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ABSTRACT: Fire safety management plays a
critical role in determining fire outcomes in
high-rise  buildings, particularly during the
operational phase. In high-rise building clusters, the
decentralization of fire protection systems, delayed
fault identification, and insufficient cross-building
coordination often lead to delayed alarm
information transmission, reduced system reliability,
and increased uncertainty in emergency response,
thereby significantly increasing the risk of fire
escalation.This study proposes an Internet of Things
(IoT)-based fire safety management framework for
high-rise building clusters. Unlike existing studies
that primarily emphasize technological integration,
this research adopts a performance-oriented
perspective and focuses on how IoT technology
enhances fire safety performance by improving
alarm  information  transmission  efficiency,
strengthening system reliability, and enhancing
coordinated emergency response. Importantly, this
study clarifies that fire detection response time is
constrained by the physical characteristics of
detectors, and that [oT primarily optimizes the
information and management chains rather than
altering the detection mechanism itself.The
proposed  framework  integrates  continuous
monitoring, centralized data processing, and
decision-support mechanisms. A case-based
comparative analysis is conducted to evaluate its
effectiveness in improving system availability,
management response efficiency, and coordination
capability. The results indicate that IoT-based fire
safety management not only significantly reduces
the risk of fire escalation but also optimizes resource
allocation  through  predictive  maintenance,
centralized monitoring, and data-driven
decision-making, thereby reducing operational and
maintenance costs while improving management
performance.This study provides both a theoretical
foundation and a practical pathway for the transition
of fire safety management in high-rise buildings
from a compliance-based approach to a

performance-oriented approach, offering valuable
insights for the development of smart fire safety
systems in complex building environments.
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L. INTRODUCTION

[1]. Background

With the rapid advancement of wurbanization,
high-rise buildings have become a dominant form of
modern urban development. While improving
land-use efficiency, these structures also introduce
complex fire safety challenges, including rapid
vertical fire spread, constrained evacuation routes,
and a high dependence on active fire protection
systems (Kodur et al., 2020 ; Zhang et al., 2024;
Zhou et al., 2023).

Recent studies on high-rise building fire risk
indicate that severe fire consequences are not solely
attributable to structural fire resistance or building
material performance. Instead, they are closely
associated with operational management
deficiencies, including poor fire protection system
performance, inadequate maintenance, delayed
alarm and information transmission, insufficient
emergency preparedness, and inefficient response
actions (Hurley et al., 2015 ; Omar et al., 2023;
Zhang et al., 2024; Nugroho et al., 2022; Pravin &
Mishra, 2024). As a result, fire safety performance
is largely determined by system operational
conditions and management effectiveness.

In high-rise building clusters, large commercial
complexes, and complex facility environments, fire
safety management often involves multiple building
units, management entities, and shared emergency
resources. When fire protection facilities,
monitoring  data, maintenance records, and
emergency response information are dispersed
across different systems or responsible parties,
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information silos and insufficient cross-stakeholder
coordination may weaken real-time situational
awareness, resource allocation, and emergency
decision-making, thereby increasing uncertainty in
fire response processes (Almatared et al., 2023;
Hong et al., 2024; Song et al., 2025; Damasevicius
et al., 2023).

[2]. Limitations of Conventional Fire Safety
Management

Current fire safety management practices in
high-rise buildings primarily rely on periodic
inspections, manual patrols, and decentralized
system operations. While these approaches are
effective in ensuring regulatory compliance, they
exhibit significant limitations in real fire scenarios.
First, fire protection system information is typically
distributed across multiple subsystems, including
detection, alarm, suppression, and smoke control
systems,  with  limited integration.  This
fragmentation restricts overall situational awareness
(Almatared et al., 2023; Hong et al., 2024; Negi et
al., 2024).

Second, inspection-based management approaches
are inherently limited in detecting transient faults or
gradual performance degradation, as system
conditions between inspection intervals remain
unknown (Abdullahi et al., 2025; Negi et al., 2024;
Pravin & Mishra, 2024).

Third, decentralized management structures are
insufficient to support coordinated emergency
response in high-rise building clusters, where
multiple buildings may require simultaneous or
interdependent actions (Hong et al., 2024; Song et
al., 2025; Damasevicius et al., 2023).

It is important to emphasize that the response time
of fire detectors is primarily determined by their
physical sensing mechanisms and relevant product
standards (e.g., GB 4715-2024). Therefore, the
limitations of conventional fire safety management
lie mainly in information transmission and
management processes, rather than in the detection
technology itself.

[3]. Role of IoT in Fire Safety Management

The development of Internet of Things (IoT)
technology provides a new pathway to address
operational challenges in fire safety management. Its
primary value does not lie in enhancing the physical
response speed of fire detectors, but in optimizing
information  transmission and  management
decision-making processes.

