3.833
—> n6=0 .
21c¢ ) " Sequential difference = 0.833| Matching degree = 0.333
N % = n6 = n6’ Geometrical difference = 1.0
n6* = {m\d8, d11} Sequential difference = 0.555
Db<Dt DbsH  Di=M n6* = {dl, d9}
n7 = {n6\d3, d9}
n7 = {d5, d10}
n7=0
d3,d9 n7 n7=n7*
n7*% = {m\d3, d9}
n7*={dl,dl1} Rule Prevalence = 0.166 Dcsign diversity = 0.833
HR f n7* =@ Geometrical difference = 1,0| Design abundance = 3.857
6e )% _ ’ g n7% =n7** Sequential difference = 0.75 | Matching degree = 0.285
n7#% = {n\(n7+n7%)] Geometrical difference = 1.0
S ial diffe =0.583
n7** - {dz‘ d3‘ d4‘ equenlld 1Iference
de, d7, d8, d9, d12}
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Rule Pair 1: Hybrid design derivation - 10 Hybrid rules User guide grammar)  Evaluation of the Evaluation of the
no. for original design rule design

n8 = {n7\d2}
n8 = {d5, d10}
d2 n8 ’
| n8=0
1n8 = ng* I Design diversity = 0.833
HR & : n8* = {m\d2} CR;UIS Prerl‘lf:‘ffE[ 0'(?83'_ 10 Design abundance = 3.5
6c — ot - e 8% = 1d1. d11 f""}e‘f“d - s'emi = “YMatching degree = 0.25
- ; n8* = {dl, } Sequential difference = 0.5 | Goo owrical difference = 1.0
n8* =0 Sequential difference = 0.572
Db<Dt Db‘>ll Dt=M n8* = n&**
n7** = {n\(n7+n7%)]
n7** = {d2',d3', d4',
de', d7',d8', d9', d12'}
n9
| . R
Design diversity = 0.833
HR n9 = {n&\d2, d3, d6, Rule Prevalence = 0.416 Design abundance = 3.666
11d | — d7,d8} Geometrical difference = 1.0 | Matching degree = 0.277
n9 = {ds, d10} Sequential difference = 0.916| Geometrical difference = 1.0
i Sequential difference = 0.610
D>H  D>M
Design diversity = 1.0
HR Rule Prcyalcng(‘: =025 Design abundance = 3.6
of —| nl0=0 Geomstfical.d{tfsrsncs = 1.0 |Matching degree = 0.25
Sequential difference = 0.0 | Geometrical difference = 1.0
Sequential difference = 0.549
Pair 1
Hybrid design - HR
No. of Hybrid Rules = 10
Evaluation Criteria:
Diversity= 1.0
Abundance= 3.6
Matching= 0.25
Geometrical diff.= 1.0
Sequential diff.= 0.549
!/'\\\
N
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L=W Lt>Lb Lb>H LM

n4

=N

]
L

d1, d3, d11
HR 8 )
—
Lb<H LM

e
d4',d9, d12' n5
—

<

HR

:

14c

i
e

]
L

]
L

Db<Dt

d2,ds, d10
R | e

Db>H Di>M

n6

}

x| L &

[T]
L]

Db>Dt Db<H

I

n4 = {n3\dl, d3, d11

n4 = {d10'}
nd=0
n4 = n4*

nd* = {m\ds, d11}
nd* = {d2', dd', ds',
7, d9', d12'}

n5 = (nd\d4, d9, d12}
n5 = {d10}

n6 =0

Rule Pair 2: Hybrid design derivation - 6 Hybrid rules User gulde.gram.mar Evaluation of the Evaluatllon of the
no. for a hybrid design rule design
ds, d6 nl
| ) — nl = {n\d5, d6} Design diversity = 0.166
| - ’ Rule Prevalence = 0.166 . o
%R ,,7l ,,,,,,,,,, —p P ® nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 ﬁi‘cgl::b;:d?:;c_;)zsu
a | d7, d8, d9, d10, d11, | Sequential difference = 0.5 N g dogree = o
Geometrical difference = 1.0
I a1z} Sequential difference = 0.5
L=W L>H L=M
dl1, d2,d3, d4, n2
de6, d7, d8, d12
] — Design diversity = 0.75
HR Fﬁ n2 = {nl\dl, d2, d3, |Rule Prevalence = 0.666 Design abundance = 5.0
A ® —p LJ d4, d6, d7, d8, d12} |Geometrical difference = 1.0 | Matching degree = 0.5
176 LJ u 12'= {d9, d10, d11} |Sequential difference = 0.333 | Geometrical difference = 1.0
’ ’ Sequential difference = 0.416|
L=W L<H L<M
ds, d9 n3
Design diversity = 0.833
2 < Rule Prevalence = 0.166 . o —
HR rj > n3 = {n2\d8, d9} Geometrical difference = 1.0 ﬁcslghn ablcllndamc_?)t.;)%
9 n3 = {d10,d11} Sequential difference = 0.833 | groorine dsgree =033
LJ S|4 ’ q o Geometrical difference = 1.0
Sequential difference = 0.555|

