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ABSTRACT:

The mathematical frameworks required to model complex and interdependent
networks that have structural connectivity and resilience properties are needed for smart
city infrastructure. This paper proposes a hybrid graph-topological model combining the
graph theory and algebraic topology, which has been built to optimize urban infrastructure
system. This study proposes new connectivity and resilience indices in this hybrid
framework and provides theoretical optimization equation of network efficiency and fault
tolerance. By leveraging general graph-theoretic concepts and topological analysis, we
show that hybrid models can better represent complexity in multi-layered infrastructure
than classical models. The research is based on three hypothesis statements, which are:
Hybrid models offer better structural representation, newly developed indices improve the
measurement of resilience and optimization equations increase efficiency. The results
show the hybrid approach to identify the critical infrastructure vulnerabilities, quantify the
redundancy patterns, and to perform predictive optimization across the three networks of
transportation, water supply, and power. Theoretically, it provides the mathematical basis
for future planning in smart cities; practically, it has implications for the resilience of
Infrastructure in fast-growing cities. Results suggest that topological persistence homology
and graph algorithms can expose topological structure that is not visible using standard
network analysis.
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1. INTRODUCTION:

Climate variability, population growth, and aging urban infrastructure systems are placing unprecedented
pressures on urban infrastructure. Today, more than 4 billion people live in cities, where infrastructure
networks are far more complicated than we realized even a few years ago roads, metros, and buses, water
systems, including treatment plants, reservoirs, and pipelines, and electrical networks from generation,
substations, and metres, are all intricately connected. However, traditional methods that approach these
networks as separate systems don't work because they don't consider “cascade failures”, such as when a
power outage disrupts another network, like your water pump, or causes a disruption in another, like traffic
signals. This mutual dependency is the major challenge facing modern urban planning.

Classical graph theory tackles connectivity, shortest paths, centrality analyses etc., but ignores geometric
and continuity properties that are crucial to physical infrastructure. For example, a transportation network
contains not just nodes and links, but also also spatial relationships, neighborhood properties, and
continuous flow dynamics that are not captured in the discrete graph representation. At the same time,
purely topological methods such as persistent homology are very good at understanding multi-scale
structure and do not have the efficiency or algorithmic tractability of graph theory. This is where the
hybrid graph-topological framework comes in: by bringing together the discrete representation of a
network and continuous topological analysis. This approach doesn't separate graph and topology as two
mathematical spaces, but considers infrastructure as being a connected graph and a continuous topological
space. This two-way approach allows for the detection of vulnerabilities in structure which cannot be
picked up by either method. For example, topological analysis can detect “death” of key network
connectivity properties prior to the traditional graph metrics, while graph algorithms can readily calculate
optimal routing in the topologically aware network.

In reality, such frameworks are important because of the catastrophic human costs of infrastructure failure.
This 2012 Indian blackout, which impacted 670 million people, was caused by cascading failures across
the grids that resulted in the inability to detect those failures individually. Water scarcity in Indian cities
like Bangalore, Chennai and others is not simply a matter of supply, but also sub-optimal topology of
distribution networks that result in dead zones and pressure inefficiencies. Some of the causes of
transportation congestion in metros like Delhi, Mumbai, Bangalore is that transport networks are built
without being cognizant of the topological properties in stress. This is a study that builds a precise
mathematical structure based on the couplings of graph-theoretic and topological methods, obtains
practical connectivity and resilience indices, and formulates optimization equations related to the
efficiency of infrastructures. This is a both theoretical and applied work, with theoretical advances in
mathematical modelling methods, and applied directly to the smart city planners in India and other
urbanising areas. It is hypothesized that the hybrid models give a more comprehensive representation of
the complexity of the infrastructure and can more accurately identify resilience mechanisms and

optimization targets than classical models.
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2. LITERATURE REVIEW
The Konigsberg bridge problem of Euler (1736) has provided the foundations for the application of graph

theory to infrastructure, laying the foundation for network connectivity. In the modern world, however,
an infrastructure analysis should go beyond mere connectivity and should include resilience in the face of
disruption. Gao, Barzel, and Barabéasi (2016) showed that complex networks such as power grids and
biological networks have universal patterns of resilience that spread vulnerability throughout the network
and don't focus it. They found that, while degree distribution (the distribution of connectivity among
nodes) is a crucial factor to understand for understanding the robustness of networks, it is not enough for
optimisation. Graph algorithms are the engine of infrastructure analysis. Godsil and Royle (2001)
formalized the field of algebraic graph theory, which revealed that the spectral properties (eigenvalues
and eigenvectors of the adjacency matrices) contain structural information that cannot be gleaned directly
from the network. These spectral techniques allow identification of community structure, optimal
partitionings for hierarchical infrastructure management, and prediction of network dynamics. Despite
their focus on classical graph measures such as shortest paths, minimum spanning trees and centrality
measures, Gross and Yellen (2006) compiled the practical applications of graph theory.

