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Abstract: The exponential growth in network traffic due to emerging technologies like 5G, 6G,
Software-Defined Networking (SDN), and the Internet of Things (IoT) necessitates innovative opti-
mization techniques to manage the increased demand. Modern networks are expected to support
ultra-reliable low-latency communications, high data throughput, and seamless connectivity across
millions of devices, creating unprecedented challenges for network performance and resource man-
agement. Managing and optimizing traffic in such networks poses significant challenges due to the
massive increase in connected devices, fluctuating traffic demands, and the diversity of applications.
This paper examines the methods and algorithms designed to optimize traffic in next-generation
networks, focusing on congestion control, load balancing, energy-efficient routing, and resource
allocation. The role of SDN in enhancing network flexibility and programmability is discussed,
alongside the increasing use of artificial intelligence (AI) and machine learning (ML) for real-time
traffic optimization. The paper also addresses the distinct challenges of IoT networks, where traffic
patterns are irregular, and devices have stringent energy constraints. The objective of this paper is
to provide a review of how traffic optimization techniques are reshaping the domains of modern
networks and enabling more efficient, reliable, and scalable communication systems.
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1. Introduction

The evolution of next-generation networks has introduced an unprecedented level
of connectivity, reshaping industries and societal functions. These networks promise to
deliver ultra-fast internet, low-latency communications, and the ability to support billions
of connected devices. Key sectors such as autonomous driving, smart grids, industrial
automation, and immersive virtual experiences are heavily dependent on the capabilities
offered by these advanced communication infrastructures. The core appeal of 5G, and the
anticipated enhancements in 6G, lies in their ability to handle real-time, high-throughput
applications, ensuring efficient communication between a vast array of devices and systems
[1,2].

However, the increase in network traffic driven by the expanding Internet of Things
(IoT) ecosystem and the rise of data-intensive applications presents significant challenges.
The volume of devices connected to these networks is growing rapidly, with each device
generating varying levels of data, adding a new layer of complexity to network operations.
IoT devices range from simple sensors with minimal data requirements to high-bandwidth
devices such as smart cameras, and each device has specific needs in terms of bandwidth,
latency, and reliability. This creates highly diverse and dynamic traffic patterns that must be
managed effectively. Additionally, modern applications, such as 4K and 8K video streaming
or augmented reality, require not just high data rates but also ultra-low latency and high
reliability, which adds strain to network resources [3].
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Figure 1. IoT and Application Traffic Impact on Network

The complexity of these modern traffic patterns, along with the varying require-
ments of different applications, poses a significant departure from traditional networking
paradigms. Conventional approaches, such as static routing and fixed resource allocation,
are built on assumptions of relatively predictable and uniform traffic flows. These methods
are designed to handle best-effort traffic and are often inefficient when network demands
fluctuate widely or when there are unexpected spikes in data traffic. Fixed resource al-
location can result in some network resources being underutilized while others become
congested, leading to performance degradation in mission-critical or latency-sensitive
applications.

Moreover, the geographical distribution of network demand is becoming increasingly
uneven. In the context of 5G and IoT, devices are not only highly mobile but also densely
concentrated in certain areas, such as urban environments or industrial zones, while rural
or remote areas may have much lower traffic volumes. This geographic diversity further
complicates traffic management, as networks must adapt to varying levels of demand
across different regions and environments. As a result, network performance may become
unpredictable, and ensuring a consistent quality of service (QoS) across the network
becomes increasingly difficult [4].

The surge in data traffic also raises concerns about the efficient utilization of network
resources. As more data-intensive applications are deployed and the number of connected
devices grows, bandwidth limitations and congestion become critical issues. Certain
applications, such as autonomous vehicles and industrial automation, require extremely
low latency and high reliability to function properly. Any delays in data transmission could
result in significant consequences, making it imperative for next-generation networks to
handle high traffic volumes without compromising on speed or reliability. The coexistence
of diverse applications with widely varying requirements for latency, bandwidth, and
reliability necessitates more sophisticated traffic handling mechanisms that can cater to
these varying demands simultaneously [5].

