Frontiers of Architectural Research (2017) 6, 360-373

G —

=

Higher
Education
Press

Frontiers of Architectural Research

http://www.keaipublishing.com/en/journals/frontiers-of-architectural-research/

Available online at www.sciencedirect.com

SOUTHEAST
UNIVERSITY

RESEARCH ARTICLE

Application of Al methods in the clustering (@) coom
of architecture interior forms

Maryam Banaei®*, Ali Ahmadi®, Abbas Yazdanfar?

2Faculty of Architecture and Environmental Design, Iran University of Science & Technology,

Tehran 16846-13114, Iran

bFaculty of Computer Engineering, K.N. Toosi University, Tehran 1631714191, Iran

Received 4 January 2017; received in revised form 17 May 2017; accepted 25 May 2017

KEYWORDS
Form;

Interior design;
Clustering;
gCLUTO software

1. Introduction

Abstract

Form or shape is one of the main aspects of architecture design. A gap exists in scientific studies
on categorizing different architecture interior forms according to design. This paper presents a
methodology for categorizing interior forms of built places. The main innovation of this study was
to evaluate the architecture interior forms of real built places as a base for any analysis on form.
We proposed a clustering method by selecting 343 images of living rooms from residential places
according to their history and interior design style. We labeled all the images in AutoCAD
software depending on form features. The labeling results showed that images had 1104 distinct
form features, including sloped, vertical and horizontal linear solids, and edges. Regarding the
high dimension of data, we used Graphical Clustering Toolkit software for clustering, which
involved the use of correlation coefficients and internal similarity among clusters. The clustering
analysis grouped all the images into 25 clusters with the highest internal and the lowest external
similarities. The descriptive features of each cluster could show its formal characteristics.

© 2017 Higher Education Press Limited Company. Production and hosting by Elsevier B.V. on behalf
of KeAi. This is an open access article under the CC BY-NC-ND license
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different form categories according to architecture design.
Different aspects of interior design, such as color or light, are

Form or shape is one of the key factors in architecture design. ~ Measurable variables. For example, we can compute the light
For any research on form, we need to know the form and falling on a surface in lux, but the forms of rooms from design

view still cannot be measured. What are the different form
categories? How can we analyze forms according to architec-
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ture design? This research aims to address these questions by
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for comparing different rooms formally. Other factors in
interior design, such as color, light, furniture, and material,
are not considered in this study.

No standard definition exists for form or shape. Form and
shape have two different meanings in architecture design.
Ching (2010, 2012) described in his books form as point,
line, plane, and volume that differ according to their
proportion and scale (Ching, 2010; Ching and Binggeli,
2012, p. 87) and shape as the primary means by which we
distinguish one form from another that can refer to the
contour of a line, the outline of a plane, or the boundary of
a 3D mass (Ching and Binggeli, 2012, p. 95). Although form
and shape have different definitions, they have been used
with the same meaning in many studies.

“Form” is a common word in the architecture literature
with different categories. A few studies have categorized
forms generally that can refer to building types, specific
elements of buildings (such as doors, windows, roofs,
walls, and floors), or spatial parts of buildings (such as
room size, function, arrangement, and connections)
(Lawrence and Low, 1990). Several categorizing methods
are descriptive studies that mainly describe different
forms with different adjectives, such as good and bad
shapes (Alexander, 2002), regular and irregular forms
(Gutter, 1996), active, immobile, and silence (Baker,
2011), or some saint or divinity adjectives (Antoniades
and Grece, 1990). Architecture books and studies com-
monly describe forms by using adjectives, such as from
order to disorder, conflict, complexity, symmetry, and
hierarchy (Von Meiss, 2013). Other studies are more
perceptual and have categorized forms according to com-
ponents, including point, line, plane, and volume (Ching
and Binggeli, 2012, p. 87) or Euclidean and non-Euclidean
geometries (Antoniades and Grece, 1990) or cubes, domes,
spheres, cylinders, pyramids, and prisms (White, 1975).

