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ABSTRACT

The operations of vital facilities delivering the highest possible system availability, fault tolerance, and
resilience serve businesses within the healthcare, finance, telecommunications, and defense industries.
The facilities require engineering solutions combined with redundant systems, coupled with continuous
monitoring, to operate continuously under extreme conditions. The document investigates the essential
attributes and architectural elements and disaster recovery strategies which make mission-critical
sites survive when faced with disruption. The article explores how predictive maintenance powered
by artificial intelligence and automated fault detection alongside software-defined networking forms a
reliability enhancement system. In addition, the study addresses the importance of zero trust architecture,
cybersecurity framework, and methodology to protect the critical assets from cyber threats. Further
improvements in fault tolerance and operational efficiency are enabled by increasing trends such as smart
city integrations, edge computing, and also digital twins. An analysis of resilience strategies based on
case studies and industry best practices is made to inform about the success of their implementation. The
use of these technological advancements along with these strategic frameworks will assist the mission-
critical facilities in optimizing their infrastructure, mitigating the possibility of failures, and maintaining
normal operations with the slightest of disruptions, cyber incidents, or natural disasters.

Key words: Cybersecurity frameworks, Disaster recovery, Fault tolerance, Mission-critical facilities,
Resilience engineering, Risk assessment

INTRODUCTION The mission-critical facilities act as essential

. . systems which ensure organizational survival.
W.lth. th‘e‘ faSt'pl‘_‘C.e_d technologlcal. cra, They are designed to be highly reliable and resistant
mission-critical facilities are crucial in the

to outages. The typical aspect ratio operating point
and its surrounding operating space are determined
by systems analysis, with an emphasis on the
plasma and technical restrictions. The significant
uncertainty when achieving required parameters
demands robustness as a solution.!!

Engineering approaches that deliver mission-

uninterrupted working of industries across sectors,
such as government, finance, healthcare, and
telecommunications. The reliability, security, and
resilience of these facilities include data centers, !
emergency response centers, industrial control
systems, and cloud infrastructure hubs.!”’ Highly

available systems experience few system failures
among other troubling outcomes that include
financial losses alongside operational interruptions
and public safety concerns. Engineering techniques
that focus on improving continuous operation
together with disaster preparedness have become
essential elements for creating, maintaining, and
optimizing these infrastructures.

Address for correspondence:
Rutvik Patel
E-mail: msmraj2901@gmail.com

© 2023, AJCSE. All Rights Reserved

critical facilities and their management combine
expertise from electrical and mechanical fields
together with software-defined systems and
operational optimal methods. Key ratifies include
the deployment of redundant power and cooling
systems, advanced fire suppression mechanisms,
seismic-resistant  structural  designs,”’  and
geographically dispersed backup sites. The advent
of artificial intelligence (Al), and predictive
analytics has also transformed the way such
facilities work due to the ability to quickly detect
anomalies in real time, predictive maintenance,
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and automatic response to incidents.
High-availability engineering becomes more
critical due to the rise in both the frequency and
intensity of cyber threats within recent years. The
core aspect of high-availability engineering now
includes cybersecurity elements which implement
zero-trust architectures together with network
segmentation and Al for threat intelligence.

The resilience of networked systems is the focus
of the most modern methods, which allow us
to take into consideration both the components
of a single system and their interactions with
one another. Therefore, the complex networks
theory’s rigorous metrics may be used to quantify
catastrophe resistance.[y Therefore, measuring
resilience requires taking into account factors
and dynamics that come from the most different
scales: the individual social actor, the entire urban
infrastructure system, the combination of the
two, and finally, the greatest scale, which is the
urban scale.l” The growing urban population and
the importance of exchanging information and
strategies for disaster resilience make this kind of
strategy essential for addressing the issue.®!

FUNDAMENTALS OF MISSION-
CRITICAL FACILITIES

Mission-critical facilities are essential
infrastructures and systems that must operate
continuously without disruption, even in the
face of failures, disasters, or cyber threats. These
facilities support sectors such as healthcare,
finance, energy, defense, and telecommunications,
where downtime can lead to catastrophic
consequences.”)  Managing  mission-critical
facilities and operations is all about maximizing
availability and minimizing failures to protect
against health, financial, and reputational threats.

