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Abstract. This paper describes a new methodology of deriving innovative hybrid
designs using shape grammars of heterogeneous designs. The method is detailed
within three phases of shape grammars: analysis, synthesis and evaluation.

In the analysis phase, the research suggests that original rules of each

design component are grouped in subclass rule sets to facilitate rule choices.
Additionally, adding new hybrid rules to original rules expands the options
available to the grammar user. In the synthesis phase, the research adopts state
labels and markers to drive the design generation. The former is implemented
with a user guide grammar to ensure hybridity in the generated design, while
the latter aims to ensure feasible designs. Lastly evaluation criteria are added to
measure the degree of innovation of the hybrid designs. This paper describes the
derivation of hybrid minaret designs from a corpus of heterogeneous traditional

minaret designs.

Keywords. Shape grammar; parallel grammar, hybrid design; typology.

Shape grammar techniques for innova-
tive hybrid design

Innovation techniques in shape grammars such
as transformation and substitution are well estab-
lished. On the other hand, hybrid adaption in which
“multiple precedents are incorporated into a new
design” (Oxman & Oxman, 1992) has received less at-
tention. Hybridization is a process of cross-breeding
between heterogeneous designs in the corpus of
antecedents. There are few practices of hybridization
in shape grammars (Chase & Ahmad, 2005). One ex-
ample, generating cross-over vehicles in product de-
sign, depends on mixing modified rules which em-
body different features than the original car brands
using parametric curve modification rules (Orsborn,

Cagan, Pawlicki, & Smith, 2006). However, in archi-
tecture, parametric variation of universal rules is not
enough to represent the diverse characters of het-
erogeneous classes of designs. This paper describes
an attempt to identify a shape grammar process for
deriving innovative hybrid designs.

Shape grammars are used to describe typologies
of past and present designs and to generate existing
designs and new ones. There are two main stages in
a shape grammar process: analyzing the corpus of
antecedents to extract the rules that govern their
compositions; and synthesizing grammar rules to
derive existing and new designs. In some cases, an
evaluation phase is added depending on the prob-
lem at hand. In this study, the three stages are put
forward to evolve innovative hybrid designs. The
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analysis phase is defined by the author of the gram-
mar, and the synthesis and evaluation phases are
proposed to be done by a grammar user.

Analysis phase: Identifying rules of a het-
erogeneous corpus of antecedents

This study considers that a heterogeneous class of
building type consists of designs having the same
components but different configurations. A hybrid
design results from mixing components from differ-
ent designs. In this case, there are multi-choice rules
in each step of rule application which need to be or-
ganized and increased as follows:

Arranging rules in subclass rule sets

In terms of organization, the grammar user should
be able to compare the available choices easily and
to select and apply one of them. To enable this, the
varied rules of each component can be grouped in
a subclass rule set which contains more than one
rule having the same shapes, spatial relations and
main markers in their left hand side (LHS), and dif-
ferent shapes, spatial relations and (or) markers in

their right hand side (RHS). Figure 1 clarifies how
most grammar rules for interior layout of Palladian
villas written by Stiny and Mitchell (1978) (Figure 1
left) can be re-formed in a subclass rule set (Figure
1 right) to facilitate rule comparison, selection and
application simultaneously.

Adding new hybrid rules

To increase available choices in each subclass rule
set, new hybrid rules are added to the original gram-
mar rules. The hybrid rule combines two original
rules (parents) by keeping the same LHS rule of one
of them, and merging all or part of shapes, spatial
relations and (or) markers of both their RHS rules.
Figure 2 shows the addition of two new hybrid rules
to original rules of Palladian villa grammars written
by Stiny and Mitchell (1978).

