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Abstract

:

The prayer hall is the main space in mosques where prayer and worship take place. It is normally open with a large area where Muslims can pray together. The identification and assignment of organizational forms to formally defined classes are referred to as classification. The term typo-morphology refers to the merging of two ideas: typology, which focuses on syntactic and spatial analysis, and morphology, which focuses on form analysis. This research aims to create a typo-morphological classification of mosques by using shape grammar analysis to obtain the key prototypes that cover both traditional and modern mosque styles. Hence, the proposed mosque sample was grouped according to the extracted prototypes through graph-technique pattern recognition. The study resulted in extracting twenty different typo-morphological prototypes. The current study contributes to discovering the syntactical and formal configuration of mosque buildings, which establishes a distinct and reliable reference in mosque architecture.
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1. Introduction


In the Muslim community, the congregation mosque, or masjid al-Jami in Arabic, is a place with expressive connotations. It is a place of worship and a place of gathering. Mosques are buildings that are intended to be acceptable for worship. The mosque has always been the most important building in Islamic society and has remained an important resource for Islamic organizations. The primary functions of a mosque are to be a place of private and public worship, and a center for religious education [1]. The prayer hall, or haram, due to its function as a place of worship for the worshipers, is the most essential architectural element in the mosque [2]. The qibla, one of the walls of the prayer hall, always faces Mecca. Additionally, the courtyard is another essential element that seems to be an uncovered space, usually surrounded by columns or galleries, that serves as a place for worshippers to congregate [2] (Figure 1).



In addition, various factors affected the form, function, and architectural meaning of the mosque in today’s multi-ethnic society, which led to the modification of mosques’ spatial organization and layout pattern, especially the prayer hall [3]. The word classification refers to a schema consisting of different classes and the relationships among them; there is a relation between classification and typology. Vice versa, the name “typology” relates to the classification of objects [4]. Typology is one of the most useful methods for exploring and clarifying the characteristics of the built environment. In architecture, type and typology are important fields of study. It may be just as essential to the field of architecture as the concepts of space and form. Similarly, morphology represents an important item in the current research which involves the relationship between architectural form elements and the studying spatial geometry. Furthermore, morphological characteristics, which deal with the examination of form and its properties, have become current research’s core study [5]. Moreover, shape grammar is a design tool that may be used to describe, analyze, and generate designs. Correspondingly, the classification and analysis of design characteristics in architecture represent the main purposes of shape grammar that were already explained by Hussein et al. [6]. Again, pattern recognition is a scientific discipline that seeks to classify items into groups or classes so that they can be organized and arranged according to similarity measures.



Although most of the available literature discusses the history of mosque architecture and addresses their different design layouts analyses with several classifications based on various purposes, no research studies have been conducted to establish the typo-morphological classification of mosques. So, the main aim of this study is to find a new classification of mosques by using shape grammar analysis of typo-morphological features to obtain the key prototypes that cover both traditional and modern mosque styles, starting with the Prophet Mosque typo-morphology to the modern mosque typo-morphology present nowadays. Then, a large number of mosques will be identified and clustered under basic typo-morphological mosque prototypes. The research will cover all styles located between eastern Iran (60° E) to western Egypt (15° E) and northern Turkey (45° N) to southern Saudi Arabia (15° N).




2. Literature Review


The classification of mosques was previously the subject of many studies; it is important to shed light on these studies to understand the various approaches used in this aspect. The studies reviewed, examined, and assessed mosque typologies with a focus on design context, geometric level, and physical design elements to determine the main characteristics that the classification of mosques depends on (Table 1).



Some of the studies are descriptive and are documentary studies, organized chronologically or geographically to provide a clear understanding of the mosque’s design principles, and they lead to a typological classification. In this context, a classification made by Hoag [7] gives a history of Islamic architecture from the 7th century to the 17th century in the Middle East, Africa, Spain, and India. It classified mosques into eighteen styles, including photos and plans of the most important and well-known mosques and shows how the design of mosques modified over time all over the world. On the other hand, a descriptive study by Mo’nis [8] was dedicated to providing a clear idea about the history of mosques and classified them into seven categories as Moroccan style, Andalusia style, Egyptian style, Turkish style, Seljuk style, Indian style, and Iranian style. Additionally, contemporary mosques have been described and classified in qualitative analysis. Four main types were explored, named vernacular, traditional, modern, and historical designs [9,10,24]. Furthermore, the Arab hypostyle, the Persian four-Iwan, the Indian three-dome, and the Turkish central-dome mosque are the four primary styles of mosques that have been addressed in research by Hakim [10] in western and central Asia and North Africa.



Many classifications have been conducted through typological analysis. The most common classification examined by Hillenbrand was focused on three main types, such as the Arabic type, Persian type, and Turkish type [12], while the study by Aazam [14] developed these three basic types in more detail and named them as (a) the hypostyle with dome emphasis and courtyard type, (b) the central-domed type, (c) the hypostyle with domical vaulting and an extensive courtyard type, and (d) the detached pavilion within a walled garden enclosure type. Parallel to this, four typologies have been described through an analysis of the main axis characteristics and its directionality, the Arabic type as the horizontal axis, the Ottoman type as the vertical axis, the Iwan type as cross axis, and the Indian type as multi-axis [13]. In addition to the three basic patterns described by Hillenbrand [12], the study by Khachan [15] added three more patterns and identified six types of traditional mosques throughout the world: hypostyle, central dome, Iwan, Indian, Chinese, and Southeast Asian mosques. Furthermore, the analytical method by Mustafa and Hassan [16], that was conducted for quantifying the influence of spatial configuration on the functional efficiency of mosque layouts, revealed six forms of the Ottoman style: single-dome layout, earring layout, multiple-dome layout, duplication-dome layout, courtyard-dome layout, and earring-dome-courtyard layout. However, an analysis of the typological plan and main components in various traditional mosques in Peninsular Malaysia has identified the forms and categories of the mosque on the building structure. Thus, two traditional mosque plans—square and rectangular—have been finalized by Ahmad [17].



Particularly, the focus of the descriptive analysis by Loukma and Stefanidou [18] on Macedonian mosques is the typological features that divided mosques into two main categories, single-unit and and multi-space, depending on various areas. Likewise, mosques in Saudi Arabia are classified spatially and typologically by analyzing their space shape, enclosure, symmetry, and complexity. As a result, basic prayer halls are classified as closed or semi-closed if they are attached to a courtyard as well as symmetrical or asymmetrical based on the plan’s layout [19]. Based on the typological study, the plan layout typology of historical mosques in Erbil, with determining the extent to which these typologies are connected with Islamic known styles, Mustafa and Ismael [20] focuses on nine different styles, beginning with the Prophet’s Mosque style and ending with the Ottoman style, and narrows upon the three basic forms of mosques—the hypostyle, the Iwan, and the central-domed form. Once again, eight categories were found by Rashid [21], such as the hypostyle hall, a prayer hall with mud-brick, a huge courtyard that is enclosed by a prayer hall, a prayer hall with a sloping roof, a mosque with four Iwan and a courtyard, a prayer hall with a big dome covering its central part, a prayer hall covered by a very large central dome supported by a series of half-domes and frequently accessed from an axially oriented entrance.