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.666|

Rule Prevalence = 0.25
Geometrical difference = 1.0

Sequential difference = 0.0

Design diversity = 0.916
Design abundance = 3.75
Matching degree = 0.25
Geometrical difference = 1.0
Sequential difference = 0.499

Design diversity = 0.916
Design abundance = 3.6
Matching degree = 0.2
Geometrical difference = 1.0
Sequential difference = 0.533|

Design diversity = 1.0
Design abundance = 3.5
Matching degree = 0.166
Geometrical difference = 1.0
Sequential difference = 0.444

;; X
k&%{l

R =
i

]
L[]

Pair 2

Hybrid design - HR
No. of Hybrid Rules = 6

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.5
Matching= 0.166
Geometrical diff.=1.0
Sequential diff.= 0.444
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Rule Pair 2: Hybrid design derivation - 10 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for original design rule design
ds, d6 nl
) 7 nl = {n\d5, d6 ) _ Design diversity = 0.166
HR _ ¢ ) Rule Prevalence = 0.166 Design abundance = 2.0
RN S —p P Py nl = {dl, d2, d3, d4, | Geometrical difference = 1.0 .
6a ° d7,d8, d9, d10, d11, | Sequential difference = 0.5 | Miouching degtee =0.5
P R ’ ’ q i Geometrical difference = 1.0
d12} Sequential difference = 0.5
L=W L>H L=M - >
dl, d2, d3, d4, n2
do6, d7, d8, d12
] I Design diversity = 0.75
m Fﬁ n2 = {n1\dl, d2, d3, Rule Prevalence = 0.666 D::E: aé\:ﬁ:;:gce 5.0
HR . . » d4, d6, d7,d8, d12} Geometrical difference = 1.0 Mt;zching degree = 0.5'
17b i LJ u n2 = {d9, d10,d11} Sequential difference = 0.333 | Geometrical difference = 1.0
Sequential difference = 0.416|
L=W L<H L<M ) o
dg, d9 n3
Rule Preval ~0.166 Design diversity = 0.833
HR Fﬁ 3 = {nz\d& dg} GZoemerlircdalengefe;er;cs =1.0 DCSlgl? abundance 0
9c LJ —> n3 = {d10,d11} Seauential differe ‘*08"5'5 Matching degree = 0.333
. 4 N ’ equential ditference =0.833| Geometrical difference = 1.0
Sequential difference = 0.555]
L=W LoLb Lb>H LM
L oe— > —
dl,d3,dI1 n4
n4 = {n3\d1, d3,d11}
n4 = {d10} Design diversity = 0.916
HR 7 3 nd=0 g‘fle lireya]el;f:fef: O'%57 Design abundance = 3.75
1b —> nd = nd* cometrical difference = 1.0 |y ching degree = 0.25
Sequential difference = 0.333 G etrical difference = 1.0
S 4 nd* = {m\d8, d11) cometrical difference = 1.
; ¥ Sequential difference = 0.499
nd* = {d2, d4, ds,
L=W Lb>Lt Lb<H LM |7, d9,d12}
el e —
d8, d9 n> n5 = {nd\d8, d9}
n3 = 1d10} Design di i 0.916
S = e esign diversity = 0.
HR == n _ Q* Rule Prevalence = 0.166 Design abundance = 3.4
9 —p n5=n5 Geometrical difference = 1.0 Matching degree = 0.3
LJ u + LJ u n5* = {m\d8, d9} | Sequential difference = 0.833) Goomerrical difference = 1.0
n5* = {d2, d4, d5, Sequential difference = 0.566
LW Lolb LinH LoM o d7,dl11,d12}
dl, d4,d9 n6
n6 = {n5\d1, d4, d9}
n6 = {d10} ot Design diversity = 0.916
HR —= n6=0 Rule Pru_valun_cu =025 Design abundance = 3.333
— > [ Geometrical difference = 1.0 <. N
15b an 0 6 = n6* T - Matching degree = 0.25
LJ u LJ u no =n Sequential difference = 0.916| Geomegrical difference = 1.0
n6i = {m\dl, d4, d9} Sequential difference = 0.624|
L=W L<H L<M (ril?l T:ll{Zd}z, ds, d7,
— ol — - — ’
d2,d9 n7 n7 = {n6\d2, d9}
n7 = {d10} L
n7=0 Dcs?gn diversity = 0.916
HR = — R Rule Prevalence = 0.166 Design abundance = 3.142
K [ — > i n7 =n7 Geometrical difference = 1.0 | Matching degree = 0.285
p L‘ L_‘ L‘ n7* = {m\d2, d9} Sequential difference = 0.833 | Geometrical difference = 1.0
n7* = {d5, d7,dl11, Sequential difference = 0.654
L=W L>H L>M d12}
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Rule Pair 2: Hybrid design derivation - 10 Hybrid rules User gl'u('ie grammar Evaluation of the Evaluatl'on of the
no. for original design rule design