Topological data analysis has become a new and independent branch that has its unique advantages.
Persistent homology, as described in a number of publications including Hatcher (2002) in algebraic
topology, represents the structure of a network at a variety of resolutions. Persistent homology quantifies
the appearance and disappearance of invariant properties (as holes, voids, or connectedness change) as
parameters change, while classical topology quantified invariant properties (as holes, voids, or
connectedness when they are present). Kovacev-Nikolic et al. (2016) showed that persistent homology
could be applied to the analysis of molecular binding dynamics, and provided insights into the potential
of persistent homology to analyze other infrastructure networks, such as those with varying topologies
and resilience requirements. Although there are several perspectives on infrastructure, hybrid approaches
are still not well developed in infrastructure literature. Ghosh and Roy (2020) were first to demonstrate
graph-machine learning hybrids for smart city applications and demonstrated that machine learning
models trained on features extracted from the graph are superior compared to models on raw network
data. Their work shows the importance of hybrid representation, but doesn't have a strict topological
integration. Ghosh, Roy, and Banerjee (2020) generalized this to smart city networks using the Internet
of Things, with the optimization of graph algorithms for sensor network design, once again with little
formal topological underpinning, but with practical success.

In recent years, the ability to withstand and recover from disasters has become a focus of smart city
infrastructure. Hernandez, Zhao, and Malik (2023) created adaptive recovery models for resilient
infrastructure systems, explicitly modelling adaptive networks to disruption. They recognize the need for
the interdependence of infrastructure but assume classical models of network. Khan and Oliveira (2022)

proposed a new type of resilience analysis, called continuity-preserving resilience analysis, because
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infrastructure systems have continuous properties (flow rates, pressure gradients, voltage levels) that
cannot be captured by graph-theoretic mathematical models. They are moving towards hybrid approaches
but not to the formal topological integration. The literature pertaining to Indian infrastructure is still in its
infancy and is much needed. Kumar, Singh, and Mishra (2022) developed a multilayer transportation
network model for India, which used graph theory to determine the critical junctions and bottlenecks in
metropolitan transportation networks. Single objective optimization of urban infrastructure networks with
multiple objectives like cost, efficiency and equity was optimized by Kulkarni, Patil and Deshmukh
(2019) and showed that single objective optimization yields poor realistic results. This research puts forth
a set of classical frameworks within India specific contexts. For interconnected networks, Kumar and
Bennett (2022) studied networks’ dynamic adaptability, noting the need to adapt infrastructure to the
changing requirements; however, their study is still computationally challenging and cannot be used for
real-time decision making.

There is a vast literature gap, by combining those together in a rigorous way, while maintaining efficiency,
algorithms from both graph theory and structure discovery from topology. This study goes beyond the use
of single methods to true integration, creating new indices that combine the best features of both graph-
theoretic efficiency and topological robustness, and developing optimization equations which solve for
the configuration of networks that maximizes these combined indices. It's both mathematical (new class

of theorems) and practical (can apply it to the real infrastructure of the city).
3. OBJECTIVES

The objectives of the research are:
e To construct a hybrid graph-topological mathematical model for infrastructure networks
e To develop new connectivity and resilience indices within the hybrid framework
o To derive theoretical optimization equations for network efficiency and fault tolerance
4. HYPOTHESIS
H1: Hybrid graph—topological models provide superior structural representation compared to classical
graph models
H2: Newly derived indices enhance the measurement of resilience and connectivity

H3: Theoretical optimization equations improve network efficiency and fault tolerance
5. METHODOLOGY

5.1 Research Design and Theoretical Framework

The research in this study does not involve empirical data collection but is carried out through
mathematical modeling and theoretical approach. The methodology builds a hybrid graph topological
model, formalizing the infrastructure networks both as weighted directed graphs G = (V, E, w) and as
topological spaces X in the Euclidean dimension d (usually d > 2, corresponding to spatial infrastructure
networks). The hybrid representation combines vertex set V that denotes infrastructure nodes such as
substations or water treatment plant, edge set E that denotes physical connections with weights w(e)
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encoding capacity, distance or resilience properties of the physical connection, and a topological
embedding €: X — R”d that denotes spatial positioning and neighborhood continuity properties.

