Topological and Fractal Modelling of Nagara



Abstract
Nagara temple architecture of North India exhibits remarkable geometric sophistication through recursive tower clustering, curvilinear verticality, radial symbolism, axial alignment, cyclic organization, and hierarchical spatial planning. Although North Indian temples have been extensively studied from historical, archaeological, iconographic, and cultural perspectives, their mathematical interpretation through topology, graph theory, and fractal geometry remains comparatively underexplored. The present study proposes a normalized mathematical framework for analysing selected features of Nagara temple architecture using graph-theoretic abstraction, fractal-inspired modelling, symmetry analysis, radial geometry, and spatial topology.
The study focuses on two major North Indian temple systems: Kandariya Mahadeva Temple, Khajuraho, and Konark Sun Temple, Odisha. Kandariya Mahadeva Temple is interpreted as an example of recursive vertical clustering through grouped shikharas, whereas Konark Sun Temple is interpreted as an example of radial geometry, cyclic symbolism, and astronomical orientation. A composite mathematical parameter termed the Nagara Temple Geometric Index (NTGI) is introduced to integrate recursive geometry, spatial topology, and radial symmetry into a unified normalized framework.
The numerical values used in the model are treated as comparative indicators rather than exact archaeological measurements. The proposed framework contributes to interdisciplinary research connecting mathematics, architecture, computational heritage studies, and Indian Knowledge Systems. The study also highlights the need for future validation using architectural drawings, photogrammetry, LiDAR mapping, GIS analysis, and computational image processing.
Keywords: Nagara Temple Architecture; Fractal Geometry; Graph Theory; Topology; Sacred Geometry; Radial Symmetry; Computational Heritage; Indian Knowledge Systems.
Introduction
North Indian temple architecture, commonly known as the Nagara style, represents one of the most mathematically expressive architectural traditions in India. Nagara temples are distinguished by vertically rising curvilinear shikharas, clustered tower forms, axial organization, symbolic geometry, and hierarchical spatial progression. The visual and spatial organization of these temples suggests deep structural order, recursive proportion, and sacred geometric planning.
While Nagara temples have been widely studied from historical, archaeological, iconographic, religious, and cultural perspectives, relatively fewer studies have examined their architectural structure using modern mathematical frameworks such as fractal geometry, topology, graph theory, radial symmetry, and spatial network modelling.
The present study focuses on two major North Indian temple systems:
1. Kandariya Mahadeva Temple, Khajuraho
2. Konark Sun Temple, Odisha
These temples were selected because they represent two complementary mathematical tendencies within Nagara architecture. Kandariya Mahadeva Temple demonstrates recursive vertical geometric clustering through grouped shikharas, whereas Konark Sun Temple demonstrates radial geometry, cyclic symbolism, wheel-based spatial ordering, and solar orientation.
The purpose of this paper is not to claim that ancient architects explicitly used modern mathematical terms such as graph theory, topology, or fractal dimension. Rather, the study proposes that these modern mathematical tools can serve as interpretative frameworks for understanding the complexity, hierarchy, connectivity, and symmetry embedded within Nagara temple architecture.
Literature Review
Mathematical Interpretation of Indian Temple Architecture
Indian temple architecture has historically been studied through religious symbolism, iconography, sculpture, ritual systems, and dynastic development. However, the geometric and mathematical dimensions embedded within temple architecture have also attracted scholarly attention. Traditional Indian architectural treatises such as the Shilpa Shastras and Vastu Shastras emphasize proportion, orientation, symmetry, axiality, and sacred measurement systems.
Kramrisch interpreted temple architecture as a symbolic representation of the cosmic mountain and sacred spatial order [1]. Hardy discussed structural transformation and geometric organization within Indian temple forms [2]. Michell examined temple planning and symbolic architectural hierarchy [3]. Nevertheless, comparatively fewer studies examine temple structures using modern mathematical frameworks such as graph theory, fractal geometry, topology, and computational modelling.
Fractal Geometry in Architectural Studies
Fractal geometry provides mathematical tools for studying recursive structures, scale hierarchy, and self-similar organization. Mandelbrot introduced the mathematical theory of fractals for analysing irregular geometric systems [4]. In architecture, repetitive scaling and recursive ornamentation frequently demonstrate fractal-like characteristics.
Bovill applied fractal geometry to architectural analysis and demonstrated how recursive scaling can be identified in historical monuments and traditional architectural systems [5]. Nagara temple architecture, particularly clustered shikhara systems, visually resembles recursive hierarchical organization where smaller towers repeat around a dominant central structure.
Topology and Spatial Connectivity
Topology and graph theory are increasingly used in urban analysis, spatial modelling, circulation systems, and architectural network studies. Temple spaces may be interpreted as graphs in which nodes represent architectural units and edges represent movement pathways or visual connections.
Diestel developed foundational graph-theoretic methods applicable to spatial connectivity [6]. Batty discussed spatial networks and urban topology in architectural systems [7]. Nagara temples exhibit hierarchical movement pathways, axial progression, mandapabased circulation, and structured spatial transitions suitable for topological modelling.
Astronomical and Symbolic Geometry
Several North Indian temples exhibit astronomical alignment and symbolic geometric planning. Konark Sun Temple is particularly significant because of its radial wheel geometry, solar symbolism, cyclic representation of time, and eastward orientation. The monumental wheels of Konark may be interpreted mathematically through radial symmetry, circular partitioning, angular division, and periodic spatial symbolism.
Research Gap
Existing studies on Nagara temple architecture mainly emphasize archaeological interpretation, religious symbolism, iconography, and historical development. Comparative mathematical studies integrating fractal geometry, topology, graph theory, recursive modelling, radial geometry, and cyclic symbolism remain comparatively limited. The present study attempts to address this gap by proposing a normalized mathematical framework for interpreting selected geometric and topological features of Nagara temple architecture.
Objectives of the Study
The objectives of the study are:
1. To analyse recursive vertical clustering in Nagara temple architecture.
2. To examine radial geometry and cyclic symbolism in North Indian temple systems.
3. To investigate spatial topology and architectural connectivity.
4. To construct graph-theoretic abstractions of temple layouts.
5. To develop a normalized mathematical framework for Nagara temple analysis.
6. To propose the Nagara Temple Geometric Index.
7. To compare recursive geometry and radial organization between Kandariya Mahadeva Temple and Konark Sun Temple.
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Figure 1: Proposed mathematical framework for analysing selected features of Nagara temple architecture.
Architectural Background of the Selected Temples
Kandariya Mahadeva Temple
Kandariya Mahadeva Temple, located in the Khajuraho Group of Monuments in Madhya Pradesh, is one of the finest examples of mature Nagara temple architecture. The temple is dedicated to Shiva and is known for its high central shikhara, clustered miniature spires, sculptural abundance, and strong vertical movement. It belongs to the Chandela period and is generally dated to the eleventh century CE [8, 2, 3].
	Parameter
	Value