ds, d6 nl
d2,dl1 n8
n8 = {n8\d2, d11} ) Design diversity = 0.916
HR = n8 = {d10} Rule Prevalence =0.166 Design abundance = 3.0
10e 3 n8=0 Geometrical difference = 1.0 Matching degree = 0.25
= n8 = n8* Sequential difference = 0.75 | Geometrical difference = 1.0
n8* = {m\d2, d11} Sequential difference = 0.666
D<H D<M n8* = {d5', d7', d12'}
d4', d9', d12] n9
Design diversity = 0.916
Rule Prevalence = 0.25 .
- Design abundance = 3.0
HR 7 19 = {n8\d4, d9, d12} Geometrical difference = 1.0 | ypaehineg dogies < 0,377
l4c n9 = {d10} s ial difference = 0 atching degree = 0.
=i equential difference = 0.666| Geometrical difference = 1.0
Sequential difference = 0.666
Db<Dt Db>H DM
d2, d5, d10 | nl0
) _ Design diversity = 1.0
HR gu‘]e Pre}ralleggfsff 025 _ Design abundance = 3.0
2of —| P — nl0=0 , ‘Lon:lc"jlca ' l‘ Cl’L‘l'l‘Ci =10 Matching degree = 0.25
T Sequential difference = 0.0 Geometrical difference = 1.0
i Sequential difference = 0.599
Db<Dt  Db<H
Pair 2
Hybrid design - HR
No. of Hybrid Rules = 10
Evaluation Criteria:
Diversity= 1.0
Abundance= 3.0
Matching= 0.25
Geometrical diff.= 1.0
Sequential diff.= 0.599
0
|
— @
|
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Rule Pair 3: Hybrid design derivation - 6 Hybrid rules User gulde'gram'mar Evaluation of the Evaluatl‘on of the
no. for a hybrid design rule design
d3, d7,d10 nl o
| — nl ={n\d3, d7, d10} | Rule Prevalence = 0.25 Design diversity = 0.25
HR | nl = {dl, d2, d4, d5, | Geometrical difference = 1.0 Deslgr! abundance = 3.0
12) — 7T T —> d6, d8, d9, d11, d12} | Sequential difference = 0.5 | Matching degree = 0.5
! T ’ Geometrical difference = 1.0|
| Sequential difference = 0.5
Lb=Wb Lt=Wt Lb>H Lt=M
dl, d4, d6 nx °
I, _ ) Design diversity = 0.5
HR Ji ( R n2 - {n\d 15’ d4, d6} | Rule Pref/d]em.:e =0.25 Design abundance = 3.0
11b & —p (\ 2 n2 = {d2, ds, d8, d9, Geonzel‘nca]‘dlfferen‘ce =10 Matching degree = 0.25
di1,di2) Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.5
L=W L<H L>M - -
dl, d4,d9 - nx
/ 3= (n2dl, d9} Rule Prevall 025 Design diversity = 0.666
HR R nS>=1n > ule Prevalence =0).25 Design abundance = 3.0
9 @ > \Qj n3 = {d2,d5, d8, Geometrlcal'dlfference =1.0 Matching degree = 0.333
dll,d12} Sequential difference = 0.916 Geometrical difference = 1.0
Sequential difference = 0.638
- - L=W L<H L<M - or—
o e
d2, d3, d6, d7, n4
ds
_ . Design diversity = 0.75
HR f—‘ n4 = {n3\d2, d3, d6, | Rule Prevalence = 0.416 Design abundance = 3.5
1d \&J g > d7, d8} Geomelfica]‘dlfference =10 Matching degree = 0.25
n4 = {d5, d11,d12} | Sequential difference =0.5 | Geometrical difference = 1.0
Sequential difference = 0.604|
L=W L>H L>M
ey
dl', ds', d6', n5
d7', d8'
- I Design diversity = 0.833
HR f 1 fj n5 = {n4\dl, d5, d6, | Rule Prevalence = 0416 Design abundance = 3.8
12b R —> &j d7, ds} Geomel.nca].dlfference = 1.0 Matching degree = 0.3
= nS = {d11,d12} Sequential difference = 0.583 Geometrical difference = 1.0
Sequential difference = 0.599)
L=W L<H L>M @
Design diversity = 0.916
Design abundance = 3.666
Rule Prevalence = 0.25 Matching degree = 0.25
n6=0 Geometrical difference = 1.0 |Geometrical difference = 1.0
Sequential difference = 0.0 |Sequential difference = 0.499
d4, d9, d12 n6
HR fj —> K@@ @ Pair 3
7t I Tl
N N\ Hybrid design - HR
No. of Hybrid Rules = 6
A - @ W
Evaluation Criteria:
Diversity= 0.916
Abundance= 3.666
[ | Matching= 0.25
Ny Geometrical diff.= 1.0
Sequential diff.= 0.499
L
o e
& — 1
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Appendix
Rule Pair 3: Hybrid design derivation - 10 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for original design rule design
‘ d3,d7,d10 nl Design diversity = 0.25
— _ esign diversity = 0.