Through real-time data transmission and centralized
monitoring, loT-based systems can significantly
reduce the time required for alarm information to be

delivered to management personnel, thereby
minimizing decision delays (Yin et al., 2022; Safi et
al., 2022; Abdullahi et al., 2025; Zhang et al., 2025).
In addition, continuous monitoring improves system
visibility, enabling early identification and timely
resolution of potential faults (Negi et al., 2024).
Therefore, IoT technology enhances fire safety
performance  primarily by  optimizing the
“information—decision—execution” chain, rather than
altering the “detection” chain.

II. LITERATURE REVIEW
[1]. Fire Risk Characteristics of High-Rise
Buildings and the Shift Toward
Performance-Based Fire Safety
High-rise buildings present significantly higher fire
risks compared to low-rise structures due to their
complex spatial configurations, high occupant
density, and constrained evacuation routes. Fire
incidents in such environments are characterized not
only by rapid vertical spread but also by accelerated
propagation through shafts, elevator cores, and
fagade systems, thereby substantially reducing the
available time window for effective intervention
(Yan et al., 2023; Wang et al., 2024; Cho et al,,
2025; Zheng et al., 2024).
Traditional fire safety assessment and regulation
have generally emphasised structural fire resistance,
fire protection system provision, and compliance
with prescriptive codes. However, recent studies on
high-rise building fire safety suggest that severe fire
consequences are not solely determined by
structural fire resistance or code compliance, but are
also strongly influenced by the operational
reliability of fire protection systems, fire safety
management efficiency, alarm communication,
maintenance practices, and emergency response
capability. For example, fire alarm systems, fire
suppression systems, fire accident management,
evacuation facilities, and fire response efficiency
have been incorporated into high-rise building fire
safety performance indices, while poor fire system
performance, lack of proper maintenance,
inadequate emergency preparedness, insufficient
training, and rescue-speed limitations have been
identified as factors that may intensify fire
consequences (Nugroho et al., 2022; Omar et al.,
2023; Zhang et al., 2024; Tan et al., 2021)
Against this background, fire safety research and
practice have gradually shifted from a primarily
compliance-based orientation toward a
performance-based approach that places greater
emphasis on actual system reliability, risk-control
capability, and response effectiveness..
Performance-based fire safety emphasizes the

www.ijemh.com

Page 84



International Journal of Engineering, Management and Humanities (IJEMH)
Volume 7, Issue 3, May-June, 2026 pp: 83-96

ISSN: 2584-2145 www.ijemh.com

evaluation of measurable indicators, such as system
reliability, information transmission efficiency, and
response effectiveness, rather than relying solely on
design compliance or inspection outcomes.

This transition is particularly critical in high-rise
building clusters, where multiple buildings share
resources and exhibit interdependent response
mechanisms. In such environments, fire safety
evolves from a building-level issue to a system-level
management challenge, highlighting the need to
shift from “static design safety” to “dynamic
operational safety.”

[2]. Reliability of Fire Protection Systems and
Advances in Operational Management

The reliability of fire protection systems is a key
determinant of fire development and suppression
effectiveness. Existing studies indicate that system
failures during fire incidents are relatively common,
and are often attributed not to design deficiencies,
but to operational and maintenance management
issues (Klimczak et al, 2022; Fiorentini &
Cancelliere, 2024).

Conventional maintenance strategies primarily rely
on periodic inspections and manual patrols. This
approach has inherent limitations. On the one hand,
system conditions between inspection intervals
remain unobservable, making it difficult to detect
latent faults in a timely manner. On the other hand,
manual inspections are subject to human variability
and uncertainty, which may compromise execution
quality (Veit & Steiner, 2024; Pa$ et al., 2022).

In recent years, condition-based maintenance
(CBM) has attracted increasing attention. This
approach utilizes real-time monitoring data to
continuously assess system conditions and support
predictive maintenance strategies (Daas & Innal,
2024; Lin et al, 2025). Empirical studies
demonstrate that CBM can significantly improve
system availability and reduce failure rates.
However, existing research largely focuses on
individual systems or components, with limited
attention to system-level reliability from an
integrated management perspective. In particular,
the impact of interdependencies among systems in
high-rise building clusters remains insufficiently
explored.

[3]. Applications and Limitations of IoT in Fire
Safety

With the development of Internet of Things (IoT)
technologies, their application in fire safety has
continued to expand. IoT-based fire safety systems
typically integrate sensor networks, wireless
communication, edge computing, and cloud-based

data platforms to enable real-time acquisition,
transmission, and centralised monitoring of
fire-related  environmental parameters, alarm
signals, and equipment operating conditions. Recent
studies suggest that IoT-enabled systems can
improve the efficiency of fire detection, alarm
dissemination, and emergency response by
transmitting alarm information to facility managers
or emergency response platforms with low latency,
thereby shortening the time between abnormal event
triggering and decision initiation (Safi et al., 2022;
Yin et al., 2022; Zhang et al., 2025). In addition, by
integrating multi-source data such as temperature,
smoke, carbon monoxide, video images, equipment
status, and building spatial information, [oT systems
can enhance situational awareness and support the
early identification of abnormal conditions and
emerging risks (Abdullahi et al., 2025; Negi et al.,
2024). In terms of equipment management,
continuous monitoring enabled by IoT provides the
technical basis for shifting maintenance practices
from reactive repair or periodic inspection toward
condition monitoring and predictive maintenance,
thereby helping to improve system reliability,
optimise maintenance resources, and reduce
potential failure risks (Uppal et al., 2023; Negi et al.,
2024; Varalakshmi & Kumar, 2025).