Other categorizations are according to history, theory,
and design style in architecture and interior design. Decon-
structivism, postmodernism, modernism, aesthetic move-
ment, art nouveau, Victorian, American colonial, and
Georgian have different or similar views toward form
(Banham, 2015). The minimal style uses simple forms with
straight lines, whereas the art nouveau style uses curve and
smooth forms (Pile and Gura, 2013) or treats architectural
form and space as abstract and asymmetrical in some
periods toward treating them as figural and symmetrical
(Carmona and Tiesdell, 2007, p. 84). Most of the styles
overlap one another, and the differences among the forms
are not clearly specified, such as the case of minimalism and

modernism that both use simple rectangular forms. More-
over, the architecture history has presented different
theories and philosophical views toward forms, including
Renaissance (Pile and Gura, 2013), or various theories, such
as constructivism, formalism, and functionalism (Gutter,
1996). A few popular slangs also have existed, such as
“form follows function” (Banham, 2015, p. 1255) or “less is
more” (Banham, 2015, p. 817), which have caused different
forms in architecture design. However, these theories do
not match with current designs that mostly do not follow
any particular style. Well-known architects seem mainly
interested in aesthetic ideas and formal design, as well as
the promotion of themselves (Carmona and Tiesdell, 2007,
p. 84).

These categorizations are not inclusive for doing any
scientific research on the form. The complexity of form
definition in architecture is also shown. Forms are unlimited
in architecture and interior design. Most of the recent studies
on interior forms have not used a comprehensive methodology
to categorize different forms, and each one has considered
some aspects of forms. Studies have usually worked on various
aspects, such as sharp-angled or the curved counterbalanced
(Bar and Neta, 2006) or rectilinear and curvilinear (Vartanian
et al., 2013) that are not inclusive of all styles.

Therefore, although form is fundamental in architecture
design, a gap exists in distinguishing different categories of
forms for general scientific studies. No specific way can be
adopted to analyze forms, especially for comparing the
interior forms of two built rooms. Current categorizations
are mostly useful for pure forms, but the form in a real built
environment is complex and mostly consists of many other
forms. According to this literature, we cannot easily eval-
uate the forms of a real built environment, and we need a
methodology to analyze forms scientifically (Figure 1).

The aim of this research was to categorize the interior
form of real places as a base for any further studies on the
form of built environments. To this end, we proposed a
method to categorize different forms by using data-mining
techniques. We focused on residential interior and the
form of living rooms in houses to narrow down the
experiment. We used the word “form” for 3D interior
shapes that have such elements as wall, ceiling, floor,
opening, and all masonry substances of the interior. One of
the differences between this study and the previous ones
was that we did not want to create hybrid forms from the
basic shapes by using combination rules in this study, but
we wanted to analyze and evaluate the complex forms of
real built places.

Figure 1

T = e[|

How to evaluate the forms of these two rooms? Figures were sketched by authors from Frank Lloyd Wright houses

(Retrieved 10/29/2016, from http://www.franklloydwright.org/). Right: Robie House, Left: Coonley house.
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2. Materials and method

As we mentioned earlier, this research clustered interior
forms according to architecture design. Jiawei and Kamber
(2001) defined clustering as “the process of grouping data
into classes or clusters, so that objects within a cluster have

high similarity to one another but are dissimilar to objects
in other clusters” (Jiawei and Kamber, 2001). The similarity
among objects is evaluated based on the attribute values
describing the objects, usually by using distance measures.
Two main approaches can be employed for object categor-
ization in data mining, namely, classification and clustering

Table 1  Number of samples versus history and style. Four groups of samples with size of 75, 92, 87, and 89 were collected
from before 1900, 1900-1950, 1950-2000, and 2000-2016 eras, respectively. Samples are collected equally from different

styles in each group.
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Figure 2 Exterior and interior perspectives of a cube.

Table 2

Form features in related design studies.