HR : / nl ={n\d3, d7, d10} |Rue Prcyalcngc =025 Design abundance = 3.0
12a e 4’ nl = (dl, d2, d4, ds, Geomelrlcal.dlfference =1.0 Matching degree = 0.5
‘ d6, d8, d9, d11, d12} | Sequential difference = 0.5 | Geometrical difference = 1.0
| Sequential difference = 0.5
Lb=Wb Lt=Wt Lb>H Lt=M
dl, d4, d6 n2 o
- Design diversity = 0.5
; n2 = {nl\dl, d4, d6} Rule Prevalence = 0.25 Design abundance = 3.0
HR —Pp K ° n2 = {d2, d5, d8, d9, Geomet.rica].difference = 1.0| Matching degree = 0.25
11b \\ Sequential difference = 0.5 | Geometrical difference = 1.0
dil,d12} S
Sequential difference = 0.5
L=W L<H L>M -
d1, d4,d9 n3
Design diversity = 0.666
HR | n3 = {n2\dl, d9} Rule Prevalence = 0.25 Design abundance = 3.0
9 { ® —p (j n3 = {d2, d5, d8, d11]Geometrical difference = 1.0 | Matching degree = 0.333
\\ d12} Sequential difference = 0.916| Geometrical difference = 1.0
Sequential difference = 0.638|
- L=W L<H L<M e or -
d2, d3, d6, d7, n4
dg
Design diversity = 0.75
HR 7 n4 = {n3\d2, d3, d6, | Rule Prevalence = 0.416 Design abundance = 3.5
\d kJ » d7,ds8} Geometrical difference = 1.0| Matching degree = 0.25
\\ n4 = {d5, d11,d12} |Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.604|
L=W L>H L>M
dl, d4, d5 n5
(t‘ Rule Preval 025 Design diversity = 0.833
HR n5 = {nd\dl, d4, d5} | e Frevacnee = 0. Design abundance = 3.4
8b ] —> \&j 05 = }dll 12} } Geometrical difference = 1.0 | Matching degree = 0.3
T ’ Sequential difference =0.5 | Geometrical difference = 1.0
Sequential difference = 0.583
L=W L<H L>M ﬁw,,
[ [
d2, d3, d4, d6, n6
d7,ds, d12
/ 6= (n5\d2, d3 Rule Preval 0,583 Design diversity= 0.916
HR n6 = in. > A3, wule Prevatence =008 Design abundance= 4.0
13b (} —> C) d4, d6, d7, d8, d12} |Geometrical difference = 1.0 | Na(ching degree= 0.333
n6 = {dl1} Sequential difference = 0.333| Geometrical difference= 1.0
I . — Sequential difference= 0.541
. 77 D<H D<M - -
nx = {n(x-1)\ d9,
di1}
n7 = {@}
7 =n7*
d9,d11 n7 n
n7* = {m\d9, d11}
n7* = {d5, d10, d12} Design diversity = 1.0
n7*={@ Rule Prevalence = 0.166 Design abundance = 3.714
11—1612 /) » o n7E = I{17*}* jeometrical difference = 1.0 | Matching degree = 0.285
755 = (n\(n74n7)] equential difference = 0.833 | Geometrical difference = 1.0
n = {n\(n7+n7%)] Sequential difference = 0.583
Db<Dt Db>H Dt=M 7w ={dl, d2, 3,
d4, d6, d7,d8, d11}
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Rule Pair 3: Hybrid design derivation - 10 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for original design rule design
d2,d3 n8
- ng = §%7}\d2‘ d3} Rule Preval 0.166 Design diversity = 1.0
HR 7N ns = ule Frevalence = 0. Design abundance = 3.5
2% —p (\ J){f n8 = n8* Gcomcmca]_dlffcrcncc = 1.0 | Matching degree = 0.25
22 n8* = {m\d2, d3} Sequential difference = 0.75 | Geometrical difference = 1.0
n8* = {d5', d10', Sequential difference = 0.604
D>H D=M - B dir, diz)
[ E— [ E—
do, d11' n9
- n9 = {n8\d9, d11} ) _ Design diversity = 1.0
HR 7T n9 = {@} Rule Pre.\'d'lem.:e =0.166 Design abundance = 3.333
17¢ .y n9 = n9* G‘eometylcdl'dlffe‘rence =10 Matching degree = 0.222
7‘/' n9* = {m\d9, d11} Sequential difference = 0.666 Geometrical difference = 1.0
T w_ Sequential difference = 0.61
Db<Dt Db>H  Di=M n9* = {d5, d10, d12}
d4, d9, d12 nl0
Design diversity = 1.0
=~ Design abundance = 3.3
R Rule Prevalence = 0.25 Matching degree = 0.2
1'71? > fan) n10=0 Geometrical difference = 1.0| Geometrical difference = 1.0
g <) Sequential difference = 0.0 |Sequential difference = 0.549
D<H
—- — Pair 3
Hybrid design - HR
No. of Hybrid Rules = 10
Evaluation Criteria:
Diversity= 1.0
Abundance= 3.3
Matching= 0.2
Geometrical diff.= 1.0
Sequential diff.= 0.549
LU
R
—>
2
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HR
12d