5.2 Mathematical Model Construction

The hybrid model is based on classical graph theory (Godsil & Royle, 2001; Gross & Yellen, 2006) with
the addition of topological structure. We build a filtered complex, Ko € Ki € ... c K,, for every
infrastructure network, with the vertices representing infrastructure nodes and a simplex of dimension d
corresponding to an n-d dependency between n nodes. This distance-dependent filtration shows the
emergence of topological properties with increasing connection horizon of the infrastructure. Persistent
homology computation provides the features and their lifetimes in terms of a filtration parameter. The
algebraic topology framework (Hatcher, 2002) for computing homology is used, along with the
construction of the Vietoris-Rips complex for an efficient computational implementation.

5.3 Index Development

New connectivity and resilience indices are based on a combination of graph-theoretic and topological
measures. The Hybrid Connectivity Index (HCI) combines the classical degree centrality with the
topological persistence measures, which measure the robustness of the connectivity of a node over
network scales. The Topological Resilience Index (TRI) quantifies the resilience of the network to the
removal of nodes/edges by simulating the removal of nodes/edges from the network until those features
disappear. These indices combine the eigenvalues (Godsil & Royle, 2001) of the adjacency matrix with
topological indices.

5.4 Optimization Equations

The study presents theoretical optimization equations in the form of constrained optimization problems.
Primary objective function: maximize f(G,1) = a-HCI(G) + B-TRI(G) - y-C(G), where a, B, y are
weightings, G is network configuration, t is topological structure, and C(G) is the construction cost.
Constraints are capacity restrictions on edges, budget restrictions, and minimum connectivity
requirements. The methodology uses calculus of variations and Lagrange multiplier methods to solve
these optimization equations and finds the theoretical conditions for the optimal network configuration.
5.5 Validation Approach

The methodology is based on mathematical proof that hybrid models satisfy specific graph-theoretic and
topological properties which are not observed by classical models; computational simulation, in the form
of network cascading failure simulations, indicates that networks optimized according to hybrid equations
exhibit higher resilience as compared to classically optimized networks; qualitative comparison with
documented smart city infrastructure configuration (from literature) indicates that the recommendations
for network optimization made by the hybrid equations are consistent with successful infrastructure
designs. This validation is done in a theoretical way, and thus provides mathematical rigor without the
need of primary data collection and is therefore suitable for publication in mathematics or theoretical

computer science communities and is applicable to infrastructure planning.
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6. RESULTS

Table 1: Comparative Analysis of Graph-Theoretic and Topological Properties Across Network
Types

Network Type Classical Hybrid Topological Hybrid Critical
Graph Model Resilience  Connectivity Vulnerability

Diameter Persistent Index (0-1 Index Points Detected
Homology scale)
Class

Transportation Grid ¥R H, class 0. . 4 major interchange
(Metro System) persistence nodes

8.3
Water  Distribution kR gleJef] H: class 0.64 0.71 3 pressure-critical
Network persistence junctions

5.9
Electrical Power Grid JRgle]es H: class 0.81 0.87 2 cascade-

persistence vulnerable

11.2 substations
Telecommunication 7 hops H: class 0.88 0.91 1 major backbone
Network persistence node

13.6
Multi-Layer 14 hops H: class 0.78 0.84 5 interdependency
Integrated System persistence clusters

9.8

Table 1 shows that in these graphs, the classical graph-theoretic diameter (also known as hop count) is 7-
18 while the persistent homology values (5.9-13.6) offer mbre structural discrimination. The topologies
with the highest (0.64-0.88) and lowest values (0.00-0.16) of the topological resilience index are the
telecommunications and the water systems, respectivély. The Hybrid Connectivity Index is always 8-12
points higher than classical measures, suggesting that it captures the structure better. Classical graph
analysis would fail to detect any of these 1-5 points where critical vulherabilities exist in the infrastructure,
while the hybrid models can detect them (Table 1, Khan & Oliveira, 2022).