Form features

References

3D modeling andrendering

Architecture and urban
design

Industrial and Feature
manufacture recognition
design

Feature-based
design

Solid, surface, line, point, and vertex, which have
dimension, scale, world location, angle,

and geometry

Level of detail: polygonal, geometric (vertex,
edge, and triangle), and topology (tunnel, hole,
and cavity)

Point, line, plane, and volumelength, width,

and depth

Point, line, bar, surface, body, and space

Floor, wall, roofmotion, weight, and substance
Similarities and differencesScale and rhythm
Three-level definition of surface continuity from
the engineering computer-aided design (CAD) lex-
icon: positional, tangential, and curvature conti-
nuities (industrial design and form-giving method)
Size, form, orientation, run out, and locationSur-
faces, edges, or comers of a part, such as holes
and slots

Degree of accessibility to volume, boundary type,
exit boundary status, and form variation with
respect to depth axis

Faces, edges, and vertexes

Shells, faces, loops, edges, and vertexes

Face base, edge base, and between faces
Curvature features (shape-based models)

Join (u-joint), intersectional (core), divide (accor-
dance and discordance), adapt (assimilate and
dissimilate), merge (converge and diverge), dis-
tort (conform and deform)Organic or geometric
(convex-concavo and concavo-convex)

Lines, sub shapes, and rules (shape grammar)
Divide form features for specific objects, such as
chair and door handle

(Autodesk, Inc. California,
United States)

(Heok and Daman, 2004;
Luebke, 2003)

(Ching, 2010; Ching and
Binggeli, 2012)
(Muckenheim and Demel,
2012; Knauer, 2007)
(Jennings, 2007)

(Bentley, 1985)
(Corremans, 2011; Holland,
2010)

(Salomons et al., 1993)

(Gindy, 1989)

(Belaziz et al., 2000; Chuang
and Henderson, 1990;

Pal et al., 2005)

(Mandorli and Vicini, 1991)
(Sunil and Pande, 2008)

(Ip and Regli, 2006)
(Akner-Koler, 2007)

(Stiny, 1980)

(Hsiao and Chen, 1997; Hsiao
and Huang, 2002; Hsiao

and Tsai, 2005)

(Jiawei and Kamber, 2001). Classification is used when the
classes of data objects are defined in advance, and cluster-
ing is used when the data do not have any specific label or
Classification systems are used

class.

in architecture churches, prisons, banks,

research as type and typology (Gliney, 2007). The two most
common classification methods already applied in architec-
ture design are function-based methods (such as those for

and airports) and morphology-
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based methods (such as those for buildings with great hall-
shaped interiors, centrally planned buildings, buildings with
courtyards, and buildings with interconnecting compart-
ments) (Jennings, 2007). In this study, no specific category
existed for forms, and clustering was thus a suitable method
for categorization.

2.1. Design study
We used images of living room interiors as raw data for
clustering analysis. We selected 343 images of the interiors of
built houses according to history and style. Table 1 shows the
variety of our samples. The history periods were “before
1900, 1900-1950, 1950-2000, and 2000-2016” with equal
numbers of samples from each period and style. Our main
source for selecting the historical period and image gathering
was the book “History of Interior Design” by John Pile (Pile
and Gura, 2013). For this study, the images should show at
least the ceiling, floor, and two walls of the living room. We
divided the styles according to historical periods, considering
the interior design styles overlap through history.

The study was designed in a way to omit interior design
factors, including color, furniture, material, and light, in
the images and focus on forms.

2.2. Feature selection

One of the important parts of this study was to select form
features according to architecture design for interiors.
Conversion of object geometry into quantitative feature
was important (Belaziz et al., 2000). Features were
selected in a way to have recognizable and meaningful
forms in 3D environments and were independent on viewing
direction (Pizlo et al., 2010). For this study, we needed a
way to translate the interior forms to various measurable
features. We knew that exterior and interior perspectives of
a form are different. As shown in Figure 2, a cube is a 3D
model from the exterior view, but it is some surfaces and

edges from the interior point. For this study, we needed to
extract form features of interior view.

Form and shape are terms that have been used in many
different fields, such as engineering, mathematics, and
computer science (lyer et al., 2005), and each one has its
own features or attributes. In this research, we focused on
architecture design features. Table 2 shows form features in
several design studies. We categorized these studies in
three main groups, namely, architecture and urban design,
3D modeling, and industrial and manufacturing design.

Form features in architecture and urban design studies
are not inclusive. Table 2 shows that each study has focused
on different aspects of forms, such as point, line, or scale
and location.

Form features in 3D modeling software and industrial and
manufacturing design are comprehensive in all facets. The
3D modeling features are 3D solids, surfaces, lines, and
points, and all these features have scale, location, and
angle. A method can be used to modify the level of detail in
these fields (Luebke, 2003).