Furthermore, the advent of immersive technologies, such as virtual reality (VR) and
augmented reality (AR), adds a new dimension to network traffic patterns. These applica-
tions are highly data-intensive, often requiring real-time synchronization between devices
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and servers, and are sensitive to even minor delays in communication. As a result, the
network infrastructure must accommodate these demanding applications without affecting
the performance of other services. Additionally, AR/VR applications typically require high
levels of computational processing, which adds pressure to both the network and the edge
computing infrastructure, as real-time data processing must occur close to the end-users.

In addition to the technical challenges posed by increasing traffic volumes and applica-
tion demands, next-generation networks must contend with the sheer diversity of devices
and communication technologies involved. The IoT ecosystem, in particular, consists of a
wide variety of devices, each with different communication requirements and constraints.
Some IoT devices are battery-powered and rely on low-power communication protocols,
such as LoRaWAN or NB-IoT, while others, such as smart cameras or industrial robots,
require high-bandwidth, low-latency connections. This diversity complicates traffic man-
agement, as network operators must ensure that each device’s specific requirements are
met without compromising overall network performance.

The challenge of managing traffic in next-generation networks is further compounded
by the need for real-time responsiveness in many applications. Autonomous vehicles, for
example, require real-time communication with surrounding infrastructure, other vehicles,
and remote servers to make split-second decisions. Any delay in data transmission could
lead to accidents or failures. Similarly, industrial automation systems often depend on
real-time data from sensors and actuators to maintain safety and efficiency in critical
processes. In these cases, even slight variations in network performance can have significant
repercussions, making it essential for the network to maintain consistently low latency and
high reliability.

Managing the traffic generated by these devices, while ensuring that network resources
are used efficiently, requires highly scalable architectures. The sheer scale of next-generation
networks in dense urban areas, where millions of devices could be connected within a small
geographic region, places immense pressure on existing infrastructure. This introduces
the need for more sophisticated traffic management techniques capable of scaling with the
increasing demands of modern applications and IoT systems.

1.1. Next-Generation Networks

5G, the fifth-generation mobile network, represents a significant leap from its prede-
cessors, not only in terms of performance but also in its architectural complexity. At the
heart of 5G architecture lies a shift from hardware-centric to software-defined networks,
facilitating much higher bandwidth, ultra-reliable low-latency communication (URLLC),
and massive machine-type communication (mMTC). The key components of 5G networks
include the Radio Access Network (RAN), the core network, and edge computing elements.

The Radio Access Network (RAN) in 5G employs both macrocells and small cells,
with an emphasis on millimeter waves (mmWave) that operate in the 24 GHz and above
frequency ranges, allowing high data rates. Massive MIMO (Multiple Input, Multiple
Output) technology, which uses a large number of antennas at the base station, enhances
spectrum efficiency and capacity. Additionally, 5G’s RAN is designed to be flexible and
scalable through its cloud-native architecture, leveraging Network Function Virtualization
(NFV) and Software-Defined Networking (SDN) principles. The RAN interacts with the
core network via the Next-Generation Core (NGC), which replaces the traditional Evolved
Packet Core (EPC) used in LTE systems. The NGC is built around the concept of Control
and User Plane Separation (CUPS), which helps decouple user data transmission from
control signaling, allowing for better scalability and resource allocation.

The core network in 5G uses a service-based architecture (SBA) where network func-
tions are virtualized and deployed as microservices. This architecture enables the dynamic
allocation of resources and the separation of network slices—an important feature in 5G
that allows multiple logical networks to run on the same physical infrastructure. Each
slice is tailored to meet different use cases, such as enhanced mobile broadband (eMBB) for
high data-rate applications, URLLC for mission-critical communications, and mMTC for
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massive sensor networks. Edge computing in 5G reduces latency by bringing computation
closer to the data source, making real-time processing more efficient for applications such
as autonomous driving and remote surgery.