However, it is essential to clarify the limitations of
IoT in fire safety applications. [oT is fundamentally
an information and communication technology, and
its role is primarily confined to data acquisition,
transmission, and processing. The response time of
fire detectors is governed by their physical sensing
mechanisms and relevant product standards (e.g.,
GB 4715), and cannot be altered by loT integration.
Therefore, the contribution of IoT to fire safety
performance lies mainly in:

*Improving information transmission efficiency
*Enhancing system state visibility

*Optimizing management decision-making

rather than directly improving detection capability.

[4]. Centralized Fire Safety Management and
Coordinated Response Mechanisms

Centralized fire safety management systems aim to
address information fragmentation by integrating
dispersed fire protection data into a unified platform
. This integration enables real-time visibility of
system conditions, thereby improving
decision-making efficiency.Research has shown that
centralized systems can significantly enhance alarm
verification efficiency and reduce response delays
caused by incomplete information . Furthermore,
such systems support coordinated responses across
multiple  buildings, enabling more efficient
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allocation of emergency resources (Iseri & Yasar,
2025; Zhang et al., 2025; Abdullahi et al., 2025) .
In high-rise building clusters, coordinated response
is particularly critical. Since multiple buildings may
simultaneously generate alarms or share emergency
resources, the absence of effective coordination
mechanisms can lead to inefficient response actions
and resource conflicts (Damasevi¢ius et al., 2023;
Hong et al., 2024; Song et al., 2025; Wu & Yang,
2025) .

Despite these advantages, most existing centralized
systems are limited to single buildings or localized
applications, lacking comprehensive coordination
capabilities at the cluster level. This limitation
constrains their effectiveness in complex built
environments.

[5].Research Gaps and Positioning of This Study
Although substantial progress has been made in fire
safety research, several gaps remain.

First, most studies still take individual buildings or
partial systems as the main objects for verification,
and there is still a lack of research on fire
coordination management at the level of high-rise
building clusters.

Second, existing research tends to emphasize
technological implementation, with insufficient
analysis from a management performance
perspective.

Third, there is often no clear distinction between the
fire detection process and the information and
management processes, leading to misconceptions
regarding the role of [oT in fire safety.

To address these gaps, this study proposes an
IoT-based fire safety management framework for
high-rise building clusters. From a
performance-oriented perspective, the study focuses
on improving alarm information transmission,
system reliability, and coordinated response
capability. The effectiveness of the proposed
framework is further validated through a case-based
analysis.

[II. PROBLEM ANALYSIS OF FIRE SAFETY
MANAGEMENT IN HIGH-RISE BUILDING
CLUSTERS
[1]. Systemic Characteristics of Fire Safety

Management in High-Rise Building Clusters

Compared with individual buildings, fire safety
management in high-rise building clusters exhibits
significantly more complex systemic characteristics.
On the one hand, buildings are physically
independent; on the other hand, they are highly
interconnected in terms of fire protection resource

allocation, emergency response, and management
systems. In addition, different buildings are often
managed by different organizations, resulting in
variations in  management standards and
implementation quality.

Under such conditions, fire safety evolves from an
isolated system issue into a complex system
engineering problem, where overall performance
depends on the coordinated operation of multiple
subsystems and management processes.
Consequently, failure in any single component may
be amplified through system coupling -effects,
leading to a substantial increase in fire risk.
Furthermore, high-rise building clusters are
typically characterized by high density and high
complexity. Once a fire occurs, its impact often
extends beyond a single building, highlighting the
necessity of shifting from “individual building
safety” to “system-wide safety.”

[2]. Information Fragmentation in Fire Safety
Management

Information fragmentation is a critical factor
constraining the improvement of fire safety
performance in current management practices. This
issue manifests in several aspects.

First, fire protection subsystems—including fire
alarm systems, sprinkler systems, smoke control
systems, and emergency power systems—are
typically operated independently, lacking a unified
information integration platform.

Second, data storage is decentralized. Alarm
records, equipment status data, and maintenance
logs are often distributed across different systems or
local control units, making centralized access and
comprehensive analysis difficult.

Third, information sharing is limited. Effective data
exchange mechanisms between different buildings
or management entities are often lacking, resulting
in insufficient situational awareness at the system
level.

These issues directly affect alarm verification
efficiency. In fire scenarios, managers must collect
and interpret information from multiple systems, a
process that is both time-consuming and prone to
misjudgment due to incomplete information.

In high-rise building clusters, these challenges are
further amplified. The involvement of multiple
buildings and systems increases management
complexity, thereby reducing overall fire safety
performance.