More specifically, some studies attempted to classify mosques depending on morphological analyses, architectural shape, structural system, and form components. The study by Ardalan [22] focuses on the main five general types of mosques with their morphological characteristics such as hypostyle, hypostyle with a dome over the qibla axial line, hypostyle with multi-dome, Iwan style, and central-domed mosque. Moreover, four basic types have been illustrated by Al-Omary [23], dedicating the courtyard and non-courtyard types to the shape and form of a whole mosque layout which is first, Arabic style, second, the Seljuk type which has no courtyard, third, the Ottoman style, and lastly, the Iwan type. Accordingly, Mosques are classified into six types, morphologically, regarding their geographical distribution, including primitive mosques containing courtyards and flat-roofed prayer halls, Islamic countries mosques’ shape, early Arabic mosques, Iranian mosques with four Iwans, and Turkish central-dome mosques with Indian-style mosques [5]. On the other side, Al-Jameel [25] presents a new classification of congregational mosques based on a digital approach to pattern recognition. For a more accurate and objective classification, the cases chosen for the study cover the majority of the Islamic period and region and a competitive computational model was used. The study examines an unsupervised texture image classification algorithm to achieve five categories which are the flat roof, domed roof, articulated roof, domed roof with courtyard and domed-gallery roof, and a domed roof with courtyard and sloped-gallery roof. Furthermore, a morphological analysis conducted by Cherif and Allani-Bouhoula [26] on Tunisian mosques concluded that there is no single model of the mosque in Tunisia rather than a morphological diversity characterized by a range of varying spatial configurations.



It is concluded from the foregoing that the prayer hall is the most important element in mosques which has a great influence on classification and categorization due to its distinctive architectural characteristics such as size, layout, proportion, and form. Accordingly, the current study focuses on a major and crucial aspect, which is the spatial configuration and the form of the prayer hall, through which we can often know the changes and differences in the classification of mosques.




3. The Term Classification


Various meanings of the word “classification” can be found in academic works. Some of the most common definitions are “the sorting of objects based on some criteria selected among the properties of the classified objects” [27], and “the identification and assignment of organization forms to formally recognized classes” [28]. Classification, in its broadest terms, is a set of boxes in which entities within a class are sufficiently similar to one another and sufficiently distinct from those in other classes, and there are connections between them. Furthermore, it illustrates the processes that are used to classify things and how those classes are distinguished from one another [29]. However, classification has been defined by [30] as dividing the universe into classes and classifying as forcing things into created groups. Additionally, taxonomy is another word for classification [31,32] based on statistical generalizations or “similarity”. On the other hand, things can be categorized not based on their characteristics, but on the classifier’s goal, values, policy, principles of logical rational thought, or on analysis of the context [33]. Classification, then, can be defined as placing things into categories based on how similarly they are constructed.




4. Type and Typology


4.1. Typology in Architecture


It is important to note the linguistic origin of the term typology, which originates from the Greek (Typos + Logia), which literally refers to the science of types. Typology comes from “type,” which the Cambridge International Dictionary of English defines as “a particular group of people or objects which shares similar characteristics and forms a smaller division of a broader set” [34]. In this context, “type” is categorized by qualities or attributes, a system of groupings, generally called types, the components of which are defined by proposing specific features [35]. Moreover, typology is explained as differentiated from classification in a study by Wojtowicz and Fawcett [36] which focuses on a typology that entails the analysis of specific properties of the objects in inquiry, whereas classification is seen as a method related to the problem of organization. Additionally, typology is a diagram in which one can identify the common characteristics of a collection of buildings; here, the key concern is the correct understanding of similarity measures [37,38]. Once again, “type” is an abstract that can only be identified by the person carrying out the classification activity. Moreover, the study by Ching [39], discussed and presented central, linear, radial, clustered, and grid. In addition, their basic formal characteristics and spatial relationships were explored. According to Doty and Glick [40], the first step in creating a typology is to identify certain key dimensions of the subject as first-order constructs. Two general types were explained by Hameed [41], where the ideal pattern is the basis for all additional adjustments and mergers, as well as the prototype pattern that symbolizes the fundamental stage for all of the subsequent stages and ranks. Furthermore, it is the fundamental pattern of every origin or model upon which it is founded or produced.




4.2. Morphology in Architecture


Morphology was created as a method for understanding object shapes. Form, structure, and function were seen as interrelated phenomena in building morphology. As mentioned, the study of spatial geometry in space independently refers to the method that uncovers form and shape geometry analysis [42]. Indeed, with principles of symmetry and typology on one side and the system of geometry and integrated form and structure on the other side, these principles are revealed through the study of morphology. Many methods have been used to understand a building’s shape and explain its design principles and morphological logic. Each approach has distinct characteristics and benefits. There are two of these approaches that appear to be the most accurate in reflecting the physical form and fundamental morphological uniqueness of the architectural form. These two approaches are morphological and morphometric. The morphological approach provides the study of the morphological characteristics and basic structure of an architectural form separate from its identification, function, and history. On the other hand, the morphometric approach enables the systematic measurement, characterization, and classification of shapes based on their frequency representations and abstraction of any appearance and viewpoint effects [43]. Moreover, many previous studies focused on the main prayer hall of a mosque due to its relevance to morphological analysis, through which most aspects of mosque architecture can be identified [44].




4.3. Typo-Morphology in Architecture


Since the middle of the twentieth century, typo-morphological studies have played a crucial role in explaining the processes of the urban fabric. Because of their careful classification of the many parts (open areas, buildings, and roadways) that make up their urban form, their spatial and physical organization are revealed [45]. Accordingly, the typo-morphological analysis tested by Leite and Justo [46] revealed that this articulation occurs and contributes to the processes of conceiving and designing the modern city. Thus, this typo-morphological study involved the integration of two fundamental forms of research: the typology study, which focuses on syntactical and spatial analysis, and the morphology study, which focuses on form analysis.





5. Shape Grammar


5.1. The Concept of Shape Grammar


Shape grammar is a rule system that is used to create a design language. It could be descriptive or generative in nature. Each architectural language is associated with a specific set of compositional principles. These principles are defined by a collection of rules, which form the grammar of that language. A vocabulary and grammar defined by spatial patterns can characterize an architectural language. One of the most significant aspects of shape grammar is the capacity to evaluate these shapes independently and interchangeably. Shape grammar is also a discipline for expressing visual, or even spatial, cognition. Shape grammars are more literally referred to as a visual design grammar. In that view, shape grammar represents a philosophy of looking at the world through practical principal component analysis rather than learned or imposed decompositions [47]. Moreover, the primary types and characteristics of shape grammar have also been described by Al-Jameel [25]. Shape grammar is divided into two general types. Standard shape grammar depends on applying the rules to the initial shape, whereas parametric shape grammar uses the rules’ parameters to create new shapes for the language [48]. Once more, Al- Jameel [6,25] differentiates the five characteristics of shape grammar into the following:




	
Morphological characteristics, which deal with the examination of form and its properties.



	
Mathematical properties that enable the use of mathematical analysis to determine proportions.



	
Functional characteristics specify the boundaries of the functional spaces.



	
Typological characteristics that specify the connections between the elements.



	
Spatial characteristics specify where an element is located within a system or a group.








Additionally, the four main purposes of shape grammar were already explained by Hussein and Ismaeel [6] as follows:




	
Classification; refers to the process of grouping components or styles that have similar qualities together.



	
Analyzing; involves identifying a certain style’s morphological and mathematical components.



	
Evaluation; the process of determining the context of a certain element within an architectural language.



	
Generation; the development of a variety of options using the same architectural language.









5.2. Element and Types of Shape Grammar


Shape grammars have been defined by Stiny [49] as having four elements:




	
Shapes: represented as S.



	
Symbols: a certain set of symbols L, termed labels, can characterize the states of each shape. The Labeled Shape has the shape and labels.



	
Shape Rules: a set of shape rules, R, with two identified shapes separated by arrows (α → β). It includes forms and spatial relations.



	
The design’s initial shape, labeled Shape I.