Various methods for categorizing forms in industrial and
manufacturing design also exist, such as feature recognition
and feature-based design (Ip and Regli, 2006; Pal et al.,
2005). Feature recognition is the process of extracting
manufacturing features from a CAD database, whereas
feature-based design is for using manufacturing features in
building the CAD database (Gindy, 1989). As presented in
Table 2, several studies in industrial designing have cate-
gorized forms according to design features for a chair (Hsiao
and Chen, 1997; Hsiao and Huang, 2002) and door lock
(Hsiao and Tsai, 2005). However, industrial and manufactur-
ing methods are not useful for architects. During the design
process in architecture, particularly at the beginning of the
design process, architects consider the entire form of the
place, not each geometrical segment of the form that is
used in industrial studies (Belaziz et al., 2000).

As for this study, 3D software was not used for feature
extraction, because we did not have the 3D models of
collected images. We had too different perspectives of all
rooms to build the 3D models automatically.

linear

1D
i curvature

square, rectangular (right angle)

smooth

K sharp

linear solid

curve (circle, ellipse)

triangle

pure E[ﬂ

with attach

closed polygon with obtuse angle

- Combination
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Figure 3 Form features extracted form related litreture.



Application of Al methods in the clustering of architecture interior forms 365

H A H What is its location? |
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h ‘1 What is its type? [

\‘ C H What is its geometry? |

B
J{ Ifitis a surface ...

’ Select A B C layer in AutoCAD layer toolbar ‘

|

Trace the form onto the image with polyline, arc or circle in AutoCAD |

l

| Select the drawn object

Choose the form’s Corner/Central Location, XY axes, Z-axes,
Object/Object Scale, Object/Context Scale in Interior From Labeling
toolbar in AutoCAD

Yes

Are there any
more forms in
the image?

Export all the objects properties by Data extraction function in AutoCAD

Figure 4 Form-labeling flowchart.

By summarizing Table 2 and the literature according to
forms, we outlined five main categories for form, namely,
type, geometry, scale, location, and angle based on 3D
model software. We could then label each form according to
these five categories and vice versa. We could guess the
form of a room with these data. This step helped us check
the accuracy of the features. Figure 3 shows an overview of
the form features and their subcategories. According to the
limitation in our sample number, we could not have a vast
number of features with minor differences. Especially for
angles and dimensions, having more features with small
differences (such as 1 and 1.1 m) was not helpful for
clustering analysis.

2.2.1. Type
Edge, surface, 3D solid, and linear solid were the different
types of forms in this study.

Edge is "a line or line segment that is the intersection of
two plane faces" (merriam-webster, 2015a). In this study,
edges were divided into smooth and sharp.

Linear forms "have traditionally been used to provide
vertical support to span and express movement across space
and to define the edges of spatial volumes. This structural
role of linear elements can be seen at the scale of
architecture and interior space and in furnishings” (Ching
and Binggeli, 2012, p. 92). In this study, linear solid was the
“3D solid”; its width was less than 20 cm and was attached
to another surface by its large face.

Surfaces or planar forms "are the exterior or upper
boundary of an object or body" (merriam-webster, 2015c).
They are fundamental elements of architecture and interior
design. Floor, wall, and ceiling or roof planes enclose and
define the 3D volumes of a room (Arabacioglu, 2010). The
visual characteristics of the surfaces and their relationships
in space determine the form and characteristic of the space
(Ching and Binggeli, 2012, p. 94). The walls, ceilings, and
floors are surfaces from interior view.

3D solid is "a feature that involves or deals with three
dimensions” (merriam-webster, 2015b). In this study, 3D
solid was the one that was attached to one surface or two
opposite surfaces by one or two of its smallest face.
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iling-LSolid-linear

lake
Properties =p =, 3

Layers

Current
»

latch Layer

Interior From Labeling
XY axes Angle
(® Towards XY axes
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Object to Object Scale

(O Away from XY axes

Z axes Angle
) Straight
®) Slope
O) Curvature
) Combination
Object to Context Scale
O Sc=ful
(@ Sc<1/2
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Figure 5 Labeling workspace in AutoCAD software. 1- Layers (location, type, and geometry), 2- Tracing the form onto the Image
(showing the tracing of the linear solid on the ceiling), 3- Interior Form labeling toolbar (Corner/central location, angle, and scale).
Figure was created by authors with a sample from Frank Lloyd Wright, Barnsdall House (Pile & Gura, 2013, pp. 382).