[3]. Delayed Identification of System Failures
Reliable operation of fire protection systems is a
prerequisite for effective fire safety. However, under
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conventional management approaches, system
failure identification is often delayed.

First, most fire protection systems rely on periodic
inspections and manual patrols. This approach only
reflects system conditions at inspection points and
cannot capture transient faults or gradual
performance degradation occurring between
inspections.

Second, certain failures are inherently hidden, such
as detector malfunction, improperly closed valves,
or power supply abnormalities. These issues may
remain undetected during normal operation but can
lead to system failure during fire incidents,
significantly increasing fire severity.

Moreover, in high-rise building clusters, the large
number and wide distribution of systems increase
the difficulty and cost of manual inspection, further
reducing the timeliness of fault detection.

As a result, delayed identification of system failures
not only reduces system reliability but also shortens
the effective intervention time window after a fire
occurs, making it a critical factor affecting fire
safety performance.

[4]. Over-Reliance on Manual Inspection and
Experience-Based Judgment

Traditional fire safety management heavily depends
on manual inspection and experience-based
judgment, which introduces significant limitations
in complex building environments.

On the one hand, the effectiveness of manual
inspections depends on personnel availability,
professional competence, and responsibility, making
it difficult to ensure consistent execution quality. On
the other hand, manual inspection is inherently
intermittent and cannot reflect dynamic system
conditions.

In addition, during alarm handling, management
decisions are often based on individual experience.
Variations in judgment among different personnel
may lead to inconsistent decision-making,
increasing uncertainty in response actions.

This issue becomes more pronounced in high-rise
building clusters, where multiple management
entities are involved. Differences in experience and
decision-making criteria may result in inconsistent
response strategies across buildings, thereby
reducing overall emergency response effectiveness.
Therefore, excessive reliance on  manual
management not only increases operational
uncertainty but also limits the advancement of fire
safety management toward standardization and
refinement.

[S]. Insufficient Coordination in Emergency
Response

Effective and coordinated emergency response is
essential for controlling fire development. However,
in high-rise building clusters, coordination
deficiencies are commonly observed.

First, under conventional management, each
building  typically handles alarm  events
independently, without a unified coordination
mechanism. When multiple buildings generate
alarms simultaneously, managers may struggle to
obtain a comprehensive system overview, thereby
affecting decision-making.

Second, emergency resources, such as personnel and
equipment, are often shared among multiple
buildings. In the absence of centralized scheduling,
resource allocation may become inefficient, leading
to duplication or shortages.

Third, due to limited visibility of system status,
managers may be unable to accurately assess the
availability of fire protection systems during
decision-making, increasing uncertainty in response
processes.

These issues become particularly critical in complex
fire scenarios, where delays or ineffective measures
may significantly aggravate fire consequences.

[6]. Integrated Impact on Fire Safety
Performance

The above problems collectively influence fire
safety performance in high-rise building clusters
through multiple mechanisms:

*Information fragmentation — prolonged alarm
information processing time

*Delayed fault identification — reduced system
reliability

*Over-reliance on manual management — increased
uncertainty

Insufficient coordination — decreased response
efficiency

The combined effect of these factors compresses the
effective intervention time window after fire
occurrence, thereby significantly increasing the risk
of fire escalation.

From a systemic perspective, these issues
fundamentally reflect failures in the “information
chain” and “management chain,” rather than
deficiencies in the “detection chain.” Information
fragmentation reduces the efficiency of alarm
transmission and processing, delayed fault
identification weakens system reliability, reliance on
manual processes increases uncertainty, and lack of
coordination further reduces response effectiveness.
Therefore, improving fire safety performance in
high-rise building clusters does not depend on
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altering the physical response mechanisms of fire
detectors. Instead, it requires optimization of
information transmission, system visibility, and
management coordination to enhance overall
operational performance.

IV.1IOT-BASED FIRE SAFETY
MANAGEMENT FRAMEWORK
[1]. Design Objectives and Principles
Based on the problem analysis presented in Section
3, it is evident that the primary bottlenecks in fire
safety management for high-rise building clusters do
not lie in fire detection capability itself, but rather in
delayed information transmission, limited system
visibility, and insufficient coordination in
emergency response. Accordingly, this study
proposes an IoT-based fire safety management
framework aimed at improving overall fire safety
performance through optimization of information
and management processes.
The design objectives of the framework include:
eImproving alarm  information  transmission
efficiency and reducing decision delays
*Enhancing system visibility to improve system
reliability
*Strengthening coordinated response capabilities
across multiple buildings

Sensing Layer
(Detectors, Equipment Monitoring)

*Reducing management uncertainty and enabling
standardized, data-driven decision-making

Based on these objectives, the framework is
developed according to the following principles:
*Real-time  principle: enabling  continuous
monitoring and real-time updating of system
conditions

Integration principle: consolidating information
from multiple subsystems to eliminate information
silos

*Coordination principle: supporting cross-building
and cross-system collaborative decision-making
*Performance-oriented principle: optimizing
management based on fire safety performance
indicators

It is important to emphasize that this framework
explicitly distinguishes between the “fire detection
process” and the “information and management
processes.” The former is governed by the physical
characteristics of detectors and relevant standards
(e.g., GB 4715), whereas the optimization focus of
this framework lies in the latter.