Two distinct methods of analysis (typological and morphological or geometrical) are needed for a typo-morphological study. Topological rules are related to the compositional creation of architectural designs, while geometric rules are based on mathematical programming and the identification and description of the form [50]. According to Steadman [51], topological principles focus on the properties of the spaces that make up the interconnections between the different parts of the design rather than the sizes of those spaces themselves. Measurements and computations for specific places, such as closeness, connectivity, and continuity, are not part of the scope of these aspects of the plan’s design. While Michalek et al. [52] noted that topological rules refer to the logical relations between the components of the scheme, they defined them as a set of relationships between rooms of the building that include connectivity, openness, proximity, and directionality.




5.3. Shape Grammar as an Analytical Tool


Shape grammars have strong implications for architecture at both the cognitive theoretical and practical layers. Shape grammars are a design tool that may be used to describe, analyze, and generate designs. They were first introduced by Stiny and Gips as early as 1972 [53]. Stiny presented the first analytic study with shape grammar, and he proposed the layout for the shape grammar application standards in future research [54]. Squenesely, Stiny, and Mitchell [55] proposed a method based on parametric shape grammar for generating ground plans of Palladio’s homes. They rebuilt aspects of Palladio’s proportion system and “architectural language” in a new, “generative form” by specifying shape grammar principles. Analytic grammar was widely used in later publications, showing broad principles and building a knowledge base for understanding specific architectures.



Shape grammar was utilized to analyze the works of Giuseppe Terragni, Frank Lloyd Wright, Glenn Murcutt, and Christopher Wren [55,56,57], as well as the vernacular styles of Japanese tearooms, Taiwanese traditional dwellings, and the Mughal garden landscape architecture [58,59,60]. In recent years, the use of shape grammar as an analytical tool has increased even further. This analytical tool would play an essential role in future architectural research based on the provided evolution of the shape grammar that has been used to analyze architectural objects [61]. It is descriptive because it explains the formal structure of the varying styles. It is analytical because it can be used to determine whether new designs conform to the design language of a particular designer, and it is generative as it participates in the creation of new compositions within the same language [62]. In addition, different shape grammar analysis methods were presented by Benrós [63], such as traditional, which refers to representing the characteristics and rules in a drawing process, and computer applications like OWL, GDL, CITY GML, and Python which are used to represent shape characteristics. It is worth mentioning that Eisenman was among the first architects who explored the application of generative grammar in architecture inspired by Chomsky’s linguistic theory [64]. The two attributes of research type and application as a bubble chart are discussed, for better understanding, in a review paper on shape grammar by Haakonsen et al. [65]. The most popular application areas are floor plans and global shapes. Case studies and analytical areas under the research type are also interesting, as shown in Figure 2.




5.4. Shape Grammar Application in Architectural Classification


Shape grammar has gained great importance since its concept was introduced in architecture. The use of shape grammar in architectural theory and design goes back four decades. Shape grammar was widely used by architectural scholars long before CAAD (computer-aided architectural design) when typical drawing tools were introduced. Many studies have conducted the use of shape grammar as an analysis tool for classification in architecture fields. Morphological and typological studies were utilized to categorize the components of a traditional Damascene home in the study by Eilouti and Hamamieh [66]. They evaluate the grammar by performing a mathematical analysis of the plan’s parameters and then re-creating the plan from the bottom up, using the same grammar. Furthermore, Eilouti and Al-Jokhadar [67] determined morphological characteristics, such as symmetry, proportionality, axes, and transformation, by analyzing the structure of the plan to examine spatial relationships and formulating the new grammar in mamluk madrasa. Similarly, Islamic mosques can be separated into their subcomponents, external walls, the chapel, the courtyard, the secondary spaces (arcades), and the spatial components initially analyzing their geometric and morphological characteristics, and then conducting a topological analysis by formulating the grammar in a top-down strategy [25]. Conversely, the brick façades are classified based on the shape, dimensions, transformation ratios, and properties of the brick units themselves. In addition to identifying different patterns of bricks, new patterns are generated by using grammar [68]. Additionally, the tree search algorithm and the optimal detection algorithm for the style were used in the Traditional Church on the Danube [69], determining that the shape grammar interpreter (SGI) may be used to create designs automatically. Şener and Görgül [70] use mathematical analysis once more to identify proportional systems and locate the central dome that places restrictions on interactions with the other component. Likewise, Andaroodi et al. [71] classify Iran’s caravansary building style by creating the shape grammar according to, firstly, the morphological characteristics of the designs, including orientation, axis, entrance, and component spatial configuration, and, secondly, the courtyard, the Iwan, the entry, the rooms adjacent to the courtyard, the room behind the Iwan, and the buildings are all subjected to analysis. Most likely, shape grammar is used in analyzing the plan and its classification into spatial and functional spaces in the traditional Pol residences in Ahmedabad [72]. Meanwhile, shape grammar is used in architectural detail classification as it is formulated in the Maya program using Python in Islamic motifs by Sayed et al. [73]. Furthermore, it has been used for classifying elements into walls, columns, windows, ceilings, stairs, doors, and details [74]. Thus, shape grammar is formulated to morphologically analyze architectural components and the relationship between them.





6. Pattern Recognition


6.1. What Is Pattern Recognition


The primary issue in pattern recognition is classifying items, intending to sort things into categories according to their characteristics. Pattern recognition is a scientific field that categorizes objects into groups or classes [75]. It is divided into two parts: description and classification. The pattern recognition system generates a description of an object to analyze (namely, the pattern) and then classifies the object based on that description (namely, the recognition).




6.2. Pattern Recognition Types


Two major types were mentioned: supervised pattern recognition and unsupervised pattern recognition. The first type involves the availability of a set of training data, and the classifier was designed using previously known information. The second type of pattern classifier for which training data, in the form of known class labels, is unavailable. This type is called unsupervised classification or clustering. Such tasks arise in a variety of social sciences and engineering applications, including remote sensing, image segmentation, and image and speech coding [76].




6.3. Pattern Recognition Approaches


Pattern recognition can be divided into two categories. Statistical pattern recognition [77,78,79,80] uses established concepts in statistical decision theory to differentiate between data from different groups based on quantitative data features. Various statistical techniques for feature extraction can be used within the task description, ranging from simple descriptive statistics to complex transformations. Mean and standard deviation computations, frequency count summarizations, Karhunen Loève transformations, Fourier transformations, wavelet transformations, and Hough transformations are all examples of statistical feature extraction techniques. Similarity-based (template matching, K nearest neighbor, Jaccard index, etc.), probability-based (Bayes rule), boundary-based (decision trees, neural networks, etc.) [25], and clustering-based statistical techniques all are used as classifiers in the classification task (K means, hierarchical clustering, etc.). Contrarily, structural-pattern recognition (also known as syntactic pattern recognition) [81,82,83] relies on syntactic grammar to distinguish between data from various groups based on the morphological interrelationships (or interconnections) present within the data. This method has its roots in formal language theory. For data with an inherent, recognizable organization, such as image data (which is arranged by location within a visual rendering) and time series data (which is organized by time), structural-pattern recognition systems have shown to be effective. However, the usefulness of structural-pattern recognition systems is limited due to fundamental difficulties in implementing the description and classification tasks.




6.4. Graph-Based Pattern Recognition


The need to formalize the primary pattern recognition activities in terms of operations on graphs is urged by the use of graph-based pattern representations. Classification is typically intended to be the comparison of an object with a set of prototypes, and learning is the process of building a model of a class from a set of known samples. Several methods have been discussed in the study by Foggia et al. [84] by reviewing more than 180 papers on the subject. The goal is to provide a systematic framework showing the recent history of graphs in pattern recognition as well as current trends; the methodologies are presented in Figure 3.