The synthesis phase: applying rules to
derive a hybrid design

The study analyzed a heterogeneous corpus of 12
traditional minaret designs. The sample is drawn
from different geographical regions and times. The

5ig-0i0

DEDD—'CIII
|

| | | |
mjmo-ojc -]
| | |

l_l%u_’\_m_l

—>

=
:ﬁja

4=

! 4 ! !
0070 D-0|0
| [ | [
! ! ! il
an il 1nlin
e ! ! !
H-bd HH-HE
| | | [
| _’JEL | _’JiL
i =“i"= i IIiII

188 eCAADe 28 - New Design Concepts and Strategies

Figure 1

Left: Grammar rules for inte-
rior layout of Palladian Villas
(Stiny & Mitchell, 1978)
Right: Subclass rule set for
some interior layout rules of
Palladian Villas



Figure 2
Hybrid rule derived from
merging two original rules

Figure 3

Examples of rules of shape
grammar for hybrid minaret
designs
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formal composition of antecedents differs in shape,
number and sequence of their components. The
grammar defines 54 original rules that embody six
subclass rule sets of minaret base, body, joint, bal-
cony, lantern and head. In addition, 90 hybrid rules
have been identified. Each one is derived by merging
two original rules from the same subclass rule set.

To derive hybrid designs, the grammar con-
strains rule application to limit the ways that rules
apply. Both state labels and spatial labels (markers)
(Knight, 1994) are used to obtain feasible hybrid
designs. State labels are alphanumeric characters
which are attached to rules to ensure hybridity by
mixing rules derived from varied designs. Markers,
on the other hand, are symbols that are attached to
shapes to ensure valid designs.

State labels of shape grammar for hybrid de-
signs

Each rule in subclass rule set has both constant and
variable state labels. Constant state labels are at-
tached to left hand side (LHS) of each rule to indicate
the antecedent(s) in the corpus from which the rule
is derived. For example, in the shape grammar for
hybrid minaret design, there are 12 antecedents in
corpus n; each one is symbolized as follows:

n={d1,d2,d3,..d12}
On the other hand, variable state labels are at-

tached to the right hand side (RHS) of each rule in
a subclass rule set. In shape grammars for hybrid

minaret designs, the variable n1 is attached to all
rules of the first subclass rule set: minaret base; and
nx is attached to all rules of the other subclass rule
sets: body, joint...etc. This is due to the variation in
both the number and the sequence of minaret com-
ponents in the analyzed antecedents. Therefore the
variable x is an ascending integer starting from 2 to
y,and y is a variable to represent the total number of
rules needed to derive the minaret which varies from
3to 12 in the analyzed corpus of antecedents.

The values of n1 and nx are specified by a user
guide grammar for hybrid design as a parallel gram-
mar which is “a network of two or more grammars
that operate simultaneously” (Knight, 2003). The
user guide grammar is added to each rule to define
the set of possible LHS labels for the next stage of
application. In this case, the set of labels n1 excludes
the LHS labels of the current first rule from the set
n; while the set nx of other rules excludes the LHS
labels of the current rule from the set of state labels
of the previous rule (nx-1).

n1={n\LHS labels of the current rule}
nx={n(x-1)\LHS labels of the current rule}

Examples of these state labels are shown in Fig-
ure 3. The upper row is one of the rules of a subclass
rule set of minaret bases that initiates the design
derivation while the lower row is one of the rules of
a subclass rule set of minaret bodies which can be
added at subsequent steps of design derivation.

However, there are two cases in which the
value of nx can be {@}. The first case results from a

Rules User guide grammar
d3,d10 nl nl={n\d3, d10}
T -|  nl={dl,d2, d4, ds, d6, d7,
> et ds8,d9, d11, d12}

d3,d11 nx
nx={n(x-1)\d3, d11}

New Design Concepts and Strategies - eCAADe 28 189



non-matching condition between nx values and LHS
labels of the next subclass rule set. The other case
happens when state labels of all antecedents are ex-
hausted in the previous steps of a design derivation.
In both cases the value of nxis replaced by nx* which
excludes the current LHS labels from the set m. The
set m contains labels of antecedents that have the
least number of applied rules in the previous steps
of design derivation. The least number is one rule in
the case of hybrid minarets derived from less than 12
original rules or less than 6 hybrid rules; and one and
two rules in the case of designs derived from 6 to 12
hybrid rules.