	Location
	Khajuraho, Madhya Pradesh

	Approximate period
	c. 1025–1050 CE

	Dynasty
	Chandela

	Architectural style
	Nagara

	Main deity
	Shiva

	Main shikhara height
	Approximately 31 m

	Main mathematical feature
	Recursive clustered shikhara system

	Orientation
	East-facing


The temple exhibits vertical hierarchy, recursive clustering, axiality, progressive elevation, and repeated miniature shikhara forms. Smaller tower elements cluster around the main tower, creating an impression of geometric growth toward a central vertical peak.
Konark Sun Temple
Konark Sun Temple, located in Odisha, is one of the most celebrated examples of KalingaNagara architecture. It was constructed in the thirteenth century CE and is dedicated to Surya, the Sun God. The temple is conceived as a monumental solar chariot with twelve pairs of elaborately carved wheels and symbolic horses [9, 3, 2].
	Parameter
	Value

	Location
	Konark, Odisha

	Approximate period
	13th century CE

	Dynasty
	Eastern Ganga

	Architectural style
	Kalinga-Nagara

	Main deity
	Surya

	Wheel structures
	24 monumental wheels

	Symbolic form
	Solar chariot

	Main mathematical feature
	Radial geometry and cyclic symbolism

	Orientation
	East-facing


The temple exhibits radial geometry, cyclic symbolism, solar orientation, axial planning, and mathematical ordering through its wheel structures. The wheels may be interpreted as geometric representations of time, periodicity, circular symmetry, and solar movement.
Sources of Architectural Data
The architectural information used in this study is based on authenticated heritage documentation, UNESCO World Heritage descriptions, published studies on Indian temple architecture, and standard architectural literature [8, 9, 3, 2, 1].
The information regarding the Khajuraho Group of Monuments and Kandariya Mahadeva Temple is drawn from UNESCO documentation and architectural studies on Nagara temple form [8, 2, 3]. The data regarding Konark Sun Temple, its solar chariot form, and wheel symbolism is drawn from UNESCO documentation and published architectural literature [9, 3].
The study does not claim exact measurement of all geometric ratios. Instead, it develops a comparative normalized mathematical framework using authenticated architectural features and modelling assumptions.
Model Assumptions and Validation Scope
The proposed framework is intended as a normalized mathematical interpretation rather than a direct archaeological measurement model. The following assumptions define the scope of the study:
1. Temple spaces may be abstracted as graphs where nodes represent architectural units and edges represent pathways.
2. Recursive shikhara clustering may be interpreted using fractal-inspired geometric modelling.
3. Radial wheel geometry at Konark Sun Temple may be analysed using circular symmetry and cyclic partitioning.
4. Numerical values used in the model are normalized comparative indicators and not exact archaeological constants.
5. The proposed NTGI framework measures selected mathematical characteristics only and does not evaluate artistic, religious, spiritual, or cultural value.
6. Certain numerical parameters are modelling assumptions requiring future validation through architectural measurements and computational analysis.
	Component
	Interpretation
	Future Validation

	Recursive fractal parameter
	Vertical hierarchical clustering
	Image analysis, photogrammetry

	Topological 
connectivity
	Spatial pathway organization
	GIS and architectural plans

	Radial geometry parameter
	Cyclic wheel symmetry