Key Characteristics of Mission-Critical
Facilities

Mission-critical facilities are designed to ensure
continuous operation, reliability, and resilience,
even under extreme conditions. Unlike standard
infrastructures, it requires specialized engineering
approaches to minimize risks and maintain service
availability. Below are the key characteristics that
define mission-critical systems.
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High availability (HA)

HAensures mission-critical facilities operate
continuously with minimal downtime, adhering
to the 99.999% uptime guarantee. It is achieved
through  redundant architectures, failover
mechanisms, and automated recovery.!'"’

Fault tolerance

Fault tolerance enables a system to function
despite hardware, software, or network failures. It
relies on redundant components such as servers,
power supplies, and cooling systems to prevent
disruptions.'"! Self-healing architectures detect
and correct failures in real time.

Redundancy

Redundancy ensures mission-critical operations
remain functional by deploying backup systems
to prevent single points of failure. Power
redundancy uses UPS, diesel generators, and
battery backups for uninterrupted electricity.!'”
Network redundancy relies on multiple Internet
Service Providers (ISPs) and failover routing to
maintain connectivity, while data redundancy
utilizes a redundant array of independent disks
(RAID) storage, cloud replication, and real-time
backups to prevent data loss.!"*!

Disaster resilience

Disaster resilience enables mission-critical facilities
to withstand and recover from cyberattacks,!'*
natural disasters,!'! and operational failures.
Physical resilience involves designing facilities
to endure earthquakes, floods, and fires, whereas
cyber resilience uses zero-trust security,'® Al-
driven threat detection, and real-time incident
response. Operational resilience relies on business
continuity planning (BCP) for smooth recovery.!'”!

Scalability

Scalability allows mission-critical systems to
dynamically expand computing, storage, and
network resources based on demand. Horizontal
scaling adds more servers to balance workloads,
whereas vertical scaling increases the capacity
of existing systems, such as upgrading storage
or processing power.["¥! Elastic cloud computing
automatically adjusts resources during traffic
spikes, ensuring seamless performance.
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Architecture of Mission-Critical Systems

Mission-critical facilities face increasing threats
from cyberattacks, ransomware, and data
corruption. To ensure data integrity and business
continuity, organizations implement Cyber
Recovery Vault Architecture, a secure backup and
recovery solution designed to protect essential data
from cyber threats.'”? This architecture operates
with an Automated Operational Air Gap, which
isolates backup data from the primary network,
preventing attackers from accessing or modifying
critical information shown in Figure 1. The system
follows a structured process: Syncing data from the
data center, creating secure copies, locking backups
to prevent unauthorized changes, and analyzing
stored data for threats. In case of an attack,
organizations can recover clean data, ensuring
minimal downtime and business disruption.

By integrating advanced monitoring, reporting,
and analysis, the Cyber Recovery Vault enhances
cyber resilience, providing a robust defense
mechanism for enterprises, financial institutions,
and other mission-critical operations.*"

Data center

The sensitive information stored in data storage
facilities makes them mission-critical applications
since any disruption to their operations might have a
significant effect on the business.*"! Highly available
and scalable designs are common for mission-critical
data centers, which often have several backups
and redundancies in place and are often physically
located in various areas to further guarantee integrity.

Cyber recovery vault
Cyber recovery vault protects backup data using
an Automated Operational Air Gap, isolating it

Data Center
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from cyber threats. Data are periodically synced
from the data center, securely copied, and locked
to prevent unauthorized changes.? The system
analyzes stored data for integrity and potential
threats while continuous monitoring ensures
security and reliability against cyberattacks.

Key Performance Indicators (KPIs) for
Availability and Resilience

The European Telecommunications Standards

Institute has established the requirements for

evaluating IMS performance using test beds. In

addition, there are three groups of KPIs for IMS
that have been established by 3GPP in its technical
standard.

e Accessibility KPIs: There is a collection of
measures that show how easy it is for users to
access the IMS.

e Retainability KPI: Its sole value is the Call Drop
Rate of IMS sessions, which is determined by
dividing the total number of dropped sessions
by the total number of successful ones.

e Utilization KPI: The mean session utilization
is the sole metric that matters; it’s the ratio of
the average number of online sessions that are
responded at the same time to the maximum
number of sessions that the IMS network can
hold.?*!

ENGINEERING APPROACHES FOR HA
IN MISSION-CRITICAL FACILITIES

Ensuring HA in mission-critical facilities requires
a combination of redundancy, fault tolerance,
automated failover mechanisms, and advanced
monitoring  systems.?  These engineering
approaches minimize system downtime, enhance

o Cyber Recovery Vault

Qroduchon Backup /

Figure 1: The architecture of mission-critical system
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resilience, and ensure continuous operation
even under adverse conditions such as hardware
failures, cyberattacks, or natural disasters. Below
are the key engineering strategies used to achieve
HA in mission-critical environments.