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

Additionally, if nx* is {@}, then nx* is replaced by
nx** which is all the state labels of n that are not in nx
and nx*, as follows:

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

To ensure adding the minaret head in the last

step of a grammar, the symbol (') is added to the
state labels of the LHS of all rules that add head

d4', d12'

markers on the right hand side at the penultimate
stage of rule application, such as the following rule
in figure 4:

In this case, if the total number of rules needed
to generate the minaret is (y), then the user’s guide
grammar of nx=n(y-2) should add the symbol (') to a
set of antecedent labels at that stage, such as

n(y-2)={d5, d8; d9’}

Therefore, the penultimate rule to be applied
must add head markers to the generated design in
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order to end with adding a head to the generated
shape. In addition, the state labels of RHS of adding
the head rule is defined in the user guide grammar
as zero, as follows:

If nx=ny, then ny=0

The only rule in the grammar that has state la-
bels (0) in its LHS is the termination rule that delete
the centre lines from top and front views of the gen-
erated design.

Markers of shape grammar for hybrid designs
On the other hand, markers play an important role in
deriving acceptable designs. Main markers and sec-
ondary markers are used in the grammar for hybrid
minaret designs to ensure that each component is
generated and placed in a reasonable relationship
with other components.

Main markers symbolize component types such
as body (e), joint (), balcony (m), lantern (o) and
head (o). Secondary markers, on the other hand, are
part of the main markers which aim to limit the rule
application within specific constraints derived from
the antecedents. The constraints using grammar
markers have two functions: the first concerns the
logical sequence of component types while the sec-
ond concerns the proper sequence of component
shapes, as follows:

Firstly, markers keep the valid sequence of mina-
ret components which starts, in most cases, with a
minaret base and finishes, in all cases, with a minaret
head. In addition, the secondary markers of jointand
balcony components prevent forbidden cases such
as adding either a joint followed by a lantern or a bal-
cony followed by a lantern above the minaret base
directly; or adding either joint followed by body or
balcony followed by body above the lantern. Details
of constraints on minaret components sequence us-
ing joint markers and balcony markers are clarified
in Table 1.

The second type of constraint in the antecedents
keeps the proper relations between the boundaries

Figure 4
Adding the symbol (*) to LHS
rules that add head markers



Figure 5

Constraints on the se-
quence of shapes of minaret
components

Table 1

Functions of markers in shape
grammars for hybrid minaret
designs

of minaret components. 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 octago-
nal and circular shapes. Examples in Figure 5 clarify
adding an octagon or circle (dashed line) above a
square (continuous line) or adding a circle (dashed
line) above an octagon (continuous line) which can

share the same diameter. However, other cases are
avoided such as adding square shapes above octa-
gons or circles, or adding octagons above circles.

Markers| Fi
[ ] Adding any body shape
Body " "
Markers ' Adding octagonal, circulrar, lobular or stellar shapes
[} Adding circulrar, lobular or stellar shapes
« Adding any component above joint
Joint n
Add bod; bal followed by a bod,
Markers odq ing a body or a balcony followed by a body
+q Adding a head or a balcony followed by a head
| ] Adding any balcony shape
l Adding an octagonal balcony shape
Balcon, " "
MarkerZ . Adding a circular balcony shape
ol Adding a balcony followed by a body
(e | Adding a balcony followed by a lantern or a head
Lantern O Adding any lantern shape
Markers JZ[ Adding a circular lantern shape
Head @) Adding any head shape
Markers %) Adding a circular head shape

Table 1 defines the function of the main and sec-
ondary markers in shape grammars of hybrid mina-
ret designs.

The evaluation phase: assessing innova-
tion in hybrid designs using shape gram-
mars

Applying shape grammars for hybrid design is as-
sociated with evaluation descriptions that follow

compositions and drive the design derivation. The

proposed system works on two levels: rule evalua-

tion and grammar evaluation, as parallel grammars

(Knight, 2003; Stiny, 1981) that compute with text

and numbers. By linking evaluation criteria to each

rule, two types of feedback are provided to the user.

They are:

1. Rule evaluation values feedback before choos-
ing the rule. It has default values added to each
rule in grammar.

2. Grammar evaluation values feedback after ap-
plying the rule. Its values are computed and trig-
gered automatically at shape grammar runtime
depending on the choice of shape rules.