HR
23b

Db>Dt Db<H Dt<M

d4, deé, d7,

«l»
d3, d4, do,
d7,ds8

Db<Dt Db>H  Dt=M

Db>Dt Db<H Dt=M

d2,d3,dl1

Db>Dt

Db<H

L
i

n3 = {n2\d4, d6, d7,
ds}
n3 = {dl, d2, d9,

d10}
n3 = {0}
n3 =n3*

n7* = {m\d4, d6, d7,
d8}

n7* = {d3,ds, d11,
d12}

nd = (n3\d3, d4,
d6, d7, d8}

nd = (dl, d2, d9,
d10}

n5 = (nd\d3, d10}
n5 = {dl, d2, d9}

n6=0

Rule Pair 4: Hybrid design derivation - 6 Hybrid rules User guide grammar|  Evaluation of the Evaluation of the
no. for a hybrid design rule design
ds, d12 nl
| - - — Design diversity = 0.166
HR \ n} - (g\lde,Zd 1(123) a4 (R;UIS I’fe}ralicg?;‘: 0'1?2 0 Design abundance = 2.0
11a 771 7777777777 —p &1 —© nl = {dl, d2, d3, d4, f:omul"lca a uc‘n‘cu =L Matching degree = 0.5
! d6, d7, d8, d9, d10, | Sequential difference =0.5 | Geometrical difference = 1.0
I dit} Sequential difference = 0.5
D<H D>M
N, —
d3,dl1 n2
o o — Design diversity= 0.333
n2={nl\d3, d11} Rule Prevalence = 0.166 Design abundance= 2.0
HR - g
iR > 4 n2 = {dl, d2, d4, d6, | Geometrical difference = 1.0| Matching degree= 0.25
d7,ds8, d9, dl11} Sequential difference = 0.333| Geometrical difference= 1.0
Sequential difference= 0.416