While 5G has yet to be fully implemented globally, research and development for 6G
are already underway. 6G is envisioned to be a transformative leap that integrates artificial
intelligence, extreme bandwidth, terahertz communication, and pervasive connectivity.
The architecture of 6G is expected to extend 5G’s cloud-native principles but will be
characterized by tighter integration with AI/ML (Artificial Intelligence /Machine Learning),
quantum communication, and more pervasive IoT systems.

One of the most important aspects of 6G architecture is the use of terahertz (THz)
frequencies (ranging from 100 GHz to 10 THz), which will provide ultra-high data rates
in the order of hundreds of Gbps to several Tbps. These frequencies, however, come with
challenges such as shorter transmission ranges and greater susceptibility to environmental
factors, requiring more advanced beamforming and reconfigurable intelligent surfaces (RIS)
to direct signals efficiently. The Radio Access Network (RAN) in 6G will also move towards
a fully software-defined structure, incorporating even more advanced MIMO technologies,
such as cell-free massive MIMO, where users do not connect to a specific base station but
instead communicate with a distributed network of access points.

A defining feature of 6G will be its Al-native architecture, where machine learning
algorithms will not only optimize network parameters in real-time but also drive decision-
making processes for dynamic spectrum sharing, network slicing, and resource allocation.
Furthermore, 6G aims to enable a fully immersive digital-physical convergence through
technologies like holographic telepresence and tactile internet, which will require sub-
millisecond latency. This will be supported by innovations in core network design, where
quantum communication and blockchain-based decentralized security mechanisms could
play a critical role.

The 6G core network will likely evolve from the service-based architecture of 5G to
a more decentralized, intelligent, and secure infrastructure. Al-driven automation will
be integral to the operation of network slices and edge computing resources, which will
interact in real-time to meet the diverse demands of various use cases, such as Industry 5.0,
smart cities, and ubiquitous IoT ecosystems.

Software-Defined Networking (SDN) is a paradigm shift in network architecture
that decouples the control plane (which decides where traffic is sent) from the data plane
(which forwards traffic). This separation allows for centralized network control and pro-
grammability, which is a stark contrast to traditional networking models where both planes
are integrated into each network device. SDN provides the flexibility, scalability, and
agility needed to manage modern networks, especially those supporting 5G, IoT, and cloud
computing environments [5].

The fundamental components of SDN include the SDN controller, the data plane, and
the application layer. The SDN controller serves as the "brain" of the network, making
decisions on how data should be routed and which policies should be enforced. It commu-
nicates with the underlying infrastructure (switches, routers, etc.) through standardized
interfaces, the most common being OpenFlow, but also through newer protocols like P4.
The data plane consists of physical or virtual switches that forward traffic based on the
instructions received from the SDN controller. This separation of concerns allows for
greater abstraction, making the network infrastructure more programmable and adaptable
to changes in traffic patterns or security requirements.

At the application layer, SDN enables network administrators to deploy various ser-
vices, such as firewalls, load balancers, and traffic optimizers, through software applications
that communicate with the controller via Northbound APIs. This abstraction simplifies
network management, as the controller can dynamically allocate resources and enforce
policies across the entire network. Additionally, the ability to virtualize the network infras-
tructure allows for the implementation of Network Function Virtualization (NFV), which
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can instantiate and manage virtualized network services in a highly dynamic and scalable
fashion.

SDN is critical for enabling flexible and scalable management of 5G networks, IoT
systems, and cloud data centers. In 5G, for example, SDN allows for dynamic network
slicing, where the network can be partitioned into multiple virtual slices, each optimized for
specific applications. Similarly, in cloud environments, SDN enhances resource utilization
and simplifies the orchestration of large-scale, multi-tenant infrastructures. As networks
continue to grow in complexity, SDN’s centralized control model, combined with machine
learning for intelligent automation, will be key to managing traffic, optimizing performance,
and ensuring security [6].

The Internet of Things (IoT) refers to the interconnectedness of physical objects (or
"things") embedded with sensors, software, and other technologies, enabling them to collect
and exchange data. IoT systems are generally built on three core layers: the perception
layer, the network layer, and the application layer. These layers work in concert to facilitate
the collection, transmission, and processing of data from the physical environment to
cloud-based platforms, where actionable insights can be derived.