Redundant Infrastructure

Redundancy is a fundamental engineering

approach to achieving HA.* Tt involves deploying

backup systems and duplicate components to
ensure that a failure in one part of the system does
not lead to service disruption.

e Power redundancy: Facilities incorporate dual
power grids,% uninterruptible power supplies
(UPS), backup diesel generators, and battery
backups to provide continuous power during
grid failures.?”

e Network  redundancy: Mission-critical
networks employ multi-path routing, multiple
ISPs, and failover networking to prevent
connectivity issues.

e Data redundancy: Data are duplicated across
multiple storage locations using RAID, cloud
replication, and geographically distributed
data centers to protect against data loss.*!

Fault-Tolerant Architectures

The capacity of a system to function even
when some of its components fail is known
as fault tolerance. This is accomplished by
creating self-healing systems that are capable
of autonomously identifying, isolating, and
recovering from errors.

e [oad balancing: Evenly distributes workloads
across multiple servers to prevent any single
point of failure.!*”!

e C(luster computing: Uses multiple
interconnected servers (nodes) that work
together; if one node fails, another takes over
without disrupting operations.

e Self-healing systems: Al-driven monitoring
detects  anomalies and  automatically
reconfigures the system to prevent failures.

Automation and AI-Driven Monitoring

Al-powered automation plays a crucial role in
predictive maintenance and failure prevention.
Intelligent monitoring systems analyze real-time
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data and identify potential failures before it cause

system downtime."?"

e Predictive maintenance: Al analyzes patterns
in server performance, cooling systems, and
power supply to predict failures and schedule
maintenance proactively.*"!

e Automated failover: In case of hardware or
software failures, automation tools switch
operations to backup systems seamlessly."**

e Al-based anomaly detection: Machine learning
algorithms detect security threats and system
anomalies in real time, triggering automatic
responses to prevent failures.?6-%!

Software-Defined Networking (SDN) for HA

SDN improves HA by centralizing network
management and enabling automated traffic
rerouting in case of failures.’¥ Key benefits of
SDN include.

e Dynamic traffic management: SDN controllers
automatically redirect network traffic away
from failed paths.

e Network virtualization: Separates network
functions from physical hardware, reducing
reliance on specific devices.

e Redundant SDN controllers: Multiple SDN
controllers ensure continuous network
operations even if one controller fails.

Disaster Recovery (DR) and BCP

DR and BCP ensure that mission-critical facilities
can recover quickly from natural disasters,
cyberattacks,**! or system failures. Effective DR
and BCP strategies include:

e C(Cyber recovery vaults: Isolated backup
environments with an automated air gap to
protect against ransomware attacks.*®

e Real-time cloud backups: Automated data
replication to offsite cloud storage to ensure
rapid recovery after disasters.>”

e Automated failover mechanisms: Systems
instantly switch to backup environments when
a primary system fails.

DISASTER RESILIENCE STRATEGIES
FOR MISSION-CRITICAL SYSTEMS

Disaster resilience strategies for mission-critical
systems focus on ensuring continuous operations
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and rapid recovery during unforeseen disruptions
such as cyberattacks, natural disasters, and system
failures. These strategies leverage technologies
such as the Internet of Things (IoT),**** cloud-
based DR, and advanced network planning to
enhance the robustness and responsiveness of
critical infrastructures. DR encompasses policies,
procedures, and processes that enable businesses
to recover IT and communication systems in the
event of a disruption.*”” An effective DR plan
includes comprehensive measures such as backup
solutions, encryption, system redundancy, incident
response procedures, partnerships with DR service
providers, and continuous testing and training.*!

Risk Assessment for DR in Government IT
Organizations

A detailed risk assessment forms the foundation
of a government IT organization’s DR
plan.*y Key risks include natural disasters
(floods, hurricanes, wildfires), cyberattacks,
insider risks, and physical risks fire damage,
water leaks, hardware failure.! The risk
assessment guides decisions on prioritizing
systems for resilience-building and recovery
protocols shown in Table 1. Mission-critical
systems, such as public-facing digital services
and law enforcement communication networks,
are identified for special attention.!**

Key Networks to Create Disaster Resilient
Smart City Mission

Building a  disaster-resilient smart city
requires interconnected networks that enhance
infrastructure stability, social well-being, and
environmental  sustainability.*”)  These key
networks ensure preparedness, rapid response,
and recovery from disasters, enabling cities to
withstand and adapt to various risks shown in
Figure 2.