	Geometric measurement

	NTGI framework
	Comparative normalized index
	Larger dataset validation


Future studies may validate the framework using LiDAR scanning, drone imaging, GIS mapping, computational image processing, and machine learning-based architectural analysis.
Mathematical Framework
Graph-Theoretic Representation
Definition 1. A temple graph is defined as
	G = (V,E),	(1)
where V represents temple components such as sanctum, mandapas, gateways, wheel structures, platforms, and corridors, while E represents movement pathways or structural connectivity.
The connectivity degree of a node v is defined by
	C(v) = deg(v).	(2)
The adjacency matrix is represented as
	A = [aij],	(3)
where
[image: ]	,	if two spaces are connected,
(4)
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Figure 2: Simplified graph representation of Nagara temple spatial connectivity.
Topological Connectivity Parameter
The normalized topological connectivity parameter is defined as
	[image: ].	(5)
Since
≤ |E| ≤ |V |(|V | − 1),	(6)
we obtain
	0 ≤ T ≤ 1.	(7)
Higher values of T indicate stronger spatial connectivity within the selected graph abstraction.
Recursive Fractal Modelling
The clustered shikharas of Kandariya Mahadeva Temple suggest recursive geometric organization.
Definition 2. The recursive fractal parameter is defined as
	[image: ],	(8)
where Nr denotes recursively repeating structural units and Nt denotes total structural units considered.
Radial Geometry and Cyclic Symmetry
Konark Sun Temple demonstrates strong radial organization through wheel structures and cyclic partitioning.

Recursive clustered shikhara abstraction
Figure 3: Recursive vertical clustering inspired by Kandariya Mahadeva Temple.
Definition 3. The radial symmetry parameter is defined as
	[image: ],	(9)
where ns denotes symmetric radial sectors and nt denotes total sectors.

Radial wheel abstraction inspired by Konark Sun Temple
Figure 4: Radial geometry inspired by Konark Sun Temple wheel structures.
Nagara Temple Geometric Index
The proposed composite mathematical parameter is defined as
	NTGI = αF + βT + γR,	(10)
where:
· F = recursive fractal component,
· T = topological connectivity component,
· R = radial symmetry component.
The weights satisfy
	α + β + γ = 1,	(11)
with
	α,β,γ ≥ 0.	(12)
For the baseline model,
	[image: ].	(13)
Thus,
	[image: ].	(14)
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Figure 5: Triangular representation of the three mathematical components contributing to NTGI.
Numerical Modelling
Kandariya Mahadeva Temple
For Kandariya Mahadeva Temple, recursive clustered shikharas are assigned the normalized value:
	FK = 0.78.
Topological connectivity is assigned:
	(15)

	TK = 0.52.
Symmetry contribution is assigned:
	(16)

	RK = 0.88.
	(17)


Therefore,
	[image: ].	(18)
Hence,
	NTGIK ≈ 0.727.	(19)
Konark Sun Temple
For Konark Sun Temple:
	FC = 0.62,	(20)
	TC = 0.66,	(21)
and
	RC = 0.95.	(22)
Thus,
	[image: ].	(23)
	Hence,
	

	NTGIC ≈ 0.743.
	(24)


The comparison suggests that Kandariya Mahadeva Temple exhibits stronger recursive vertical clustering, whereas Konark Sun Temple demonstrates stronger radial geometry and cyclic ordering.
Sensitivity Analysis
Alternative weighting schemes may also be considered.
If recursive geometry is prioritized:
	α = 0.50,
If radial geometry is prioritized:
	β = 0.25,
	γ = 0.25.
	(25)

	α = 0.25,
If topology is prioritized:
	β = 0.25,
	γ = 0.50.
	(26)

	α = 0.25,
	β = 0.50,
	γ = 0.25.
	(27)


Thus, the NTGI model provides flexibility for different architectural interpretations.