Each of the mentioned graph techniques of pattern recognition has its characteristics. The goal of the study by Bei et al. [85] was to create a framework for an algorithm to complete building-group-partition and pattern-recognition tasks using graph clustering by the data sets of buildings.



Graph matching is the study of edge-preserving matching between the nodes of two graphs, which means that if two nodes in the other graph are connected by an edge, the corresponding nodes in the second graph must also have an edge [86]. Moreover, the number of feature points in the sequence remains constant but the graphs in the different viewpoints show major structural changes [86]. A basic requirement for exact matching in pattern recognition and analysis is the availability of a dissimilarity or similarity measure. The notions of similarity and dissimilarity are obviously related, as both a low dissimilarity score and a high similarity value suggest close proximity [87]. In addition, exact matching has several forms, including isomorphism, subgraph isomorphism, monomorphism, homomorphism, and maximum common subgraph. Isomorphism, in modern geometry, is a one-to-one connection (mapping) between two sets that retains basic relationships between the sets’ components, see Figure 4. On the other hand, homomorphism, from the (Greek homoios morphe) which means “similar form”, is a specific connection between the members (elements) of two mathematical systems, such as two groups, two rings, or two fields [80,84].



When considering the statement Z3 < D3, here as a visual, Group D3 contains a size-3 cyclic subgroup r, which is identical to Z3 in structure only. None of the elements of Z3 (namely 0, 1, and 2) are actually in D3. When we say Z3 < D3, we mean that the structure of Z3 shows up in D3. Furthermore, the relationship between the corresponding nodes is the same. Homomorphism is the mathematical tool for succinctly expressing precise structural correspondences. It is a function between groups satisfying a few “natural” properties [88].





7. Research Methodology


Traditional and modern mosques were categorized in this study using a four-step process based on their typo-morphological characteristics. Throughout the steps, several methods have been used, starting with a comprehensive outline to show how mosques have evolved stylistically over time. Traditional mosque architecture has been categorized together to highlight the commonalities between mosques of various styles. Later, efforts toward further sub-classification were investigated. To get a prototypical mosque classification, this study followed grammar standards by evaluating the components morphologically. Finally, the shape and pattern of mosques have been matched with the basic mosques’ prototypes using Graph-based pattern recognition (Figure 5).



The current research will discuss in detail all the aforementioned steps.



7.1. Step One


The syntactical and morphological composition of mosques from the beginning of the traditional Islamic Mosque style (622-661 AD) to the end of the Ottoman Mosque style (1923 AD) are the central topics of the descriptive analysis shown in Table 2.



Thus, from the establishment of mosques as buildings until the end of the Ottoman Empire, more than fifteen recorded historical eras presented a variety of mosque design styles.




7.2. Step Two


In the second step of traditional mosque classification, a non-supervised hierarchal clustering strategy is used to group mosques based on similarities in syntactic and form composition to determine their key typo-morphological prototypes, namely the hypostyle pattern, the Iwan pattern, the central-domed pattern, the multi-domed pattern, and the triple-domed pattern with a large courtyard (Figure 6).



On the other hand, many modern mosque designs have been selected to be classified into unsupervised hierarchical clustering to show groups of mosques that share the same syntactical and morphological compositions, as shown in Figure 7. In conclusion, they were divided into two general styles. The first is derived from the basic shapes found in the traditional mosque styles in general and the other is non-basic shapes or shapes not extracted from the styles of traditional mosques. That is, the current research has focused on the state of continuity in the traditional types.



The second step demonstrates the grouping of the most similar distinctive characteristics of mosques, which can be summarized into seven key categories, containing five general traditional designs and two general modern designs.




7.3. Step Three


Shape grammar was used as an analytical approach to extract typo-morphology prototypes of mosques by examining their syntactical properties. Focus was placed on spatial distribution, visual weight, and morphological characteristics to study the shape of the prayer hall in two dimensions and its proportions in three dimensions, as well as the relationship of morphological elements. A syntactic pattern and morphological pattern are extracted and prototyped in the current stage for each sub-category of mosques’ typo-morphological classification in a systematic way (Figure 8). To determine various typo-morphologies of mosques, seven shape grammar analysis rules were implemented to examine all main and sub-main types:




	
Spatial arrangement.



	
Visual weight distribution.



	
Prayer hall 2-dimensional shape.



	
Prayer hall 3-dimensional form.



	
Morphological element relationship.



	
Abstract syntactical layout pattern.



	
Abstract morphometric layout pattern.








Analytical grammar can be used to understand architectural typology through careful qualitative analysis of buildings geometrically (Table 3).



Mosque Shape Grammar—Mosque Prototypes


Table 3 provides a syntactic analysis of various hypostyle mosque types, including spatial arrangement, which is illustrated in the red color, visual weight distribution, which is in the blue color, and two-dimensional geometry of the prayer hall, which is in the grey color. The morphological analysis includes a three-dimensional proportion of a prayer hall, the relationship between the elements of the form, and an extracted prototype of a pattern layout’s syntactical and morphological components.



At this stage, six major types and their subtypes were analyzed, and the names and typo-morphological prototype layouts were derived for all types and subtypes related to each major type.





7.4. Step Four—Exact Matching


The final step in the process of classifying mosques (traditional and modern) is how to recognize mosques in terms of their typo-morphologies, in addition to finding similarities and differences for most syntactic and morphometric properties. The current research follows graphical techniques of structural-pattern recognition by matching mosque samples with the prototypes that were concluded from the previous step. The process was done through exact matching between the selected mosque and the prototypes concerning all seven characteristics/variables analyzed by the current research in the process of obtaining prototype mosques in the shape grammar approach as shown in Figure 8. To explain the exact matching procedure, the similarity rate between the four selected mosques in Figure 9 and (Type 1-A in Table 3) is depicted as a sample. After examining its seven syntactic and morphological characteristics, the Great Mosque of Duhok in Iraq is represented as C1. The current research found similarities between this mosque and the seven characteristics of Type 1-A. It shows that C1 and Type 1-A share 7/7 similarity, or 100%, while C2 and C3 share 3/7 similarity, 42.9%. As for C4, it matched 4/7, with a rating of 57.1%.



This matching procedure can frequently be used as a graphic-based method to identify structural patterns. In addition, a large number of mosques were chosen randomly, but the study area was limited to a specific geographical region (the Middle East), which extends from Iran in the east (60 °E) to Egypt in the west (15 °E) and from Turkey in the north (45 °N) to Saudi Arabia in the south (15 °N). They were examined and matched to classify them as mosque prototypes that were obtained from step 3, Table 4. Then, an exact match was determined to prove the degree of similarity between each mosque selected and each prototype (Figure 9).



As was done for the four chosen mosques in Figure 9, different syntactical and morphological patterns of mosques were chosen to be evaluated, matched, and classified to the extracted prototypes. Accordingly, the percentage of each concerning all types is shown in Figure 10.



The last step shows the exact match by graph-based techniques for pattern recognition that helps to identify the relevant mosque prototypes.





8. Findings


Through a descriptive study of mosques’ syntactic and morphological composition, mosques were classified by adopting four methodological steps, starting with the oldest mosques and ending with modern mosque designs. The first step shows the morphological development of mosques in a chronological sequence, beginning with the Islamic Mosque style (622–661 AD) and ending with the Ottoman Mosque style (1923 AD). In the second step, the five main types of mosques are mentioned according to the significance of their typo-morphological design elements which are hypostyle, Iwan, central-domed, multi-domed, and triple-domed with a huge courtyard. In the third step, twenty prototypes are made from the five basic categories found in the second step as well as another type of modern classification. These prototypes were extracted by analyzing them using grammar theory (Figure 11).