[2]. Overall Framework Structure
Based on the above design objectives and principles,
an IoT-based fire safety management framework is
established, as illustrated in Figure 1.

Data Integration Layer
(Data Fusion, Transmission, Storage)

Management & Decision Layer
(Dashboard, Coordination, Decision Support)

Alarm Information Transmission

Y
System Reliability

Response Coordination

Figure 1. IoT-Based Fire Safety Management Framework and Performance Mapping for High-Rise Building
Clusters
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The framework consists of three interrelated layers:
*Sensing Layer

*Data Integration and Processing Layer
*Management and Decision Support Layer

These layers are connected through data flows and
decision flows, forming a closed-loop system that
enables continuous monitoring and dynamic
management of fire protection systems.

In addition, the framework establishes a mapping
between system functions and key performance
indicators, including alarm information transmission
efficiency, system reliability, and response
coordination capability. This forms an integrated
“structure—mechanism—performance” analytical
framework.

[3]. Sensing Layer: System State and
Environmental Data Acquisition

The sensing layer serves as the foundation of the
framework and is responsible for collecting system
status and environmental data. Its primary data
sources include:

*Fire detection systems (e.g., smoke and heat
detectors)

*Fire protection equipment status (e.g., pumps,
valves, fire doors)

*Power supply and emergency system conditions
*Environmental monitoring data

Compared with conventional systems, the sensing
layer is characterized by:

*Multi-source data acquisition: capturing not only
alarm signals but also equipment operational status
*Continuous monitoring capability: enabling a shift
from periodic inspection to real-time monitoring
*Support for system visibility: providing a data
foundation for analysis and decision-making

It should be noted that this layer does not alter the
physical response mechanisms of fire detectors.
Instead, it extends the scope of data acquisition,
thereby enhancing overall system perceptibility.

[4]. Data Integration and Processing Layer:
Information Fusion and State Identification

The data integration and processing layer is
responsible  for aggregating and analyzing
multi-source data collected from the sensing layer.
Its core functions include:

*Data fusion: integrating data from different
subsystems to provide a unified system view
*Anomaly detection: identifying abnormal system
conditions through data analysis

*Alarm verification support: assisting in evaluating
alarm validity using multi-source information

*Data storage and analysis: enabling historical data
analysis and trend identification

By eliminating information silos, this layer
significantly improves system visibility and directly
addresses the issue of information fragmentation
identified in Section 3.

In alarm handling, integrated data enables more
efficient verification  processes, reducing
misjudgments and delays caused by incomplete
information.  Furthermore,  continuous  data
accumulation supports equipment condition analysis
and facilitates predictive maintenance, thereby
enhancing system reliability.

[S]. Management and Decision Support Layer:
Coordinated Response and  Performance
Optimization

The management and decision support layer
constitutes the core of the framework, with key
functions including:

*Centralized monitoring: providing real-time
visualization of system status across buildings
«.Decision support: assisting management decisions
through data-driven analysis

*Coordinated dispatching: enabling unified response
across multiple buildings

*Performance  evaluation:  assessing  system
performance based on key indicators

Through centralized management, this layer allows
decision-makers to obtain a holistic view of fire
safety conditions across the building cluster, thereby
improving decision-making efficiency.

During emergency response, the system supports
prioritization and resource allocation based on alarm
location, system status, and resource availability,
thereby enhancing coordination efficiency. In
addition, continuous analysis of operational data
enables ongoing evaluation and optimization of fire
safety performance.

[5]. Operational Mechanisms and Performance
Improvement Pathways

Based on the above structure, the framework
enhances fire safety performance through the
following mechanisms:

*Optimization of the information chain: real-time
data transmission reduces information delays
sImprovement of system visibility: continuous
monitoring increases transparency of system
conditions

*Enhancement of management decision-making:
data-driven processes reduce uncertainty
Strengthening  of  coordination  capability:
centralized control improves response efficiency

It is important to emphasize that these
improvements primarily act on information and
management processes rather than on fire detection
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itself. Therefore, the response time of fire detectors
remains essentially unchanged, while overall system
responsiveness is significantly enhanced through the
optimization of information and management
chains.

From a holistic perspective, the proposed framework
enables continuous monitoring and dynamic
management of fire protection systems through the
coordinated operation of sensing, data integration,
and management layers. It effectively addresses key
challenges identified in Section 3, including
information fragmentation, delayed fault
identification, and insufficient coordination.

This transformation represents a shift from
“decentralized management” to “centralized
management” and from ‘“reactive response” to
“proactive management,” providing a systematic
pathway for improving fire safety performance in
high-rise building clusters.