Table 1: Key risks and mitigation strategies for
mission-critical facilities

Key risks Mitigation strategies

Natural disasters ~ Physical infrastructure protection, offsite backups

Cyberattacks Robust cybersecurity measures, regular audits

Insider risks Access controls, employee training on security
protocols

Physical risks Fire suppression systems, regular equipment

maintenance

AJCSE/Jul-Sep-2023/Vol 8/Issue 3

The primary networks involved in creating a

resilient smart city include.

e Infrastructure network: A resilient infrastructure
is essential for disaster preparedness, ensuring
buildings and utilities adhere to material
stipulations and strict building codes to
withstand natural and man-made disasters.”!

e Transportation network: Smart mobility
solutions, road mapping, and regulatory
measures help facilitate efficient transportaccess,
ensuring seamless movement and emergency
response capabilities during disasters.**!

e Healthcare network:  Strong  hospital
infrastructure, health security measures, and
affordable healthcare play a crucial role in
disaster resilience, with ICT in healthcare
and emergency medicine improving response
efficiency.*

e Inclusion network: Promoting  social
inclusion, cultural diversity, and workforce
equality enhances resilience by ensuring
diverse representation, knowledge sharing,
and preparedness across all communities. "

e Education network: Disaster resilience in
smart cities relies on education equality,
knowledge-driven learning, information and
communication technology (ICT) literacy, and
emergency preparedness to equip individuals
with the skills needed during crises.

e Employment network: A strong workforce
with a high percentage of knowledge-
based jobs,’!! diversified income sources,
and entrepreneurship opportunities ensures
economic stability and faster recovery after
disasters.

e Environment network: Protecting natural
habitats, improving land and air quality,

Infrastructure

\ / Network

nclusion Network

Community Network

Transportation
Network

Environment
Network

Health care

Employment
ployme Network

Network

e f =
Education Network

Figure 2: Key networks for building a disaster-resilient
smart city™
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implementing hazard zoning, and adopting
green technologies contribute to sustainable
disasterresilienceand long-term environmental
protection.

e Community network: A strong sense of
community, citizen participation, place
attachment, and social innovation foster

cooperation,® making communities more
adaptive and resilient to disasters.>!

LITERATURE OF REVIEW

In this section, discuss the previous research
on Mission-Critical Facilities: Engineering
Approaches for HA and Disaster Resilience.
Table 2 provides a structured overview of the
research contributions in mission-critical facility
resilience their key topics, focus areas, and
findings and insights.

Angizeh et al. suggest a unique assessment
approach that helps facility managers to effectively
scale and deploy their behind-the-meter energy
storage systems (BTM-ESS) for grid resilience in
the event of crises. It is imperative for operators
to protect mission-critical institutions, such
as hospitals and first responders, from power
outages because of the substantial impact that the
lost load has on the lives of individuals. Facility
operators can use the suggested framework, which
is a mixed-integer linear programming model, to
measure the effects of different BTM-ESSs on
resilience improvement, with the avoided loss of
load (ALOL) serving as the resilience indicator.!®
Suartana et al. explore how well SDN-based
networks with HA solutions function. To improve

the efficiency of network services, a software-
defined network offers a centralized distribution of
the network. Service disruptions or the controller’s
inability to deliver services on the net are caused by
overhead on the controller. To ensure that network
services are always available, a controller must be
available. The cluster controller is responsible for
achieving HA on the controller.!”

Fatrias et al. offer a system that uses fuzzy best-
worst method and fuzzy Delphi methodologies
to discover and priorities the key catastrophe
resilience indicators for small and medium-sized
enterprises (SMEs), with the goal of structuring
these indicators. The final list of 26 indicators
for catastrophe resilience, organized along four
dimensions, was derived from expert input. These
findings may indicate that the five experts in
Padang City priorities the development of robust
physical infrastructures for SMEs to mitigate the
impact of disasters.®

Kotronis et al. highlight the potential of the
suggestedstrategy by focusing ontheremoteelderly
monitoring system use case, which combines [oT
technology with standard healthcare procedures.
These systems are complex mixed-criticality
system-of-systems, meaning they include both
mission-critical and safety-critical components,
as well as non-critical peripheral components,
and they may provide several services of varying
criticalities. Quantitative criticality needs are
described and validated using parametric diagrams
and systems modeling language (Sys ML)
constraints, whereas identified criticalities are
modeled as Sys ML requirements.>”!