Finally, in the fourth step, a graph-based pattern recognition was used to match multiple mosque samples having different typo-morphological characteristics with the twenty extracted mosque prototypes, as shown in Figure 12.




9. Conclusions


The prayer hall, or haram, is the central focus of any mosque’s design. In its broadest sense, a classification is a set of boxes in which objects belonging to the same class are sufficiently similar to each other, and objects belonging to different classes are sufficiently different from each other. Most of the literature on mosque architecture studies its history and analyzes its different design layouts and patterns with multiple classifications. However, there is no comprehensive, in-depth, and clear-cut study on the classification of mosques that combines typological and morphological points of view (two-dimensional and three-dimensional). Hence, in this study, a specific classification following a typo-morphology classification was obtained through a four-step method used to achieve this goal. The outcomes were as follows: First, it demonstrates the historical and chronological development of mosque morphology by providing a descriptive study of mosques’ syntactical and morphological composition from the beginning of Islamic mosques to the Ottoman Mosque. Secondly, unsupervised pattern recognition was used to obtain the five main types of mosques in their importance for typo-morphological design characteristics: the hypostyle pattern, the Iwan pattern, the central-domed pattern, the multi-domed pattern, and the triple-domed pattern with a large courtyard. Third, by applying shape grammar for analysis, the current study derived twenty prototypes from the six previously prepared basic categories. Finally, the selected mosques were identified concerning the mosque prototypes using supervised graph-based structural-pattern recognition. Accordingly, the current research contributes to providing a distinctive database of mosque prototypes that may support researchers in their future research on categorizing mosques through the exact matching process. It can also be a basic and useful reference for those who are familiar with mosque architecture in general and architects in particular in identifying the most important and diverse prototypes of mosques in their future designs.
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Figure 1. Most essential architectural elements in mosque design [by authors]. 
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Figure 2. Distribution of publications by research type and application. The magnitude and intensity of the bubbles indicate the number of publications within each category. Reprinted/adapted with permission from [65]. 
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Figure 3. A graphical description for the accepted graph-based techniques categorization [84]. 
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Figure 4. Graph matching isomorphism [88]. 
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Figure 5. Mosque classification process [by authors]. 
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Figure 6. Clustering traditional mosques according to similarities in syntactic and form composition. 
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Figure 7. Clustering modern mosques according to similarities in syntactic and form composition. 
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Figure 8. Extracting mosques prototype by using a shape grammar analysis. 
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Figure 9. Exact matching process between selected mosques and mosque typo-morphology prototypes. 
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Figure 10. Percentage of all mosques selected concerning key prototypes. 
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Figure 11. Mosque typo-morphology prototypes. 
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Figure 12. Classification of the selected mosques by matching them to the main prototypes. 
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Table 1. Mosque classification approach, criteria, and classification numbers.
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Classification Criteria

	
Previous Studies

	
No. of Classifications






	
Descriptive study

	
Chronological description

	
Hoag JD, 1975 [7]

	
18




	
Mo’nis, 1981 [8]

	
7




	
Khan HU,1990 [5]

	
5




	
Jahić E, 2008 [9]

	
4




	
Hakim N, 2008 [10]

	
4




	
Alkhaled Z, 2019 [11]

	
4




	
Analytical study

	
Typological analysis

	
Hillenbrand R,1985 [12]

	
3




	
Tahir,1994 [13]

	
4




	
Aazam, Z. (2007) [14]

	
4




	
Khachan LG, 2008 [15]

	
6




	
Mustafa and Hassan (2013) [16]

	
6




	
Ahmad AA, 2013 [17]

	
3




	
M. Loukma, M. Stefanidou, 2016 [18]

	
2




	
Elkhateeb et al. (2018) [19]

	
2




	
F. Mustafa, Z. Ismael, 2019 [20]

	
9




	
Rashid, M. (2020) [21]

	
8




	
Morphological analysis

	
Ardalan N. 1980 [22]

	
5




	
Al-Omary, 1988 [23]

	
4




	
Prochazka AB, 2013 [24]

	
6




	
Al-Jameel AH, 2013 [25]

	
5




	
I. Cherif, N. Allani-Bouhoula, 2017 [26]

	
-
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Table 2. Typo-morphological descriptive analysis of the traditional mosque style.
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Mosque Style and Period

	
Mosques Name

	
Mosque Style Model

	
Syntactical and Morphological Composition Characteristics






	
1. The beginning of Islamic Mosque (622–661)

	
Al-Masjid an-Nabawi (The Prophet’s Mosque in Medina)

	
[image: Buildings 13 00741 i001]

	
The rows of the prayer hall are produced by vertical supporting beams or columns bearing a flat roof.

A simple courtyard surrounded on all four sides by one-story arcades.




	
2. Umayyad Mosques (661–750)

	
The Great Mosque of Damascus (Umayyad Mosque)

	
[image: Buildings 13 00741 i002]

	
Three wide aisles with gabled roofs divided the prayer hall. The large central transept is the most prominent element. A courtyard surrounded on four sides by a two-story arcade, not corresponding to any inner horizontal division.




	
3. Spanish Umayyad (756–1031)

	
The great Mosque of Cordoba Spain (Andalus Islamic Architecture)

	
[image: Buildings 13 00741 i003]

	
A large hypostyle prayer hall with many columns makes up this building. A magnificent dome is located above the Mihrab.

A courtyard with a fountain is in the middle.




	
4. Abbasid Mosques (750–1256)

	
Al-Mutawakkil Great Mosque in Samarra (Great Mosque of Samarra)

	
[image: Buildings 13 00741 i004]

	
It is a rectangular hypostyle plan.

An arcaded courtyard surrounded by several columns.




	
5. Early Islamic Mosques in North Africa (800–909)

	
A. Aghlabids (800–909)

The Great Mosque of Kayrouan in Tunisia

	
[image: Buildings 13 00741 i005]

	
A hypostyle prayer hall, a central capped nave on the side of the courtyard is wider and higher in the ceiling than the other aisles, emphasizing the direction of prayer towards the Qibla wall, creating a T-shaped movement in its layout.

A small dome is erected in front of the Mihrab.




	
B. Tulunids (868–905)

Mosque of Ahmad Ibn-Tulun, Cairo

	
[image: Buildings 13 00741 i006]

	
The rectangular hypostyle prayer area is attached to a central square courtyard (sahn) surrounded by four riwaqs.




	
6. The Classic Mosque Architecture in North Africa and Spain

	
A. Almoravids (1061–1130)

Al-Qarawiyyin Mosque, Morocco

	
[image: Buildings 13 00741 i007]

	
The internal hypostyle prayer hall occupies the majority of the mosque’s space.

The prayer hall’s central axis is perpendicular to the Qibla wall.

The courtyard is rectangular and is enclosed on three sides by the prayer hall.




	
B. Almohads (1141–1269)

Tinmal Mosque, Morocco

	
[image: Buildings 13 00741 i008]

	
The prayer hall is a longitudinal aisle adjacent to the Qibla wall and gives a T-shaped layout.

The courtyard is made up of wide and long arcades.




	
7. Fatimids (909–1171)

	
Mosque of Al-Azhar, Egypt

	
[image: Buildings 13 00741 i009]

	
A hypostyle prayer hall that consists of aisles parallel to the old Qibla wall with a central nave passing through them in the middle, extending from the courtyard to the old Qibla wall in the east.




	
8. Seljuk (1071–1308)

	
Great Mosque Konya

	
[image: Buildings 13 00741 i010]

	
The hypostyle pattern is a Seljuk architecture. The columns supporting the stone vaulted ceiling divide the hall into bays and aisles.