V. CASE STUDY AND PERFORMANCE
EVALUATION

[1]. Case Study Background
To wvalidate the effectiveness of the proposed
IoT-based fire safety management framework, a
representative high-rise building cluster in an urban
area was selected as the case study. The cluster
consists of multiple residential and mixed-use
buildings, characterized by a large number of
structures, high system complexity, and diverse
management entities, making it a representative
example of real-world conditions.
Prior to the implementation of the framework, fire
safety management in the building cluster relied
primarily on conventional approaches, including
periodic  inspections, manual patrols, and
decentralized system operations. Fire protection
systems in each building operated independently,
with alarm information displayed locally in control
rooms, and system status information was not
centrally integrated. Under this model, managers
had limited visibility of overall system conditions,
and emergency response decisions largely depended
on experience-based judgment.
After the implementation of the proposed
framework, IoT monitoring devices were integrated
into the existing systems, and a centralized
management platform was established. This enabled
real-time monitoring and unified management of
system conditions, providing a basis for comparative
performance evaluation.

[2]. Research Method and Evaluation Design
This study adopts a case-based before-and-after
comparative analysis to evaluate differences in fire

safety performance before and after the
implementation of the IoT framework.

To ensure the validity of the evaluation, data from
the same building cluster under comparable
operating conditions were analyzed, minimizing the
influence of external factors. The data sources
include:

*Fire alarm records

*System operational data

*Fault and maintenance records

*Management response logs

The performance evaluation focuses on the
following key indicators:

*Alarm information transmission efficiency

*System reliability (operational stability)
*Emergency response coordination capability

*Fire escalation risk level

It should be noted that the response time of fire
detectors is constrained by their physical sensing
mechanisms and relevant standards (e.g., GB 4715),
and is therefore not considered an optimization
variable in this study. The analysis focuses instead
on performance changes in information and
management processes.

[3]. Framework Deployment and Data Collection
During the implementation phase, existing fire
protection systems were connected to the IoT
platform  through  standard  communication
interfaces. Additional monitoring functions were
incorporated for key components, including:

*Fire pump operational status

*Valve open/close status

*Fire door status

*Power supply system conditions

All data were transmitted in real time to the
centralized management platform, enabling unified
visualization and analysis.

Data collection was conducted in two phases:
*Pre-implementation phase: data under conventional
management practices

*Post-implementation phase: data under IoT-based
management

By comparing system performance across these two
phases, the impact of the management framework
on fire safety performance can be systematically
evaluated.

[4]. Definition of Fire Safety Performance
Indicators

To ensure consistency and clarity, the key
performance indicators are defined as follows:

*Fire detection response time: determined by
detector physical characteristics and not considered
an optimization variable
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*Alarm information transmission efficiency: the
time from alarm activation to awareness by
management personnel

*Verification efficiency: the time required to
confirm the validity of an alarm

*System reliability: the ability of the system to
maintain normal operation

*Coordination  capability: the efficiency of
coordinated response across multiple buildings
These  indicators  collectively  provide a
comprehensive assessment of the impact of the IoT
framework on fire safety performance.

[5]. Results and Analysis

a) Alarm Information Transmission and
Processing Efficiency

The analysis indicates a significant improvement in
alarm information transmission efficiency following
the implementation of the IoT framework. Under
conventional management, alarm information was
primarily conveyed through local displays and
manual communication, resulting in inherent delays.
In contrast, the IoT system enables real-time
transmission of alarm data to centralized platforms
and mobile terminals, allowing management
personnel to receive information immediately.

It is important to emphasize that this improvement
does not result from changes in the response time of
fire detectors, but rather from the optimization of
information transmission pathways, which reduces
the overall time from alarm activation to decision
initiation.

Furthermore, through multi-source data integration,
the system supports more accurate alarm
verification, reducing false alarm processing time
and improving overall efficiency.

B) Improvement in System Reliability

The implementation of the IoT framework
significantly enhances system reliability. Under
conventional management, system conditions were
assessed through periodic inspections, making it
difficult to detect latent faults in a timely manner. In
contrast, continuous monitoring enables early
detection of abnormal conditions and timely
intervention.

This transition from reactive maintenance to
proactive maintenance improves system stability
and reduces the likelihood of system failure during
critical events.

It should be noted that this improvement is not due
to changes in equipment performance, but rather to
enhanced management mechanisms, particularly

increased system visibility that reduces the
probability of undetected failures.

C) Enhancement of Emergency Response
Coordination

The IoT-based centralized management platform
enables coordinated response across multiple
buildings. Under conventional conditions, each
building handled alarm events independently,
lacking a wunified coordination mechanism. In
contrast, the [oT framework provides a system-wide
perspective, allowing managers to make coordinated
decisions and allocate resources more effectively.
This coordination mechanism reduces resource
conflicts and improves response efficiency,
particularly in complex scenarios involving multiple
simultaneous alarms.