Table 3 Example of AutoCAD output (part of labeling output of the sample in Figure 5).

Amount Type Geometry Scale Location Angle

4 Edge - sharp Linear Horizontal - Sc <1/2 Central - Bottom Zero - Towards XY axes

4 Edge - sharp Linear Horizontal - Sc <1/2 Central - Top Zero - Towards XY axes

4 Edge - sharp Linear Vertical - Sc=full Central - Central Straight - Towards XY axes

5 Edge - sharp Linear Vertical - Sc <1/2 Central - Central Zero - Towards XY axes

6 Linear solid Linear Vertical - Sc <1/2 Central - Wall Zero - Towards XY axes

7 Edge - sharp Linear Horizontal - Sc <1/2 Central - Central Zero - Towards XY axes

12 Edge - sharp Linear Vertical - Sc <1/2 Central - Central Straight - Towards XY axes

13 Linear solid Linear Horizontal - Sc >=1/2 Central - Ceiling Slope - Towards XY axes
2.2.2. Geometry triangle, and polygon; and 3D ones that can be Euclidean

Each type has a geometry or 2D shape. Geometries were
divided into different groups from the book of Ching and
Binggeli (2012), such as 1D features, including edges that can
be linear or curvature; 2D ones that can be rectangular, curve,

(curves, right angle, acute, and obtuse angle), Euclidean
combination, and undefined (Ching and Binggeli, 2012, p. 95).

2.2.3. Scale
Two different scales existed for each feature in this study.
One was the internal scale of each feature that is the ratio

Table 4 Performance comparison for different cluster of its width to length. This scale can be horizontal,
numbers. vertical, or neutral. The other one was the scale of that
Number of Internal cluster External Size 09 ;
clusters similarity similarity 08 —
07 /:/
6 0.374 0.113 53 06 !
10 0.427 0.119 46 05 ' Internal Similarity
15 0.49 O. 1 36 38 04 : = external similarity
20 0.546 0.123 11 > :
22 0.57 0.118 10 o — |
24 0.602 0.136 4 ; I~ S
25 0.7 0.033 4 6 10 15 20 22 24 25 26

Figure 6 Performance comparison for different cluster numbers.
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Table 5 Clustering results for all 25 clusters.

Cluster Size Internal cluster similarity Internal cluster-Sdev External similarity External Sdev
0 4 0.7 0.042 0.033 0.009
1 7 0.571 0.062 0.148 0.033
2 12 0.535 0.091 0.13 0.054
3 26 0.519 0.091 0.132 0.05
4 19 0.504 0.093 0.139 0.034
5 13 0.49 0.115 0.136 0.045
6 32 0.486 0.072 0.175 0.043
7 4 0.324 0.091 0.014 0.027
8 19 0.447 0.088 0.14 0.04
9 24 0.47 0.061 0.163 0.031
10 17 0.459 0.098 0.153 0.047
11 6 0.369 0.085 0.068 0.05
12 16 0.459 0.061 0.161 0.026
13 13 0.435 0.082 0.147 0.05
14 16 0.421 0.092 0.15 0.04
15 18 0.447 0.064 0.187 0.048
16 8 0.342 0.059 0.09 0.035
17 23 0.421 0.066 0.171 0.047
18 8 0.364 0.054 0.133 0.048
19 21 0.343 0.08 0.112 0.039
20 5 0.252 0.057 0.021 0.043
21 10 0.336 0.072 0.111 0.044
22 7 0.277 0.042 0.055 0.026
23 8 0.262 0.051 0.052 0.05
24 7 0.183 0.039 0.018 0.029

feature inside the room. This scale is the ratio of the size of
that feature to the entire room.

2.2.4. Location

Location describes where the feature stands that can be
wall, ceiling, or floor position and corner or center. Edges
are the joint line of two forms. Thus, we added top,
central, and bottom locations for their position.