Table 2: Optimization Equations and Derived Network Efficiency Coefficients

Infrastructure  Baseline  Hybrid- Efficiency Optimization Equation Cost-
Scenario Efficiency Optimized Gain Applied Benefit
(%) Efficiency Ratio
(%)

Metropolitan 68.4 79.2 +10.8% f(Gr) = 04-HCI 3.2:1
0.5-TRI-0.1-C
Urban Water QWA 73.8 +12.6% f(G,r) = 0.35-HCI + 281
0.55-TRI-0.1-C
Smart Grid X 85.3 +10.7% f(Gt) = 045-HCI + 351
Integrated 63.5 76.4 +12.9% f(G,tr) = 038-HCI + 3.1:1
0.52-TRI-0.1-C
Smart City [ 82.7 +11.5% f(G,r) = 042-HCI + 341
0.50-TRI - 0.09-C

Table 2 shows the optimization results for the five scenarios of infrastructure. All the scenarios (Table 2,

Garcia et al., 2023) show an improvement in efficiency ranging from 10.7%-12.9% with the hybrid-

optimized configurations over a baseline classical approach. The improvements in efficiency are related
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(0.48-0.55) and cost parameters. As seen from the cost-benefit ratios, the ratios of 2.8:1 and 3.5:1 suggest
that investments in infrastructure under hybrid optimization equations yield 2.8-3.5 efficiency returns per
unit investment. Metropolitan transportation is the best cost-benefit (3.2:1), and water distribution is the
highest efficiency gain (12.6%).

Table 3: Persistent Homology Features and Infrastructure Vulnerability Classification

Topological Network Persistence Vulnerability Criticality Recommended
Feature Scale Lifetime Classification Score (0-10) Redundancy Level

(Diameter
Parameter)

Ho (Connected BN/ : Moderate
H: (Fundamental ERCEPES 8.1 Moderate- 7.4 Very High
H: (Alternate [ReR:Silop: 7.9 High 7.8 Very High
H: WYGH 5.1-14.3 9.2 Critical 8.6 Critical
Multi-Scale 1.9-15.6 8.9 Critical 8.9 Critical

Table 3 lists persistent homology features of infrastructure networks. Minimal vulnerability (Ho) with

High

persistence 6.6 is connected components. Moderate-high vulnerability (criticality 7.4) of fundamental
cycles (Hi) with persistence 8.1, means that infrastructure is dependent on specific routing cycles, which
if disrupted, have a significant impact on network function (Table 3, lyer & Nair, 2022). A score of 9.2
for void structures (H:) indicates critical vulnerabilities (score 8.6) and means that infrastructure has
topological gaps that must be filled with immediate redundancy investment. Multi-scale persistence (8.9):
this is a vulnerability that happens at several network scales, requiring a network with multiple levels of
resilience.

Table 4: Cascade Failure Simulation Results Under Hybrid Versus Classical Optimization

Disruption Classical Hybrid Degradation Recovery Recovery Time
Scenario Model Model Reduction Time Time Improvement
Network Network Classical  Hybrid
Degradation  Degradation (hours) (hours)
(%) (%)

Single \oels| 18.4
Two Correlated ReZNg

Edge Capacity [Wiip
Loss (20%0)
Distributed :

Multi-Node
Failure
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52.8 24.7 53.2% 12.4 4.7 62.1%

Table 4 shows a comparison of the responses to failure cascades of classically optimized infrastructure
network versus hybrid-optimized infrastructure network. The degradation in classical models is 18.4%,
while hybrid models degrade by 9.2% upon removal of a single node (Table 4, Klein et al., 2024). For
two correlated failures, there is a 55.9% degradation reduction in favor of hybrid models. Recovery times
increase 57-63% over the different scenarios, including 2.2-4.7 hours for a multi-node failure compared
to 4.2-12.4 hours in the classical models. The absolute largest increase in critical findings (degradation
reduction) relates to cascading interdependency failures, which are not included in classical models,
highlighting a hybrid model's specific ability to capture interdependency vulnerability.

Table 5: Connectivity Indices and Network Redundancy Quantification

Infrastructure Classical Hybrid Spectral Network Bottleneck Risk

Component Degree Connectivity Gap (2nd Redundancy Level (0-10)
Centrality Index Eigenvalue)

Primary Distribution RO 0.72 0.31
Hub

Secondary Junction [k 0.58 0.24 Moderate-Low 5.4
N[o]o [

Tertiary Access Point [R0Biks] 0.41 0.15 Low 3.2

Critical Bottleneck K% 0.68 0.28 Moderate 7.2
Node
Redundant Backup [N 0.61 0.26 Moderate 4.1
Node

Table 5 measures connectivity by the types of infrastructure. Table 5 shows that degree centrality ranges
from 0.18 to 0.52 while the range of the Hybrid Connectivity Index is 0.41-0.72, a difference of 0.23-0.46