	
9. Ayyubids (1171–1250)

	
Madrasa of al-Salih Najm al-Din Ayyub

	
[image: Buildings 13 00741 i011]

	
The Madrasa has two similar schools with a shared entranceway and façade. Two opposed doors lead to the entrance. The eastern door leads to the Maliki and Shafi’i Madrasas’ Iwans and the western door to the Hanbali and Hanafi Madrasas.

The subsequent Mamluk Madrasa layout with four axial Iwans (topology) evolved from this style.




	
10. The Ilkhanids (1256–1353) Central Asia

	
The Masjid-i-Jomeh at Varamin (1322-26), Tehran, Iran,

	
[image: Buildings 13 00741 i012]

	
This mosque shows the ideal four-Iwan layout design and has a highly symmetrical layout.




	
11. Mamluks (1250–1517)

	
Mosque of al-Zahir Baybars

	
[image: Buildings 13 00741 i013]

	
Square-shaped hypostyle building with a flat roof supported by columns.

The mosque has three lateral entrances to the square courtyard.




	
12. The Timurids (1370–1506)

	
Bibi-Khanym Mosque in Samarkand

	
[image: Buildings 13 00741 i014]

	
Rectangular hypostyle prayer hall with a flat roof and a domed Iwan.

Three Iwans surround the entrance to the square courtyard facing the prayer hall.




	
13. Ottman Architecture (1299–1923)

	
A. Multiple domes, Ulu Cami, Bursa, Turkey

	
[image: Buildings 13 00741 i015]

	
Multi equal-sized domes stand on pendentives and arches that connect the huge, square-plan pillars to the massive main walls. The central dome of this mosque has a glazing cover.




	
B. Central massive dome, Sulaymaniyah Mosque, Turkey

	
[image: Buildings 13 00741 i016]

	
The most important characteristics are an expressive dome with an outstanding design that is very high and expansive, providing a considerably large prayer hall to accommodate more worshipers.




	
14. Safavid Architecture (1502–1736)

	
Shah Mosque, Isfahan, Iran

	
[image: Buildings 13 00741 i017]

	
The traditional four-Iwan layout has a central courtyard with two monumental entrances on opposite sides, creating the illusion of gateways.




	
15. Moghul Architecture (1526–1858)

	
Triple Dome Mosque of Wazir Khan, Lahore, Pakistan (1634-36)

	
[image: Buildings 13 00741 i018]

	
The prayer hall is hypostyle and rectangular; it is topped by three marble domes, the largest of which is in the center and the other two flanking it on either side. A huge courtyard is connected to the prayer hall’s entrance with arcades on three sides.
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Table 3. Mosques’ shape grammar analysis [drawing and modeling by authors].






Table 3. Mosques’ shape grammar analysis [drawing and modeling by authors].





	
Mosque Name & Analysis Including:

Spatial Arrangement

Visual Weight

2D Prayer Hall Shape

	
Morphological Element Relationship

	
3D Form Proportion

	
Typo-Morphological Prototype




	
Abstract Syntactical Pattern Layout

	
Abstract Morphological Pattern Layout






	
Type 1-A

	
[image: Buildings 13 00741 i019]

	
[image: Buildings 13 00741 i020]

	
[image: Buildings 13 00741 i021]

	
[image: Buildings 13 00741 i022]

	
[image: Buildings 13 00741 i023]




	
Linear arrangement

Equal visual focus

Rectangular shape

	
Flat roof

	
(X > Y), (X > Z), (Y > Z)

	
Hypostyle flat roof courtyard pattern




	
Type 1-B
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[image: Buildings 13 00741 i028]




	
Linear arrangement

Equal visual focus

Rectangular shape

	
Flat roof with a dome

	
(X > Y > Z)

	
Hypostyle domed flat-roof courtyard pattern




	
Type 1-C
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[image: Buildings 13 00741 i033]




	
Linear arrangements

Central transept

Rectangular shape

	
Gabled roof

	
(X > Y), (Y > = Z), X > Z

	
Hypostyle gabled-roof courtyard pattern




	
Type 1-D
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[image: Buildings 13 00741 i036]
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T-shape aisle

T-shape visual focus

Rectangular shape

	
Naved roof

	
X > Y > Z

	
Hypostyle naved-roof courtyard pattern




	
Type 1-E
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[image: Buildings 13 00741 i042]
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Linear and central

T-shape visual focus

Rectangular shape

	
A flat articulated domed roof

	
(X > Y), (Y > = Z), X > Z

	
Hypostyle domed—articulated courtyard pattern




	
Type 2-A
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Central arrangements

Central visual focus

Polygonal shape

	
Central dome attached with Iwan

	
(X = Y), (X or Y < Z)

	
Domed Iwan pattern




	
Type 2-B
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Central and linear

Central visual focus

Rectangular and square

	
Domed Iwan mosque

	
(X = Y), (X < Z), (X1 > Y1)

	
Two Iwan pattern




	
Type 2-C

	
[image: Buildings 13 00741 i054]

	
[image: Buildings 13 00741 i055]
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Central and linear

Central visual focus

Rectangular shape

	
Multi-Domed Iwan mosque

	
(X > Y), (X < Z)

	
Four Iwan pattern




	
Type 3-A
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Linear arrangements

Linear visual focus

Rectangular shape

	
Multi-similar domed

	
(X = Y), (X or Y > Z)

	
Non-courtyard—duplicated dome pattern




	
Type 3-B
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Central distribution

Central visual focus

Square shape

	
Single dome with portico

	
(X = Y), (X or Y < Z)

	
Non-courtyard—single dome slop-portico pattern




	
Type 3-C
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Central distribution

Central visual focus

Repeated equal size squares on a T-shape

	
Different size of domes

	
(X = Y + Y1), (X1 = Y = Y1), (X > Z1)

	
Non-courtyard earring pattern (pendentive layout)




	
Type 3-D
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Central distribution

Central visual focus

Repeated unequal-size squares with a T-shape pattern

	
Domes of different sizes

	
(X = Y), (X, Y > Z), (X1 = Y1 = Z1)

	
Non-courtyard—multiple-dome pattern




	
Type 4-A
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Central distribution

Central visual focus

Repeated squares

	
Central big dome with multiple small domes on earing roofs

	
(X = Y1), (X1 > Y) (X and Y1 > Z2)

	
Courtyard earring—pendentive-dome pattern




	
Type 4-B
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Central distribution

Central visual focus

Square shape

	
Central massive dome supported by four huge columns

	
(X = Y), (X and Y < Z)

	
Courtyard supported by central-domed pattern




	
Type 4-C
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Central distribution

Central visual focus

Square shape

	
Central massive dome supported by multiple columns

	
(X = Y), (X and Y < Z)

	
Multiple-dome courtyard pattern




	
Type 5-A
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Triple centrality

Central visual focus

Rectangular shape

	
Three massive domes supported by several columns

	
(X > Y), (X < Z)

	
Massive courtyard—triple domes




	
Type 6-A
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Linear distribution

No visual focus

Rectangular shape

	
Square shape without dome

	
(X = Y), (X and Y > Z)

	
Non-courtyard—non-domed square layout




	
Type 6-B
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Linear distribution

Central visual focus

Square shape

	
Square shape covered with a dome

	
(X = Y), (X and Y > Z)

	
Non-courtyard—domed square layout




	
Type 6-C
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Linear distribution

Mihrab visual focus

Rectangular shape

	
Square shape flat roof

	
(X = Y), (X and Y > Z)

	
Courtyard—non-domed square layout




	
Type 6-D
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Linear distribution

Central visual focus

Rectangular shape

	
Rectangular shape domed roof

	
(X > Y), (X and Y > Z)

	
Closed courtyard—rectangular-domed layout
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Table 4. Location and name of the selected mosques to be categorized on key mosque prototypes.
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	Symbol
	Mosques Name
	Location
	Symbol
	Mosques Name
	Location