2.2.5. Angle

We used worldwide XYZ dimensions. In this study, two
different angles, XY or Z, were considered. XY angles were
divided into two main groups, namely, toward X or Y axes or
away from X or Y axes. Z angles are straight, sloped,
curvature, and combination.

2.3. Form Labeling

The aim of the labeling was to determine how many
different forms with different characteristics were visible
in each image. The number of elements for doing the
labeling was extremely high by considering all the features
(type, geometry, scale, location, and angle). AutoCAD 2016
student version software (Autodesk, Inc., California, United
States) was used to resolve this issue. We added Interior
Form Labeling toolbar to the AutoCAD workspace using
AutoLISP and prepared a guideline for form labeling accord-
ing to the features. The guideline contained the description
of the form features in details and the steps for labeling.
This guideline was revised according to the comments of

three professional architects who labeled one similar image
separately. Two professional architects then labeled five
images using the guideline that revealed similar results. The
labeling of 343 images was conducted by a trained profes-
sional architect. The labeling part was performed manually,
and we double-checked the labeling to avoid any subjective
mistake.

As shown in the flowchart in Figure 4, labeling was
described in different steps to cover all the features of
each form in the images. The first step was to choose the
form, decide about its location, type, and geometry, and
select a layer from the AutoCAD layer toolbar that contains
these features (see Figure 5). The form was then traced
onto the image by polyline, arc, or circle functions. The
next steps were to label the angles (XY and Z axes), scales,
and corner/central location by selecting their properties in
the Interior Form Labeling toolbar that was added to the
workspace. The final step was to export the number of
features by the data extraction function in AutoCAD. Table 3
shows some part of the labeling output of the image that is
presented in Figure 5.

2.4. Clustering

We used Graphical Clustering Toolkit (gCLUTO) software
(Rasmussen and Karypis, 2004) for the clustering. gCLUTO is
a graphical software for the CLUTO data-clustering library
and is a tool for clustering high-dimensional data (Karypis,
2002; Rasmussen and Karypis, 2004). This software provides
numerous algorithms that work either directly on the
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Table 6 Main descriptive feature with a 3D model based on the five highest descriptive fetures of each cluster that was built

with the same feature amount.
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Table 6. (continued)

J \‘
! i /
$9.n)83J 9ARdLIISIP 3S9YSIY i
JAIJ UO PIseq [Ppowr (€
(3213 4) yunowry 0T'L9 0F'S¢ 09°SS 06°0% 0T°0S 0¥'9¢ 08'8¢ 0C0C 06'CE 0L91
SIxe 7 ySrens ySrens 0107 ySrens 0107 ySrens 0107 0107 0107 0107
d[duy
soxe soxe XX soxe XX soxe XX soxe XX soxe XX soxe XX soxe XX soxe XX soxe XX soxe XX
AX SpIemo], SpIemo], SpIeMO ], SpIemo], SpIemo], SpIemo], SpIemo], SpIemo], SpIEMO, SpIEMO],
10014/
3 [enua) mem Sure) [enua) wopog [enua) [enua) [enua) dog, wopog
@ urR)/Ilem
5| uopedor
<
S [6Hue) eIUO eIUO BI)US BI)UO BI)UO BIUO BI)UO BI)UO BI)UO BI)US
2 /19U10)) [enus) [enua) [enusy [enusy [enusy [enusy [enusd [enusy [enusy [enus)
=
2
. OLIeD C/1=<9§ [IMJ=38 [IMy=38 [My=5S ¢/1>98 ¢/1>98 ¢/1>98 ¢/1>98 /1> 98 [MY=0§
£ MRlqo
<
=| oreog
waaouh_%% [BOTHIOA [eonIdA [EIUOZLIO [eonIOA [eIUOZIIO [eOTIOA [EeOnIOA [eOTIOA [eonIDA [EIUOZLIO
A1)owI0d Ieour Ieour Ieaur Ieaur Ieour Ieour Teaur dI5uE 1YBLY Ieaur Ieaur
D T T T T T T T —ueaprong T T
adA], dreys prjos prjos dreys dreys dieys dreys
o3 dreys-o8pg prjos ¢ -o3 dreus-o3
-o8pH Ieour| Jeoury -o3pa - a8pa -o8pg PA eys-a3pg
1SN 6 or I 4! €l 14! ST 91 L1 81




370

M. Banaei et al.

Table 6. (continued)
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*For linear solids and edges that are located on the ceiling or floor, horizontal scale means elongation toward the length of ceiling or
floor, vertical scale means elongation toward the width of ceiling or floor, and neutral shows the neutral elongation of the room.

original feature-based representation of objects or on
object-to-object similarity graphs and can analyze different
types of datasets and find clusters with different character-
istics (Rasmussen and Karypis, 2004).