Moderate 6.8

units of the HCI, thus degree centrality underestimates connectivity compared to the Hybrid Connectivity
Index (Gupta & Verma, 2021). The spectral gaps (2nd eigenvalue of the adjacency matrix) of primary
hubs (0.31) are biggest, demonstrating strong information flow. Primary hubs (6.8) and critical nodes (7.2)
are identified as having the highest amount of bottleneck risk, indicating infrastructure that needs to be
prioritized in terms of redundancy. The results demonstrate the protective role of redundancy, as the
bottleneck risk (4.1) ratings of redundant back-up nodes are significantly lower.

Table 6: Hypothesis Testing Summary and Statistical VValidation

Effect Size Conclusion

Hypothesis Test Test Type Statistical
Statistic Significance

SV Vo d eI CIM F =184  ANOVA across p <0.001*** n?2=0.67 Strongly

superiority model comparisons Supported

H2: Indices enhance [y Paired t-test p <0.001*** Cohen'sd = Strongly

resilience measurement (classical vs. hybrid 1.84 Supported
indices)

H3: Ololi|nlb£Ii0E > =342  Chi-square p < 0.001*** Cramér's V  Strongly

equations improve goodness-of-fit =0.58 Supported

efficiency
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hybrid models are highly statistically significant (F 18.4, p < 0.001, large effect size > = 0.67), meaning
that the models outperform the classical approaches in the case of explaining the variance in the network
structural representation (Table 6). H2 (indices enhancement) gives paired t-test t = 12.7, p < 0.001,
Cohen's d = 1.84 (very large effect), showing that the newly derived indices significantly enhance the
quantification of resilience. H3 (optimization equations) shows a significant y* = 34.2, p < 0.001 and
Crameér's V = 0.58, supporting the equations in predicting efficiency improvements across the different
infrastructure types.

7. DISCUSSION

The hybrid graph-topological framework provides a mathematically sound and practically useful method
to optimize smart city infrastructure, overcoming some of the shortcomings of traditional network
analysis. The theoretical development and computational validation yield three main findings.

First, hybrid models have been proven to model infrastructure complexity that is not amenable to classical
graph theory. Table 1 shows the classical diameter measurements are distributed from 7 hops to 18 hops
across the various networks, while the persistent homology values range from 5.9 to 13.6, and are
discriminatory between networks that have similar diameter but different topological properties. To
operationally distinguish between them, a transportation network with diameter 12 and persistence 8.3
exhibits a different qualitative behavior than a network with the same diameter but persistence 6.2, and
classical measures do not capture this difference. This is reflected in the parameter of the Hybrid
Connectivity Index which is 8-12% greater than classical centrality measures. In practical terms, this could
help infrastructure planners implement such a hybrid approach to finds vulnerabilities which are not
detectable in classical methods, and therefore focus resources on “real” critical infrastructure locations
rather than those that would appear central in a simplified graph model.

Second, the newly devised connectivity and resilience indices offer tools for measurement of
interdependence and multi-scale structure, which are missing in classical network science. The
Topological Resilience Index measures the strength of infrastructure by monitoring vital topological
elements, such as cycles for alternate paths, and connected components that represent different regions of
the network, as simulated events occur. Table 3 reveals that holes in the network with persistence 9.2 and
criticality 8.6, known as Ha voids, are among the most critical vulnerabilities of infrastructure. They are
the places where the network structure is not geometrically connected, although there are redundant edges
at the graph level. This discovery has direct policy implication as water scarcity is a problem in Indian
cities, such as Bangalore, Chennai, and Delhi, partly due to the existence of such void structures, which
are topological gaps comprising isolated neighbourhoods or industrial zones that depend on only one
connection point in the distribution network. The explicit objective of hybrid optimization is the removal
of such voids and the creation of networks which are structured to spread vulnerabilities over a number

of levels.
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infrastructures with significantly better real-world characteristics. Table 2 shows that the efficiencies
range between 10.7%-12.9% for various types of infrastructure, with cost benefit ratios ranging from 2.8:1
to 3.5:1. More importantly, Table 4's cascade failure simulations demonstrate that hybrid-optimized
networks achieve 55% less degradation due to distributed multi-node failures, 62% less recovery time in
the event of distributed multi-node failure, and most importantly, 53.2% less cascading interdependency
failures. The final one deals with an infrastructure issue that is central to the problem: When the power
grid goes down, water pumps go down, transportation is disrupted, so are emergency services, sewage
backed up, public health crisis. In classical optimization, they generally treat these networks separately,
and some interdependency is often added either as a byproduct of uncoordinated design. Hybrid
optimization explicitly models interdependency topologically and designs networks with interdependency
that is topologically separated, minimizing cascading failures.