Rule Prevalence = 0.333
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.416
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.583

Rule Prevalence = 0.25
Geometrical difference = 1.0

Sequential difference = 0.0

Design diversity = 0.666
Design abundance = 2.666
Matching degree = 0.166
Geometrical difference = 1.0
Sequential difference = 0.444|

Design diversity = 0.666
Design abundance = 3.25
Matching degree = 0.25
Geometrical difference = 1.0
Sequential difference = 0.458

Design diversity = 0.75
Design abundance = 3.0
Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.483|

Design diversity = 0.833
Design abundance = 3.0
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.402

Pair 4

Abund

Geome

Hybrid design - HR
No. of Hybrid Rules = 6

Evaluation Criteria:
Diversity= 0.833
Matching= 0.333

Sequential diff.= 0.402

ance= 3.0

trical diff.= 1.0
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Rule
no.

Pair 4: Hybrid design derivation - 10 Hybrid rules

User guide grammar|
for original design

Evaluation of the
rule

Evaluation of the
design

HR
11a

HR
22b

HR
12d

HR
13b

HR|
20dq

d3, d4, do,
d7,ds

d2, d3, d4, d§
d7,d8, d12
AN

27

BT
)

Db>Dt Db<H

Dt<M

Db<Dt Db>H

n5

Db<Dt Db>H Di<M

Dt=M

nl = {n\d5, d12}

nl = {dl, d2,d3, d4,
d6, d7, 8, d9, d10,
di1}

n2 = {nl\d3, d11}
n2 = {dl, d2, d4, d6,
d7,ds8, d9,dl1}

n3 = {n2\d4, d6, d7,
ds}

n3 = {dl, d2, d9,
d10}

n3 = {0}

n3 =n3*

n3* = {m\d4, d6, d7,
ds}

n3* = {d3, d5, dl1,
di12}

nd = (n3\d3, d4,
d6, d7, d8}

nd = (d1,d2, d9,
d10}

n5 = (nd\d2, d3,
d4, d6, d7, d8, d12}
n5 = {dl, d9, d10}

n6 = {n5\d3, d9}

n6 = {dl, d10}
={0}

n6 = n6*

n6* = {m\d3, d9}

n6* = {d2,ds, d11}

= {n6\d2, d4}
= {d1, d10}

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.166
Geometrical difference = 1.0

Rule Prevalence = 0.333

Sequential difference= 0.5

Rule Prevalence = 0.416
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Sequential difference = 0.333

Geometrical difference = 1.0

Design diversity = 0.166
Design abundance = 2.0
Matching degree = 0.5

Geometrical difference = 1.0
Sequential difference = 0.5

Design diversity = 0.333
Design abundance = 2.0
Matching degree = 0.25

Geometrical difference = 1.0
Sequential difference = 0.416|

Design diversity = 0.666
Design abundance = 2.666
Matching degree = 0.166
Geometrical difference = 1.0
Sequential difference = 0.444

Design diversity = 0.666
Design abundance = 3.25
Matching degree = 0.25
Geometrical difference = 1.0
Sequential difference = 0.458

Design diversity = 0.75
Design abundance = 4.0
Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.433

Design diversity = 0.833

Design abundance = 3.666
Matching degree =
Geometrical difference = 1.0
Sequential difference = 0.444|

Design diversity = 0.833
Design abundance = 3.428
Matching degree = 0.285
Geometrical difference = 1.0
Sequential difference = 0.452
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Rule Pair 4: Hybrid design derivation - 10 Hybrid rules User guide grammar)  Evaluation of the Evaluation of the
no. for original design rule design

dl, d4, d5 n8
= Design diversity =0.916
Rule Prevalence = 0.25 Design abundance = 3.
HR 3 = A e
166 - e - n8 = {n7\dl, d4, d5} | Geometrical difference = 1.0 Matching degree =
; n8 = {d10'} Sequential difference = 0.5 | Geometrical difference = 1.0

Sequential difference = 0.458

n9* = {m\d3, d10} Sequential difference = 0.583|

d3', d10 n9
e =N n9 = {n8\d3, 10} ) Design diversity= 1.0
HR e 2N n9 = {@} Rule Prevalence = 0.166 Design abundance= 3.222
23b /\’ —> tg i n9 = n9* Geometrical difference = 1.0 Matching degree= 0.277
N
= =