	C1
	The Great Mosque of Dohuk
	Iraq
	C29
	Basuna Mosque
	Egypt



	C2
	Al-Azhar Mosque
	Egypt
	C30
	Haji Dawood Mosque
	Iraq



	C3
	Diyarbakır Ulu Camii
	Turkey
	C31
	Dome of Soltaniyeh
	Iran



	C4
	Koya Great Mosque
	Iraq
	C32
	Bali Pasha Mosque
	Turkey



	C5
	Mosque of Mohamed Abdulkhaliq Gargash
	UAE
	C33
	Altun Mosque in Erbil
	Iraq



	C6
	Khanaqa Mosque
	Iraq
	C34
	Sulaimani Grand Mosque
	Iraq



	C7
	Madrasa and Friday Mosque of Sultan Hasan
	Egypt
	C35
	Selimiye Mosque
	Turkey



	C8
	Fatih Mosque
	Turkey
	C36
	The Great Mosque of Bursa
	Turkey



	C9
	Great Mosque of Amedi
	Iraq
	C37
	Friday Mosque of Neyshabur
	Iran



	C10
	Eyup Sultan Mosque
	Turkey
	C38
	Mihrimah Sultan Mosque
	Turkey



	C11
	Sheikh Lotfollah Mosque
	Iran
	C39
	Pertevniyal Valide Sultan Mosque
	Turkey



	C12
	Yavuz Selim Mosque
	Turkey
	C40
	Mosque of Wazirxan, Lahure
	Pakistan



	C13
	Arcapita Mosque
	Bahrain
	C41
	Abdul Rahman Siddique Mosque
	UAE



	C14
	Najadah Mosque
	Qatar
	C42
	Firuz Agha Mosque
	Turkey



	C15
	Al-Hakim Mosque
	Egypt
	C43
	Üç Şerefeli Camii
	Turkey



	C16
	Rustem Pasha Mosque
	Turkey
	C44
	Mohammed Jassim Al-Saddah Grand Mosque
	Kuwait



	C17
	Haji Abdulqadir Saeed Dabbagh Mosque
	Iraq
	C45
	The Great Mosque of Akre
	Iraq