D) Overall Performance Comparison

To further illustrate the performance improvements,
Table 1 presents a comparison of key indicators
before and after the implementation of the IoT
framework.
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Table 1. Fire Safety Performance Comparison Before and After IoT Implementation

PERFORMANCE 2%1101\%5 ARDII];Aiéggl ENTATION AFTER  IMPLEMENTATION | OBSERVED
INDICATOR PRACTICE) (IOT-BASED MANAGEMENT) | CHANGE
Alarm Information Dependent on manual confirmation | Real-time  transmission  via Sienificantl
Transmission and local system output; subject to | networked systems and mobile img roved Y
delays alerts P
Fire Detection Determmg d. by detector  physical No significant change (physical
characteristics and product ! . No change
Response standards constraint remains)
Malntamed through ’peI'lOdlC Enhanced through continuous
S inspection and manual maintenance . o
System Reliability according to standards (e GB monitoring and condition-based | Improved
25201 _2(%1 0) 8o maintenance
Response Decentralized, building-level Centrghze;d, . clgster—level
Coordination response coordination  via  integrated | Improved
platform
Fire Escalation | Higher due to delayed information R'e(‘iu'c'ed through improved
Risk and undetected faults visibility and faster | Reduced
decision-making

The results shown in Table 1 indicate that:

*Alarm information transmission efficiency is
significantly improved

*System reliability is enhanced

*Coordination capability is strengthened

*Fire escalation risk is reduced

Meanwhile, the fire detection response time remains
essentially unchanged, confirming that performance
improvements are primarily driven by the
optimization of information and management
processes.

E) Discussion

The results of this study demonstrate that the
proposed IoT-based fire safety management
framework can effectively improve fire safety
performance in high-rise building clusters. The
underlying mechanisms include:
*Reducing decision delays
information transmission
sImproving system reliability through continuous
monitoring
*Enhancing
management
These mechanisms collectively extend the effective
intervention time window following fire occurrence,
thereby reducing the risk of fire escalation.
Furthermore, the study confirms a key conceptual
insight:The primary value of IoT in fire safety lies in

through real-time

coordination  through  centralized

optimizing the information and management chains,
rather than altering the detection chain.

This distinction is critical for the accurate evaluation
and application of smart fire safety systems.

VI. DISCUSSION AND IMPLICATIONS
[1]. Mechanistic Interpretation of Key Findings
The findings of this study demonstrate that the
proposed IoT-based fire safety management
framework can significantly improve fire safety
performance in high-rise building clusters without
altering the physical response characteristics of fire
detectors. The observed improvements are not driven
by enhancements in detection capability, but rather
by the optimization of information transmission and
management decision-making processes, which
reduces uncertainty in fire response.
From the perspective of fire development dynamics,
high-rise building fires are inherently time-sensitive,
meaning that the efficiency of response in the early
stages plays a decisive role in determining final
outcomes. Under conventional management
conditions, delayed alarm information transmission
and limited system visibility often lead to response
delays, thereby shortening the effective intervention
time window.
The results of this study indicate that IoT systems
enable real-time data transmission, allowing alarm
information to be delivered to management personnel
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almost instantaneously, thus significantly reducing
the time between information acquisition and
decision initiation. At the same time, continuous
system visibility enables early identification of latent
faults, improving system availability during critical
events.

Moreover, the centralized management platform
enhances overall situational awareness by integrating
information from multiple buildings. This allows
decision-making to shift from a localized perspective
to a system-wide perspective, which is a key
mechanism for improving response efficiency.
Overall, the improvement in fire safety performance
can be attributed to the optimization of the
information and management chains, rather than
changes in the detection chain. This finding provides
a clear mechanistic explanation of the role of IoT in
fire safety management.

[2]. Implications for Fire Safety Engineering
Practice

The results of this study offer important implications
for fire safety engineering practice, particularly in
complex environments such as high-rise building
clusters.

First, fire safety management should transition from
a traditional inspection-oriented approach to a
performance-oriented  approach. Conventional
methods focus primarily on regulatory compliance,
whereas this study shows that system operational
conditions and management efficiency have a more
direct impact on fire safety performance. Therefore,
key performance indicators such as system
reliability, information transmission efficiency, and
coordination capability should be prioritized.

Second, enhancing system visibility should be a
primary objective. Real-time monitoring enabled by
IoT technology significantly reduces the likelihood
of undetected faults, thereby improving system
reliability. This is particularly important in complex
systems with numerous interconnected components.
Third, centralized management and coordination
mechanisms should be strengthened. In high-rise
building clusters, independent management of
individual buildings is no longer sufficient.
Establishing a unified management platform that
integrates information and enables coordinated
resource allocation can substantially improve
response efficiency.

In addition, IoT-based management models provide
significant ~ operational  benefits. = Continuous
monitoring and data analysis enable a transition from
reactive maintenance to predictive maintenance,
reducing equipment failure rates and optimizing
resource allocation. Centralized monitoring also

reduces reliance on distributed on-site personnel,
thereby improving labor efficiency.