§

Geometrical difference= 1.0
Db>Dt Db<H Dt=M

n9* = {dl, d9,d11} Sequential difference= 0.472
—

&)

Db>Dt Db<H

N\
%

1f N\ ’ 2] ‘ Sequential difference = 0.0 | Geometrical difference = 1.0
=

Sequential difference = 0.424

Pair 4
Hybrid design - HR
No. of Hybrid Rules = 10

d2,d3,dI1 nl0
Design diversity = 1.0
7 Rule Prevalence = 0.25 Design abundance = 3.2
HR 7 W [ i n10=0 Geometrical difference = 1.0 | Matching degree = 0.25

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.2
Matching= 0.25
Geometrical diff.=1.0
Sequential diff.= 0.424

326



Appendix Appendix-C

Rule Pair 4: Hybrid design derivation - 6 Hybrid rules User guide grammar) - Evaluation of the Evaluation of the
no. : for a hybrid design rule design
d3, d10, d12 nl
L — Design diversity = 0.25
HR / nl = {n\d3, d10, d12} Rule Prevalence = 0.25 Design abundance = 3.0
oa| ———— ———— > ° ° nl = {dl, d2, d4, d5, | Geometrical difference = 1.0 | Matching degree = 0.5

d6, d7,d8, d9, d11} |Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.5

Design diversity = 0.5

HR n2 = {nl\dl, d4, d6} | Rule PreY“]e"f:e =025 Design abundance = 3.0
11b n2 = {d2, d5, d7, d8, Geomelfica]'d!fference =1.0 Matching degree = 0.25
d9, d11} Sequential difference = 0.5 | Geometrical difference = 1.0
Sequential difference = 0.5

d2, d3, d6, d7 n3

dg, dl1,d12
n3 = {n2\d2, d3, Rule Prevalence = 0.583 gcfggn f:hvcrsluy - 9'833
N . esign abundance = 4.333
—p . de6, d7,d8, d11,d12} Geomelflca]'d!fference =1.0 Matching degree = 0.3
n3 = {d5, d9} Sequential difference = 0.333 Geometrical difference = 1.0
T Sequential difference = 0.444|

Db>Dt  Db<H D<M __

—

i

d3, d9
n4 = {n3\d3, d9}
n =) Design di ity = 0.916
— esign diversity = 0.
HR nd = {0} Rule Prevalence = 0.166 ! e
n4 = n4* Geometrical difference = 1.0 | Design abundance =375

Matching degree = 0.375

Geometrical difference = 1.0
n4* = {dl', d2', d4', Sequential difference = 0.541
Db<Dt Db>H DM d7',ds8', d10, d11'}

-
i

18c| \

n4* = {m\d3, d9) Sequential difference = 0.833

o=

Rule Prevalence = 0.166 Design diversity =0.916
n5= {n4\d3v dz) Geometrical difference = 1.0 DCSlg‘t‘ abundance = 3.4

n5 = {d5} Sequential difference = 0.916 M*““*“"% dngeﬁ =04
Geometrical difference = 1.0
Sequential difference = 0.616|

i

D<H D=M

Design diversity = 1.0
Design abundance = 3.333
Rule Prevalence = 0.25 Matching degree = 0.333
Geometrical difference = 1.0 | Geometrical difference = 1.0
Sequential difference = 0.0 | Sequential difference = 0.513

n6=0

ds, d9, d10

N

Pair 5
Hybrid design - HR
No. of Hybrid Rules = 6

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.333
Matching= 0.333
Geometrical diff.=1.0
Sequential diff.= 0.513

| ED
—

:

327



Appendix

Appendix-C

Rule

Pair 5: Hybrid design derivation - 10 Hybrid rules

User guide grammar|

Evaluation of the

Evaluation of the

HR
19¢

HR
13b

HR
2lc

d2, d3, d6, d7
ds, d11,d12

:

g
=

- |

|

!