	C18
	Masjid Um-Alqura
	Iraq
	C46
	Jumma Mosque
	Qatar



	C19
	Al Fateh Grand Mosque
	Bahrain
	C47
	Zabeel Mosque
	UAE



	C20
	Sheik Zayed Mosque
	UAE
	C48
	Hüsrev Pasha Camii
	Turkey



	C21
	Al-Nasir Muhammad Mosque
	Egypt
	C49
	Süleymaniye Mosque
	Turkey



	C22
	Jameh Mosque of Yazd
	Iran
	C50
	Isa Bey Mosque
	Turkey



	C23
	Sultan Bayazid II Mosque
	Turkey
	C51
	Shah Mosque, Isfahan
	Iran



	C24
	Khurmal Mosque
	Iraq
	C52
	Grand Mosque of Kuwait
	Kuwait



	C25
	Al-Masjid an-Nabawi
	KSA
	C53
	King Saud Mosque
	KSA



	C26
	Gowhar-šād Mosque
	Iran
	C54
	Behram Pasha Mosque
	Turkey



	C27
	Muradiye Mosque
	Turkey
	C55
	Firdaws Mosque, Erbil
	Iraq



	C28
	Murat Pasha Mosque
	Turkey
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0 [100.0%] 71.4% | 57.1% | 57.1% | 429% | 28.6% [ 28.6% [ 28.6% | 14.3% [ 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 14.39% | 14.3% [ 14.3% | 143% [ 28.6%
10 | 14.3% | 14.3% [4VALUE!] 14.39% [ 143% [ 14.3% | 14.3% | 14.3% | 42.99 | 42.9% [ 42.9% | 4299 | 85.7% | 85.79% [100.0% [ 14.3% [ 14.3% | 14.3% | 1430 | 1430
c11 | 14.3% | 143% | 14.3% | 14.3% [ 143% [ 42.9% | 85.7% [100.0% | 28.6% | 28.6% [ 28.6% | 286% | 14.3% | 14.3% | 14.39% [ 28.6% | 14.3% | 14.3% | 143% | 14.30%
c12 [ 14.3% [ 143% | 143% | 14.3% [ 143% | 14.3% | 14.3% | 14.3% | 42.9% [ 42.9% [ 42.9% | 429% [100.0% [ 85.7% | 85.7% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
T caa | 143% | 143% | 143% | 143% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 100.0% | 85.7% | 714% | 71.4%
C14 | 14.3% | 143% | 14.3% | 14.3% [ 143% [ 14.30% | 14.3% [ 14.3% | 1439 | 14.3% [ 14.30% | 1439% [ 14.3% | 1439 | 14.3% [ 14.3% | 85.7¢ [100.0%| 57.1% | 57.1%
C1s | 42.9% | 85.7% | 42.9% | 71.4% [100.0% [ 42.9% | 42.9% [ 42.9% | 1439 | 14.3% [ 14.3% | 1439% | 14.3% | 14.39% | 14.3% [ 14.3% [ 28.6% | 28.6% | 28.6% | 28.6%
c16 | 14.3% | 143% | 14.3% | 14.3% [ 143% [ 14.30% | 14.3% [ 14.3% | 42.99% |1000% [ 57.0% | 7L4% | 42.9% | 42.99 | 42.99 [ 28.6% [ 14.3% | 14.3% [ 1430 | 1430
c17 [100.0% 57.1% | 57.1% | 42.9% [ 429% | 14.3% | 14.3% | 14.3% | 14.3% [ 14.3% [ 14.3% | 143% [ 14.3% [ 143% | 14.3% [ 14.3% | 14.3% | 14.3% | 143% | 42.9%
L c1s | 14.3% | 143% | 14.3% | 14.3% | 143% [100.0% | 14.3% | 14.3% | 42.9% | 42.9% | 25.6% | 286% | 28.6% | 28.6% | 28.6% | 28.6% | 14.3% | 14.3% | 143% | 14.3%
| 19 | 28.6% | 28.6% | 28.6% | 28.6% | 28.6% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 857 [100.0% 571% | 71.4%
c20 | 42.9% | 28.6% | 28.6% | 42.99% [ 286% [ 14.3% | 14.3% [ 14.3% | 42.99 | 42.9% [ 42.9% | 4299 | 14.3% | 14.39% | 14.3% [100.0% | 28.6% | 28.6% | 28.6% | 28.6%
C21 | 42.9% | 85.79% | 42.9% | 71.4% [100.0% [ 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% [ 14.3% | 1439% [ 14.3% | 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% | 143% | 14.3%
22 | 28.6% | 25.6% | 25.6% | 25.6% | 28.6% | 57.1% | 100.0% | 42.9% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
| c23 [ 14.3% [ 143% | 14.3% | 143% | 143% [ 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% [ 143% [100.0% [ 85.7% [ 85.7% | 14.3% | 14.3% | 14.3% | 143% | 143%
24 | 14.3% [ 14.3% | 14.3% [ 14.3% | 143% [ 14.3% | 14.3% | 14.3% [100.0% | 42.9% | 42.9% | 429% | 14.39% | 14.3% | 14.3% | 14.3% [ 14.3% | 14.3% [ 143% [ 14.3%
| c25 | 42.9% |100.0% | 71.4% | 42.9% | 429% [ 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% [ 143% | 143% [ 14.3% [ 14.3% | 14.3% [ 14.3% | 14.3% | 143% | 143%
C26 | 28.6% | 28.6% | 28.6% | 28.6% [ 286% [ 42.9% | 85.7% [100.0% | 14.3% | 14.3% [ 14.3% | 1439% | 14.3% | 14.39% | 14.3% [ 14.3% [ 14.3% | 14.3% | 143% | 143%
a7 | 14.3% [ 143% | 14.3% | 14.39% [ 143% [ 1430 | 14.3% [ 14.3% | 42.99 | 42.9% [100.0% | 8579% | 14.3% | 1430 | 1439 [ 42.9% [ 14.3% | 14.3% [ 1430 | 1430
| c28 [ 143% | 14.3% | 143% [ 143% | 143% [ 14.3% | 14.3% | 14.3% | 42.9% | 42.9% | 85.7% | 100.0% | 25.6% | 25.6% | 28.6% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
| c29 | 28.6% | 28.6% | 28.6% | 28.6% | 286% [ 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% [ 143% [ 14.3% [ 14.3% [ 14.3% | 14.3% | 85.7% |100.0% [ 571% | 71.4%
| 30 [ 42.9% | 42.9% | 28.6% [ 28.6% | 286% [ 14.3% [ 14.3% | 14.3% [100.0% | 42.9% | 42.9% | 429% | 14.3% | 14.3% [ 14.3% [ 14.3% [ 14.3% | 14.3% | 143% | 14.3%
ca1 [ 14.3% | 143% | 14.3% | 14.3% | 143% [100.0% | 14.3% [ 14.3% | 42.9% | 42.9% | 42.9% | 42.9% | 14.3% | 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% | 143% | 14.3%
| c32 | 14.3% | 143% | 14.3% | 143% | 143% [ 14.3% | 14.3% | 14.3% | 42.9% [1000% | 57.1% | 571% | 14.3% [ 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% | 143% | 143%
|33 [ 143% [ 28.6% | 143% [ 143% [ 143% [ 14.3% [ 143% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% [ 14.3% [ 14.3% | 85.7% [100.0% [ 571% | 71.4%
42.9% | 42.9% | 85.7% |100.0% [ 704% [ 14.3% | 14.3% [ 14.3% | 1439 | 14.3% [ 14.30% | 1439% [ 14.3% | 1430 | 1439 [ 14.3% [ 14.3% | 14.3% | 1430 | 1430
| c35 | 14.3% | 143% | 14.3% | 14.3% [ 143% [ 14.3% | 14.3% | 14.3% | 42.9% | 42.9% | 42.9% | 429% | 85.7% [100.0% [ 85.7% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
C36 | 28.6% | 42.9% | 28.6% | 28.6% [ 286% [ 14.3% | 14.3% [ 14.3% [100.0% | 42.9% [ 42.9% | 4299 | 14.3% | 14.39% | 14.39% [ 14.3% [ 14.3% | 14.3% | 143% | 143%
a7 | 28.6% [ 28.6% | 14.3% [ 14.3% | 1439% | 57.1% [ 100.0% | 42.99% [ 14.3% [ 14.3% | 14.3% | 1430 | 1439 [ 14.3% [ 1430 | 14.3% [ 14.3% | 1430 [ 143% [ 143%
cas | 28.6% | 28.6% | 28.6% | 28.6% | 286% | 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% [ 14.3% | 14.39% | 85.7% | 85.79% |100.0% [ 14.3% | 14.3% | 14.3% | 143% | 14.3%
Ca9 | 14.3% | 14.3% | 143% | 14.3% | 143% | 14.3% | 14.3% [ 14.3% [ 42.9% |100.0% | 70.4% | 57.1% | 42.9% | 42.9% [ 42.9% [ 28.6% | 14.3% [ 14.3% [ 143% | 14.3%
L ce0 [ 14.3% [ 143% | 14.3% [ 143% | 143% [ 14.3% | 14.3% | 14.3% | 28.6% | 28.6% | 42.9% [ 429% [ 14.3% | 14.3% [ 14.3% [100.0% | 14.3% | 14.3% [ 143% | 143%
ca1 | 14.3% | 143% | 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% [ 14.3% | 1439% | 14.3% | 14.39% | 14.3% [ 14.3% [ 710.4% | 57.1% | 100.0% | 85.7%
| cia | 14.3% | 143% | 14.3% | 143% [ 143% [ 14.3% | 14.3% | 14.3% | 42.9% [1000% | 71.4% | 571% | 14.3% [ 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
Ce3 | 14.3% | 143% | 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 4299 | 42.9% [ 42.9% | 42.9% [100.0%| 85.79% | 85.79% [ 14.3% [ 14.3% | 14.3% | 143% | 1430
Cag | 14.3% | 143% | 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 143% | 14.3% [ 14.3% | 1439% [ 14.3% | 14.3% | 14.3% [ 14.3% [ 71.4% | 57.1% | 100.0% | 85.7%
| C45 | 42.9% | 42.9% | $5.7% |100.0% | 7L4% | 28.6% | 28.6% | 28.6% | 14.3% | 14.3% | 14.3% [ 143% | 14.3% [ 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
Ci6 | 14.3% | 143% [ 143% | 14.3% | 143% [ 14.3% [ 14.3% [ 14.3% [ 14.3% | 14.3% | 1430 | 1430 [ 14.3% | 14.3% [ 14.3% [ 14.3% | 70.4% | 57.19 | 85.79% |100.0%
| ce7 [ 14.3% [ 143% | 14.3% [ 143% | 143% [ 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% | 14.3% [ 143% [ 143% [ 14.3% [ 14.3% | 14.3% | 57.1% | 57.1% [ 100.0% | 85.7%
Ces | 14.3% | 143% | 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 42.9% |1000% [ 71.4% | 57.1% | 14.3% | 14.39% | 14.3% [ 14.3% [ 14.3% | 14.3% | 143% | 14.3%
C49 | 14.3% | 143% | 14.3% | 14.39% [ 143% [ 14.3% | 14.3% [ 14.3% | 42.9% | 42.9% [ 42.9% | 42.99% | 85.7% | 100.0% | 85.79% [ 14.3% | 14.3% | 14.3% | 143% | 14.3%
cs0 | 42.9% | 71.4% | 100.0% | 57.19% [ 857% [ 14.3% | 14.3% [ 14.3% | 14.39% | 14.3% [ 14.3% | 1439% [ 14.3% | 14.39% | 14.3% [ 14.3% [ 14.3% | 14.3% | 143% | 143%
[ cs1 | 143% | 143% | 143% | 14.3% | 143% | 42.9% | 85.7% | 100.0% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3%
| cs2 [143% | 143% [ 143% [ 143% | 143% [ 14.3% [ 143% | 14.3% | 14.3% | 14.3% | 14.3% | 143% | 14.3% | 14.3% [ 14.3% | 14.3% | 85.7% [100.0% [ 57.1% | 71.4%
| cs3 | 42.9% | 42.9% | 14.3% [ 143% | 143% [ 14.3% | 57.1% [100.0% | 14.3% | 14.3% | 14.3% [ 143% [ 143% [ 14.3% [ 14.3% | 14.3% | 57.1% | 71.4% | 857% | 71.4%
Cs4 | 28.6% | 28.6% | 28.6% | 28.6% | 286% | 14.3% | 14.3% [ 14.3% [ 42.9% |100.0% | 57.19% | 7L4% | 14.3% | 14.3% [ 14.3% [ 14.3% | 14.3% [ 14.3% [ 1439% | 14.3%
Css | 28.6% | 28.6% | 28.6% | 28.6% | 286% | 14.3% | 14.3% [ 14.3% | 14.3% | 14.3% [ 14.3% | 143% | 14.3% | 14.3% | 14.3% | 14.3% | 85.7 [100.0% | 57.1% | 71.4%
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