The feedback obtained from the rules’evaluation
values helps the grammar user to control grammar
evaluation values which in turn can be used to indi-
cate preferences for the next rule choices. Evaluation
criteria in both levels use metrics of the degree of
innovation in hybrid design. The grammar proposes
that the generated design with best hybridity is the
more differentiated and varied than the antecedents
in the corpus. This hypothetical definition of best
hybridity in minaret designs using shape grammars
can be measured via criteria of rule assessment such
as rule prevalence, rule geometrical difference and
rule sequential difference, as follows:

Rule prevalence = the number of antecedents that
the current rule is derived from / the total number of
antecedents in corpus

Rule geometrical difference = 1- (the number of
antecedents in the same subclass rule set having similar
geometry / the total number of antecedents in corpus)

Rule sequential difference = 1- (the number of
antecedents in the same subclass rule set having a
similar sequence / the total number of antecedents in
corpus)

On the other hand, innovative hybridity of the
generated design can be quantified via concepts
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such as diversity, abundance, matching degree, geo-
metrical difference and sequential difference. These
criteria are based on comparisons between the gen-
erated designs and the antecedents in the corpus.
For example, diversity measures the percentage of
antecedents in the generated design as follows:

Design diversity = the number of antecedents that the
generated design is derived from / the total number of
designs in corpus

Abundance measures the average number of
antecedents in each rule of the generated design, as
follows:

Design abundance = the sum of the number of
antecedents in the applied rules / the number of applied
rules

Matching degree measures the highest percent-
age of similarity between one antecedent in the cor-
pus and the generated design, as follows:

Matching degree = the highest number of rules derived
from one antecedents / 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 calculations.

Both geometrical difference and sequential dif-
ference measures the average of these metrics in the
applied rules, as follows:

Design geometrical difference = the total of rule
geometrical difference values of the applied rules / the
number of applied rules

Design sequential difference = the total of rule
sequential difference values of the applied rules / the
number of applied rules

Implementation of shape grammars for
hybrid minaret design

The study applied the process above to derive hy-
brid minaret designs using parallel grammars which
consist of a parametric shape grammar, a user guide
grammar and an evaluation grammar. Twelve ante-
cedents are analyzed by means of labeled 2D shape
grammars to represent their top and front views. The
aim of the application is to derive new hybrid de-
signs with best innovation measures using original
rules and hybrid rules. Even though it is possible to
derive new hybrid designs from a mixture of original
and hybrid rules, the study has concentrated on de-
riving hybrid designs from original rules and hybrid
rules separately. The reason is to explain the differ-
ences in innovation criteria values between hybrid
designs generated by original rules and those gen-
erated by hybrid rules. In addition, the study has
sought to track the impact of using different num-
bers of rules on innovation values of hybrid minaret
designs derived from original or hybrid rules.

The initial shape of this grammar consists of cen-
tre lines of minaret top and front views with a state
label n to identify its antecedents. The initial shape
exists in the LHS of all rules of the base subclass rule

Rule Example: Hybrid design derivation - 6 Original rules User guld.e grammar| - Evaluation of rule Evaluation of
no. for hybid design grammar
| a2 ol nl={n\d12} Rule Prevalence=0.083 g:i;i’,', ‘:L\:,::::;g‘igg
OR 1 nl={dl, d2, d3, d4, |Geometrical difference=0.916] ~ Matching degree= 1.0
Ta I —> d5,d6,d7,d8, d9, | Sequential difference=0.5 [Geometrical difference=0.91¢
\ d10.d11Y Sequential difference= 0.5
| gL
D>H D>M
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Figure 6

Applying a rule from base

subclass rule set



Figure 7

Applying a rule from body
subclass rule set

Figure 8

Applying a rule from body

subclass rule set

Figure 9

Applying a rule from joint

subclass rule set

Figure 10

Applying a rule from lantern

subclass rule set

Rule Example: Hybrid design derivation - 6 Original rules Usfer guldg grammari Evaluation of rule Evaluation of
no. for hybid design grammar
a3 . Design diversity=0.166
esign diversity= 0.16¢
OR n2={nl\d3} Rule Prevalence=0.083 Design bundance- 10
| —» n2={dl, d2, d4, d5, (Geometrical difference=0.916f . MoeliiE e
4b d6, d7, :118, ;19, d10, | Sequential difference=0.5 | *omerrct GEtenee (1
11
Db>Dt Db<H Dt=M
Rule Example: Hybrid design derivation - 6 Original rules User gund.e grammar|  Evaluation of rule Evaluation of
no. for hybid design grammar
d9 n3
OR n3={n2\d9} Rule Prevalence=0.083 | pev (e 00
12b —> n3={dl, d2, d4, d5, [Geometrical difference=0.583| Matching degree=0.333
d6, d7, d8, d10, d11} | Sequential difference=0.916 Geometrical difference=0.803|
Sequential difference=0.638
D<H D<M
ﬁ:le Example: Hybrid design derivation - 6 Original rules User guide grammar{  Evaluation of rule