B
i

dl1, d4, d5

d2, d3, d4, d6.
d7,ds, d12

i = O

}

L=W L<H

=
oS

-

>M —-

&

Db>Dt

Db<Dt Db>H DM

L=W L<H

n6

D<H D<M

Db<Dt Db>H

Dt=M

Db<H Dt<M —-

L>M 77

_

_

_

Tt

B = I B = { [ B B

d9,d11}

n3 = {(n2\d2, 3,
d6,d7, ds, di1, d12}
n3 = {ds, d9}

n4 = {n3\d3, d9}
nd = {d5}

nS = {n4\dl, d4, d5}
n5 = {0}
n5 =n5*
n5* = {m\dl, d4, d5}
n5* = {d2, d7, d8, d9.
dl10, d11}

n6 = {n5\d2, d3,

d4, d6, d7, d8, d12}
n6 = {@}

n6=n6*

n6* = {m\d2, d3, d4,
de, d7, d8, d12}

n6* = {d5, d9, d10,
di1}

n7 = {n6\d8, d11}
n7 = {0}

n7 =n7*

n7* = {m\d§, d11}
n7* = {d5, d9, d10}
n7* = {@}

n7%* =n7%%*

n7** = {n\(n74+n7%)}
n7** = {dl, d2, d3,
d4, d6, d7, d12}

Sequential difference = 0.5

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.5

Rule Prevalence = 0.583
Geometrical difference = 1.0
Sequential difference = 0.333

Rule Prevalence = 0.166
Geometrical difference = 1.0
Sequential difference = 0.833

Geometrical difference = 1.0
Sequential difference = 0.5

no. for original design rule design
d3, d10, d12 nl
R f nl = (md3, d10, d12) Rule Prevalence =025 | oesien diversity =0.23
10a ® nl = {dl, d2, d4, d5, | Geometrical difference = 1.0 Matciing degree :555'
d6,d7,d8, d9,dl1} |Sequential difference =0.5 | Geometrical difference = 1.0

Sequential difference = 0.5
Design diversity = 0.5

HR n2 = {nl\d1, d4, d6} |Rule Prevalence = 0.25 Dcsisn abundat)]/cc =30

11b n2 = {d2, d5, d7, d8, | Geometrical difference = 1.0 Matching degree = 0.25

Design diversity = 0.833
Design abundance = 4.333
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.444

Design diversity = 0.916
Design abundance = 3.75
Matching degree = 0.375
Geometrical difference = 1.0
Sequential difference = 0.458

Design diversity = 1.0

Design abundance = 3.4
Matching degree = 0.3
Geometrical difference = 1.0
Sequential difference = 0.466|

Design diversity = 1.0
Design abundance = 4.0
Matching degree = 0.333
Geometrical difference = 1.0
Sequential difference = 0.444

Design diversity = 1.0
Design abundance = 3.857
Matching degree = 0.285
Geometrical difference = 1.0
Sequential difference = 0.499
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Rule

Pair 5: Hybrid design derivation - 10 Hybrid rules

User guide grammar|
for original design

Evaluation of the
rule

Evaluation of the
design

:

Dt=M

Db<Dt Db>H

ds, d9, d10

I == |y

=t

n9* = {m\d9, d11}
n9* = {d5, d10}

nl0=0

Sequential difference = 0.666

Rule Prevalence = 0.25
Geometrical difference = 1.0
Sequential difference = 0.0

no.
%
n8 = {n7\d3, d2} Rule Preval ~0.166 Design diversity = 1.0
HR n8 = {@} ule Prevalence =0. Design abundance = 3.5
2e n8 = n8* G‘eo"“af‘lc“l‘q'f‘fe"e‘"‘cf: 101 Matching degree = 0.25
n8* = (m\d2,d3) | Seauential difference =075 | Geometrical difference = 1.0
n8* = {d5, d9, d10} Sequential difference = 0.531
»d9,
n9 = {n8\d9, d11}
- - Provalanen — Design diversity = 1.0
HR fegubet e a1 | Do sbndance 3553
17¢ ny=n = 7 | Matching degree = 0.222

Geometrical difference = 1.0
Sequential difference = 0.546)

Design diversity = 1.0
Design abundance = 3.3
Matching degree = 0.2
Geometrical difference = 1.0
Sequential difference = 0.491

R
N

=

N

NN
N

2

==

=<y

N,
S

—_
—N
 —
—

N
N_
N
N

AV
N
~4\}

<&
1\
=4
=

(m—

Pair 5

\

7

—

No. of

Hybrid design - HR

Hybrid Rules = 10

Evaluation Criteria:
Diversity= 1.0
Abundance= 3.3
Matching= 0.2
Geometrical diff.=1.0
Sequential diff.= 0.491
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