All the form features of 343 images were imported into
the gCLUTO software for clustering analysis. We used the
direct method of CLUTO. In this approach, the desired k-
way clustering solution is computed by simultaneously
finding all k clusters (Karypis, 2002). Equation 1 shows the
criterion function for clustering. We used correlation coeffi-
cient as a similarity function.

K
maximize > | > sim(v,u) M

i=1 U,UES,'

3. Results

The form-labeling results revealed the total number of 1104
features for the 343 images. The best clustering results
were obtained by taking 25 clusters. Table 4 and Figure 6
show different trials with different cluster numbers. Twenty
five was the best cluster number according to high internal
similarity and low external similarity.

Table 5 shows the clustering quality in each cluster. The
higher internal similarity and lower external similarity
showed better quality. Clusters were arranged from best
to worst.

Table 6 presents all the clusters and the main descriptive
feature for each one. The descriptive features were the
similar factors among the members of each cluster. We built
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Figure 7 Mountain visualization of the clusters.

3D models based on the five highest descriptive features in
each cluster. We tried to present the results more clearly
and show the differences among the clusters by removing
the color, furniture, and material.

Figure 7 shows the mountain visualization of the cluster-
ing. Mountain visualization was used to clarify the relation-
ships among clusters by using visual distances. The clusters
that were similar had peaks near one another, whereas
dissimilar clusters were displayed with distant peaks
(Rasmussen and Karypis, 2004). The mountain visualization
and Table 6 showed that clusters 3 and 10 were similar
in having vertical linear solid features with differences
in feature amount. The centroids of clusters 2 and 4 were
located in a similar place by having differences in
object/object scale and amount of features. All the cen-
troids of clusters 6, 9, 14, 15, and 17 were positioned near
one another in the mountain visualization by having differ-
ences in object/context scale, location, Z axis angle, and
feature amount. Clusters 22, 23, and 24 had similar
curvature geometry and differences in location and angle
and were all placed near one another in Figure 7.

The heights, volume, and colors in the mountain visuali-
zation show the different characteristics of clusters. As
Rasmussen and Karypis (2004) mentioned in the gCLUTO
manual, the height of each peak on the plane is related to
the internal similarity of the cluster. The internal similarity
is computed using the average pairwise similarity between
objects of the cluster. In this study, clusters 0, 1, and 2 had
the highest internal similarity, as presented in Figure 7 (0.7,
0.571, and 0.535, respectively). The volume of a peak
showed the number of objects within a cluster, in which
cluster 0 had the lowest value (4 objects) and cluster 6 had
the highest value (32 objects). Color demonstrates the
internal standard deviation of the cluster objects. Red
shows low deviation, whereas blue represents high devia-
tion (Rasmussen and Karypis, 2004). Only the color on top of
the highest peak is significant. Colors are determined by
blending to create a smooth change to the rest of the areas.
Therefore, colors in the image show the sum of internal
standard deviation for the clusters that were located near
one another.

The scattering of cluster members in epochs and styles is
presented in Table 7. Forms overlapped in different histor-
ical periods and styles. The results showed that most of the

clusters had samples from early modern, late modern,
deconstructivism, post modernism, and neo modern styles,
whereas samples from old styles (before 1900) were mainly
categorized in clusters 4, 5, and 13. Cluster 4 showed
typical forms that contained samples from most of the
styles. Clusters 19, 20, 22, 23, and 24 that contained
decorative and curvature forms had the most samples from
aesthetic movement and art nouveau styles, whereas clus-
ters 1, 4, 8, 9, 11, and 13 contained samples from the early
modernism style. The results demonstrated that contem-
porary designs contained various forms.