for hybid design

Evaluation of
grammar

OR
5d

n4={n3\d11}
n4={dl', d2', d4', d5,
de', d7', d8', d10"}

Rule Prevalence=0.083

(Geometrical difference=0. 583

Design diversity= 0.333
Design abundance= 1.0

Matching degree= 0.25
Sequential difference=0.5 |Geometrical difference= 0.749)
Sequential difference= 0.603
. . P .. User guide grammar aluati
Rule Example: Hybrid design derivation - 6 Original rules 8 g Evaluation of rule
no.

for hybid design

Evaluation of

grammar

ds', de', d7' nS

n5={n4\ds, d6, d7,

Rule Prevalence=0.333

Design diversity= 0.666
Design abundance= 1.6
ds} (Geometrical difference=0.416]  Matching degree=02
= Sequential diffe .583 [G ical di 0.682]
n5={dl, d2, d4, d10} q Sequential difference= 0.599
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Rule

o, Example: Hybrid design derivation - 6 Original rules

Evaluation of
grammar

User guide grammar|
for hybid design

Evaluation of rule

Design diversity= 0.75
Design abundance= 1.5
Matching degree= 0.166

Geometrical difference= 0.721]
Sequential difference= 0.499

Rule Prevalence=0.083
eometrical difference=0.916|
Sequential difference=0.0

n6=0

set that have at their RHS either a base and markers
or only markers if there is no base in the anteced-
ents. Figures 6-12 show an example of deriving hy-
brid minaret design using six original rules. The first
rule adds a cylindrical base with body markers to the
initial shape as shown in Figure 6.

Because the markers in the RHS of the applied
rule are body main markers, the second rule is cho-
sen from the body subclass rule set as shown in Fig-
ure7.

The markers in RHS of the applied rule in Figure
7 are secondary markers of body which allows the
addition of octagonal, circular or other shapes. The
third rule thus adds an octagonal body component
with balcony markers as shown in Figure 8.

The fourth rule adds a balcony component with
body markers as shown in Figure 9. In this example,
the number of rules needed to derive the hybrid
minaret is six. Therefore, the set n4 as n(y-2) adds the
symbol (') to its state labels to constrain the next rule
choice with rules that add only head markers.

Accordingly, the fifth rule adds head markers
above the body as shown in Figure 10. The following
rule adds the head component without any marker.
Because the sixth rule is the last rule in the design
derivation, the value of nx=ny=n6 is 0 in the user
guide grammar. In addition, the innovation values of
the generated design are the final values, as shown
in Figure 11.
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Finally, the last rule is the termination rule with
the state label 0 in its LHS. This rule deletes the cen-
tre lines of the top and front views of the generated
design (Figure 12).

Conclusions

The paper has shown the practical applicability of
shape grammars to generate innovative hybrid de-
signs. The user is able to explore a variety of hybrid
design alternatives in a short time compared to tra-
ditional design methods. Results of innovation mea-
sures of 40 examples derived using (6 and 10) origi-
nal rules and (6 and 10) hybrid rules are analyzed.
Comparison between the hybrid designs generated
by original rules and the ones generated by hybrid
rules showed that the latter is more efficient in inno-
vation criteria such as diversity, abundance and geo-
metrical difference. On the other hand, distinctions
between hybrid designs composed of 6 and 10 rules

Figure 11

Applying a rule from head

subclass rule set

Figure 12
Termination rule



revealed that minarets composed of 10 rules have,
in most cases, higher diversity values than minarets
composed of 6 rules. However, higher values of the
other innovation measures fluctuate between the
hybrid designs consisting of 6 and 10 rules.

By associating innovation criteria values with
rules and grammar, users can identify rule changes
that have positive and negative effects on the design
innovation values. The grammar users will be aware
of how their decisions of rule choice affect the de-
gree of innovation in hybrid minaret designs.
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