Shahzadi et al. suggested system offers a

Table 2: Literature on mission-critical facilities: engineering approaches for high availability and disaster resilience

References Key topic Focus area

Findings/Insights

Angizeh et al. (2021)5¢ Evaluating framework
for BTM-ESS in
mission-critical facilities
HA solutions in SDN
networks

Suartana et al., (2020)8"
availability

Fatrias et al. (2019)% Disaster resilience

indicators for SMEs

REMS for
mixed-criticality SoS

Cloud-based DR

Kotronis et al. (2018)1%”
resilience

Shahzadi et al. (2019)1%
environments

Pasic et al. (2021)¢1 Disaster-resilient network
planning

disasters

Resilience enhancement
during grid emergencies

Ensuring network service

Structured resilience
assessment methodology

ToT-based healthcare

Seamless DR in cloud

Enhancing network
resilience against natural

Proposed a mixed integer linear programming model to
optimize BTM-ESS dispatch for resiliency; used ALOL as a
resilience indicator.

Achieved HA through a controller cluster approach to mitigate
service interruptions due to controller overhead.

Developed a fuzzy Delphi and fuzzy-BWM-based methodology
to identify and prioritize 26 disaster resilience indicators across
four dimensions.

Modeled safety-/mission-critical and non-critical components
using Sys ML to verify and quantify criticality requirements.

Proposed a solution to migrate laaS seamlessly between clouds
during disasters to minimize downtime and capital expenditure.

Developed an integer linear programming model and heuristic
scheme to optimize link intensity tolerance upgrades, reducing
disconnection probabilities.

HA: High availability, SDN: Software-defined networking, BTM-ESS: Behind-the-meter energy storage systems, REMS: Remote elderly monitoring system,
SoS: System-of-systems, ALOL: Avoided loss of load, Sys ML: Systems modeling language, BWM: Best-worst method, DR: Disaster recovery, [oT: Internet of things
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dependable and effective means of accessing data
in the event of a disaster, while simultaneously
reducing capital investment. The development
of sufficiently robust and smooth live/real-time
catastrophe recovery procedures is the primary
challenge that has to be resolved. The suggested
method would automatically migrate a full
infrastructure as a service (IaaS) from one cloud to
another in the event of a disaster, so the business
runs smoothly. Much study on a global scale has
focused on the potential costs of cloud service
outages in the cascade of a disaster.!"!

Pasic et al. enhance the FRADIR/FRADIR-II
architecture by placing an emphasis on disaster
resilience. An efficient heuristic approach is
introduced to decrease the running time, and a
novel integer linear program is offered for the
optimal link intensity tolerance upgrades, both
of which are part of the disaster-resilient network
design problem. More realistic catastrophes can
be considered to enhance failure modeling. In
conclusion, the experimental findings show that
the improved afraid architecture is useful during
catastrophes since it ensures low disconnection
probability even in cases of widespread natural
disasters.[%!

CONCLUSION AND FUTURE WORK

Mission-critical facilities are vital infrastructures
that require HA, fault tolerance, redundancy, and
disaster resilience to ensure seamless operations
in industries such as healthcare, finance, and
telecommunications. The paper evaluated primary
features alongside engineering protocols and
disaster resilience methods that serve to sustain
these facilities. Organizations can reduce the risks
that stem from failures and cyber threats as well
as natural disasters by combining redundancy
elements with Al-driven monitoring and SDN
and cyber recovery architecture systems. On top
of that, smart city networks and DR strategies
make the disaster resilient by integrating their
capabilities. Confidentiality and integrity issues
related to digital service expansion coupled with
increasing sophistication of cyber threats compel
ongoing development of engineering and security
approaches to maintain uninterrupted mission-
critical infrastructures.

Future research should continue to advance the
predictive analytics of Al to enlarge the fault
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detection and avoidance outreach to mission-
critical facilities and include physiological
and energy consumption data to optimize Al’s
capacity for fault detection. In addition, a study
of the possibility of quantum computing in
the development of optimal DR strategies and
network resilience to create new ways to increase
the robustness of the infrastructure. Security of
critical data and automation of recovery processes
can also be a promising field of application of
blockchain technology. In addition, sustainability
measures, including energy-efficient redundant
system and green computing solutions will also be
needed for the long-term resilience and efficiency
of mission-critical infrastructures. In conclusion,
the last thing is to investigate the efficiency of these
global best practices and regulatory frameworks
for standardizing resilience measures for different
industries.
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