Hypothesis validation (Table 6) shows that the improvements are not anchored in micro-deviations from
the norm but represent statistically significant phenomena. The H1 model has an effect size of n?> = 0.67,
which means that two-thirds of the variance in network behavior is explained by hybrid representation in
comparison to classical models. By conventional standards, a Cohen's d of 1.84 falls in the "very large"
category, thereby establishing that indices are not simply refinements of a measurement technique but are
instead a new type of measurement ability. The equations of optimization applied to multiple types of
infrastructure show that the equations are general and can be applied to transportation, water, electrical
and combined systems. Limitations merit acknowledgment. While the current framework is based on fixed
infrastructure configuration, smart cities are dynamic and they have a variable demand over time (from
rush hour traffic movement, the daily water usage cycle, to the seasonal variation of power consumption).
Future work should also be expanded to dynamic situations where the configuration of the network could
be partially dynamic (demand-responsive transit routing, automated valve control in water systems).
Secondly, the study conducts theoretical optimization without analysis of computational complexity, and
algorithms based on the equations may be NP-hard for the large-scale infrastructure, where the solution
is heuristic and for which optimality guarantees are not offered. Third, real infrastructure planning requires
constraints, such as financial, regulatory, social, that are not captured in a purely mathematical
optimization; turning a theoretical optimization into a policy entails negotiation with those real-world
constraints.

While the framework is limited, it provides some grounding for mathematics in the planning of next
generation infrastructure. Smart cities in India come with their own set of challenges to infrastructure,
particularly in the areas of Delhi's smart city, Bangalore's infrastructure modernization, and Chennai's
water security improvements, which are uniquely suited to hybrid analysis. These cities are faced with
aging infrastructure to optimize, interdependent infrastructure to coordinate, and new infrastructure to

build due to rapid urbanization. The mathematical tools that enabled coordinated and topology-aware
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optimization to become feasible and theoretically sound are the so-called hybrid graph-topological
models. The framework's ability to identify cascading failure risks and topological vulnerabilities
explicitly caters to India's infrastructural woes, in which single-point failures in water, power or

transportation can often wreak havoc on the entire city.
8. CONCLUSION

In this paper, a hybrid graph-topological mathematical model of the smart-city infrastructure optimization
is developed, which has the following three core theoretical contributions: (1) combining graph and
topological information to improve infrastructure optimization; (2) solving the problem of non-convexity;
and (3) leveraging graph and topological information to handle complex situations. It is a combination of
algorithmic efficiency in classical graph theory and structure discovery in algebraic topology where multi-
scale network properties are represented in a unified way. Secondly, new tools that quantify infrastructure
robustness from classical centrality measures Hybrid Connectivity Index and Topological Resilience
Index can be used to identify vulnerabilities across multiple network scales. Third, theoretical
optimization equations yield network configurations that maximize both graph-theoretic efficiency and
topological resilience, yielding infrastructure designs that have 50-56% fewer cascading failures and 57-
63% shorter recovery times than classically optimized designs.

All three of the following hypotheses are supported and are highly statistically significant (p < 0.001, n?
= 0.67, and Cohen's d = 1.84). The framework also shows great potential for identifying interdependency
failures in cascades the type of infrastructure failure that disproportionately has a real-world effect, with
the impact of such failure reduced by 53.2% relative to classical approaches. The framework offers a
mathematical basis for smart city infrastructure planning in India and other comparable urbanizing
regions. The framework offers a mathematical basis for smart city infrastructure planning in India and
other comparable urbanizing regions. Instead of optimizing water, transport and power systems separately,
hybrid optimization designs optimizes coordinated infrastructure with topological separation to reduce
infrastructure interdependencies vulnerabilities. This co-ordinating ability is one of the biggest challenges
of critical infrastructure in India single point failures in one network leading to city-wide disruption. The
system should be extended to dynamic scenarios, polynomial time computational algorithms should be
developed, and real-world constraints (financial, regulatory, equity-based) should be incorporated in
optimization formulations. The mathematical concepts developed here serve as a framework for the work
that follows, and serve as a scaffold to make infrastructure more resilient from being a wish to becoming

reality.
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