Overall, the value of IoT in fire safety extends
beyond performance improvement to include
enhanced management efficiency and optimized
resource utilization.

[3]. Implications for Fire Safety Management and
Governance

From a management and governance perspective,
this study supports the transition of fire safety
practices from experience-driven approaches to
data-driven approaches.

In conventional systems, fire safety management
relies heavily on manual inspections and
experience-based judgment, which can lead to
inconsistencies and uncertainties in complex
environments. In contrast, IoT systems provide
objective data support, enabling more standardized
and quantifiable decision-making processes.
Furthermore, data-driven performance evaluation
mechanisms enhance accountability. Managers can
assess equipment conditions, maintenance activities,
and response efficiency based on recorded
operational data, thereby improving transparency in
management practices.

For regulatory authorities, IoT systems offer new
tools for supervision. Compared with traditional
periodic inspections, real-time data-based monitoring
can improve regulatory efficiency without increasing
inspection frequency.

Therefore, IoT technology provides a technical
foundation for building more efficient, transparent,
and sustainable fire safety governance systems.

[4]. Applicability and Generalization
Although this study is based on a specific case, the

proposed framework demonstrates strong
applicability and potential for  broader
implementation.

First, the layered structure of the framework provides
high scalability. It can be adapted to building clusters
of different sizes and functions through modular
deployment.

Second, the framework is compatible with existing
fire protection systems and does not require
extensive structural modifications. This makes it
particularly suitable for retrofitting in existing
buildings.

However, the effectiveness of implementation may
be influenced by factors such as system
compatibility, data standardization, and management
capability. Therefore, practical deployment should be
adapted to specific contextual conditions.
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[5]. Limitations and Future Research Directions
Despite its contributions, this study has several
limitations.

First, the research is based on a single case study, and
it is difficult to fully eliminate the influence of
external factors. Future studies could incorporate
multiple cases or controlled comparative analyses to
further validate the findings.

Second, the study focuses primarily on operational
performance indicators and does not directly analyze
fire loss outcomes. Given the low frequency of fire
events, future research could utilize long-term data to
examine the relationship between performance
improvements and actual fire consequences.

In addition, this study does not consider the
application of artificial intelligence or predictive
modeling techniques. Future research could integrate
machine learning methods to analyze fire system
operational data more deeply and further enhance
risk prediction capabilities.

Finally, the influence of human and organizational
factors on system performance warrants further
investigation, as these aspects are critical to the
effective implementation of IoT-based fire safety
management systems.

[6]. Conclusions

This study addresses key challenges in fire safety
management for high-rise building clusters, including
information fragmentation, delayed fault
identification, over-reliance on manual processes,
and insufficient coordination in emergency response.
An ToT-based fire safety management framework is
proposed, and its effectiveness is evaluated through a
case study.

The results demonstrate that the proposed framework
can significantly improve fire safety performance
without altering the physical response characteristics
of fire detectors. The improvements are primarily
reflected in enhanced alarm information transmission
efficiency, increased system reliability, and improved
coordination in emergency response. These findings
indicate that improvements in fire safety performance
do not depend on changes in detection technology,
but are achieved through the optimization of
information  transmission ~and  management
mechanisms.

From a theoretical perspective, this study clearly
distinguishes between the fire detection process and
the information and management processes, and
identifies the latter as the primary pathway through
which IoT contributes to fire safety performance.
This distinction helps address a common
misconception in existing research that directly
associates IoT implementation with enhanced

detection capability, and provides a more accurate
theoretical basis for the application of smart
technologies in fire safety.

From a methodological perspective, a layered
framework consisting of sensing, data integration,
and management decision layers is developed, along
with a “structure—mechanism—performance”
analytical logic. This framework not only explains
the underlying mechanisms of performance
improvement but also offers a structured approach
for future studies in this field.

From a practical perspective, the findings indicate
that the adoption of IoT technology enables a
transition in fire safety management from
decentralized to centralized systems, and from
reactive response to proactive management. This
transformation enhances system reliability, optimizes
resource  allocation, and improves overall
management efficiency, providing valuable guidance
for fire safety management in complex building
environments.

In addition, this study highlights that the value of [oT
extends beyond performance improvement to include
reductions in operational and maintenance costs and
the transformation of management practices.
Through continuous monitoring and data-driven
analysis, predictive maintenance can be achieved,
reducing equipment failure rates and avoiding
unnecessary maintenance expenditures.

Despite these contributions, the study has certain
limitations. The analysis is based on a single case
study, and the generalizability of the findings
requires further validation. Future research could
incorporate multiple case studies or quantitative
models to deepen the understanding of performance
improvement mechanisms in fire safety management.
In conclusion, from a performance-oriented
perspective, this study systematically examines the
role of IoT in fire safety management for high-rise
building clusters and clarifies its core value in
optimizing information and management processes.
The findings provide both theoretical support and
practical guidance for advancing fire safety
management toward more intelligent and refined
systems.
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