Mathematical Justification and Proofs
Proposition 1. The NTGI framework is bounded between 0 and 1.
Proof. Since
	0 ≤ F,T,R ≤ 1,	(28)
and
	α + β + γ = 1,	(29)
with nonnegative weights,
	0 ≤ NTGI ≤ 1.	(30)
Hence the index is normalized.	
Proposition 2. Recursive tower clustering increases the fractal-inspired parameter F.
Proof. As the number of recursively repeating shikharas increases, the ratio
	[image: ]	(31)
increases. Therefore, recursive tower clustering contributes positively to geometric hierarchy.	
Proposition 3. Radial partitioning contributes positively to cyclic symmetry.
Proof. As the number of symmetric radial sectors increases, the parameter
	[image: ]	(32)
approaches 1. Hence, highly ordered wheel geometry contributes positively to radial symmetry.	                                                                                                                                                   
Results and Discussion
The mathematical interpretation suggests that Nagara temple architecture demonstrates strong recursive verticality, cyclic geometry, radial ordering, and spatial hierarchy.
Kandariya Mahadeva Temple exhibits recursive clustering where smaller shikharas surround the central vertical axis. Such recursive organization resembles fractal-like hierarchical scaling. The clustering produces a strong visual movement toward the main shikhara and may be interpreted as a mathematical progression of scale and hierarchy.
Konark Sun Temple demonstrates radial geometric sophistication through wheel symbolism and cyclic organization. The wheel structures may be interpreted mathematically as representations of periodicity, radial symmetry, and solar movement. The use of circular geometry and repeated sectors suggests an architectural expression of cyclic time and cosmic order.
The proposed NTGI framework provides a normalized mathematical interpretation of selected geometric features in Nagara architecture. The numerical values do not represent aesthetic or spiritual superiority. They only provide a comparative mathematical reading of selected structural properties.
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under the equal-weight baseline model.
Applications of the Study
The proposed framework may be useful in:
· Computational heritage studies
· Digital reconstruction of monuments
· AI-assisted architectural interpretation
· Mathematical modelling of sacred architecture
· Spatial network analysis
· Heritage-based STEM education
· Comparative studies of Indian temple systems
Novelty of the Study
The novelty of the study lies in:
1. Integrating fractal-inspired geometry with Nagara architecture.
2. Introducing radial geometry analysis for temple wheel symbolism.
3. Developing the Nagara Temple Geometric Index.
4. Applying graph-theoretic abstraction to temple connectivity.
5. Providing a normalized mathematical interpretation of North Indian temple systems.
6. Connecting mathematical modelling with Indian Knowledge Systems and computational heritage.
Limitations of the Study
The study develops a conceptual normalized framework rather than a field-measured archaeological model. Certain numerical values are modelling assumptions requiring future validation through architectural drawings, LiDAR mapping, image analysis, and computational extraction methods.
The proposed NTGI framework measures selected mathematical characteristics only and should not be interpreted as a measure of artistic, religious, cultural, or spiritual value. Since only two temple systems are considered, broader generalization requires a larger dataset of Nagara temples.
Future Scope
Future studies may include:
· LiDAR-based geometric validation
· GIS mapping of temple plans
· Computational extraction of fractal dimensions
· AI-based classification of temple styles
· Comparative studies between Nagara and Dravidian systems
· Astronomical alignment modelling
· Image-processing-based measurement of shikhara clustering
Conclusion
Nagara temple architecture demonstrates remarkable mathematical richness through recursive vertical hierarchy, radial geometry, symbolic ordering, and spatial topology. The present study proposes a normalized mathematical framework for interpreting selected features of Kandariya Mahadeva Temple and Konark Sun Temple using graph theory, topology, fractal-inspired modelling, and symmetry analysis.
The analysis suggests that Kandariya Mahadeva Temple exhibits stronger recursive clustering, whereas Konark Sun Temple demonstrates stronger radial geometry and cyclic organization. The proposed NTGI framework contributes to interdisciplinary research connecting mathematics, architecture, computational heritage studies, and Indian Knowledge Systems.
Future validation using measured architectural plans, photogrammetry, image processing, GIS mapping, and computational modelling may further strengthen the framework.
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