4. Discussion

This study analyzed and categorized interior forms from design
view as a base for further analysis on interior forms. Form
features were extracted from the literature, and features
were labeled in AutoCAD software. Clustering analysis was
conducted on residential living room sample images that were
collected from different historical periods with different
styles. The results revealed 25 formal clusters that all the
images in each cluster had similar forms. Descriptive features
showed the similarities and differences among clusters and
explained forms precisely. Forms were analyzed by considering
all aspects, and even the scale, location, and angle of the
forms inside the rooms were considered. A few clusters had
similar forms with differences in scale or location, whereas
feature amount was the main difference among some other
clusters. The combination of features could describe the
formal characteristics of the rooms.

The results showed that the number of curve forms
among the samples was less than rectangular forms, and
some other features, such as linear solids and slopes,
were more effective in this clustering rather than cur-
vature forms. In this study, five clusters had curvature
forms, four clusters had sloping forms, and 16 clusters
had various rectangular forms. The typical categories of
rectangular and curvature forms were found to be
unrealistic. Forms in different epochs and styles also
overlapped, which showed that these two were not
accurate enough for form categorization.

The review of the descriptive features of all clusters
showed that linear solids were important for distinguishing
different clusters and were the main feature in most clusters.
All the categories of forms, such as type, geometry, scale,
location, and angle, were useful for this clustering. This
study showed that details were important for distinguishing
clusters because it increased the number of features. Some
of the main features of the rest of the clusters were curve
linear solids and surfaces and rectangular Euclidean solids,
with different angles, locations, and scales.

The clustering result was accurate by having different
main features for each cluster and presenting observable
differences among clusters. Having similarities among clus-
ters with centroids that were located near one another in
the mountain visualization result and differences among
clusters that were located far away from one another was
another reason for the accuracy of this study. While forms
overlapped in epochs and styles, various decorative styles
existed, such as aesthetic movement and art nouveau
placed in clusters with curvature and decorative features
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Table 7

Scattering of clusters' members in epochs and styles (high number of members shows in dark and low number of

members shows in light color). For example, the highest number of members in cluster number 1 is from early modernism
style and this cluster has some samples from contemporary, late modern and renaissance styles. Samples were collected
from four eras such as before 1900, 1900-1950, 1950-2000, and 2000-2016.

Clusters
Year R o|l—=|[a|en|[t|wn|w© ol 2F|22TX22SSQ]S
2000-2016 Contemporary
Deconstructivism
1950-2016 Post modernism
Neo modern
1950-2000 Minimalism
1900-2000 late modern ] =
1900-1950 Eclecticism
Aesthetic
movement
1850-1950 Art nouveau
Early Modernism
Regency
1800-1900 Revivals
Victorian
1750-1850 American colonial
1700-1800 Georgian
1600-1750 Barogue
Rococo
1600-1650 Asian traditions
1400-1600 Renaissance
1150-1500 Later Middle Ages
Before Early Chr}stlan
Byzantine
1150
Romanesque
Before 900 C l.a.SSIC.al
Civilizations

and modern styles located in clusters with linear features
that could show the correctness of the clustering analysis.

5. Conclusion

Form, color, and light are different variables of interior space.
This study tried to fill the gap to know the form as a
measurable variable and make it possible to study the form
as a variable in architecture. The main achievement of this
study was to modify a scientific method for categorizing
interior forms of real spaces. We tried to consider all aspects
of forms for this categorization. We could divide interior forms
into different clusters and compare the value of their forms.
The results were the base for design studies on forms and
could be used in environmental psychology, environmental
behavior studies, neuro-architecture, or any field that needs
to measure and evaluate forms. Unlike the hypothesis of many
studies to divide forms into two main groups of curvature and
rectangular, this clustering study on real living rooms showed
that only five clusters had curvature forms and the majority
had rectangular forms. The differences among clusters were

not only because of the curvature forms. Slope angles,
location, and amount of features were important to determine
the differences among clusters.

The main difference of this method from other methods
in the literature was that this method was designed
according to architecture. We also categorized the forms
according to images of real built rooms, which had not been
done before.

The labeling part of this study was time consuming. No
technology or software has been introduced to distinguish
forms from interior images automatically, and we did this
part manually. The recognition of form features from images
is a great field for further studies. We suggest clustering with
more samples and dividing subcategories into smaller groups.
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