The perception layer consists of the physical devices, sensors, and actuators that collect
data from the environment. These devices can range from simple temperature sensors
and RFID tags to more sophisticated devices like smart cameras or industrial robots. In
many cases, devices in the perception layer are constrained by limited computational
power, memory, and energy resources, which is why lightweight communication protocols
like MQTT (Message Queuing Telemetry Transport) and CoAP (Constrained Application
Protocol) are widely used in IoT systems.

The network layer serves as the backbone for data transmission. This layer includes
various communication technologies, such as Wi-Fi, Bluetooth, Zigbee, LoORaWAN, NB-
IoT, and 5G, depending on the requirements of the specific application. For example,
applications requiring high bandwidth and low latency, such as autonomous vehicles
or smart cities, might leverage 5G technology. Conversely, applications that prioritize
long-range communication and low power consumption, such as remote environmental
monitoring, might use LoRaWAN or NB-IoT.

The application layer is where data from the perception layer is processed, stored,
and acted upon. Cloud platforms, such as AWS IoT or Microsoft Azure IoT Hub, are
commonly used to store and analyze data, providing insights through advanced analytics
or machine learning models. This layer is also responsible for the management of IoT
devices, including firmware updates, device configuration, and security. Edge computing
plays a crucial role in this layer, especially in time-sensitive applications, by allowing data
to be processed closer to the devices, thus reducing latency and bandwidth consumption.
This paper explores the primary methods and algorithms used to optimize network traffic
in these advanced environments. We begin by examining congestion control techniques
and move on to discuss load balancing, energy-efficient routing, and dynamic resource
allocation strategies. Emerging trends such as Al-driven traffic management and edge
computing are also considered, highlighting their potential to enhance network efficiency.

2. Congestion Control Mechanisms

Enhanced TCP algorithms, Active Queue Management (AQM), and Explicit Conges-
tion Notification (ECN) represent three pillars of network optimization, addressing the
challenges of congestion control in the evolving landscape of high-performance networks
like 5G and 6G. These advancements are designed to optimize throughput, minimize
latency, and improve the overall responsiveness of networks in environments with vari-
able bandwidth and dynamic conditions such as mobile and IoT ecosystems. Each of
these technologies addresses specific limitations in traditional network congestion control
mechanisms, providing more efficient and robust methods to manage data flow.
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Table 1. Congestion Control Methods in Next-Generation Networks

AQM Technique

Key Characteristics

Use Cases

Controlled Delay (CoDel)

Minimizes bufferbloat by keep-
ing queue lengths under control,
ensuring low latency

High-bandwidth net-
works, real-time commu-
nication

Random Early Detection
(RED)

Drops or marks packets ran-
domly based on average queue
length, preventing congestion be-
fore queues overflow

Cloud services, video

streaming, gaming

Explicit Congestion Noti-
fication (ECN)

Signals congestion without
packet loss, allowing end de-
vices to adjust transmission rates
proactively

IoT environments, SDN,
latency-sensitive applica-
tions

Table 2. Active Queue Management Techniques
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works

in 5G/6G net-

ECN (Explicit Congestion
Notification)

Alerts end devices of congestion,
preventing packet loss and ensur-
ing smooth data transmission

IoT networks, SDN, ultra-
low latency services

CoDel

Manages queue lengths to pre-
vent bufferbloat, reducing la-
tency and improving responsive-
ness

Real-time applications,
cloud services, video
streaming

Table 3. Traffic Optimization Techniques for Next-Generation Networks

2.1. Enhanced TCP Algorithms

The primary role of Transmission Control Protocol (TCP) in network communications
is to ensure reliable data transmission by managing congestion and maintaining data
integrity. However, traditional TCP algorithms, such as TCP Reno and TCP Cubic, rely
heavily on packet loss as a signal for network congestion. This approach works well
in wired networks with stable conditions but faces significant limitations in the high-
bandwidth and low-latency environments characteristic of modern wireless networks.
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Next-generation networks like 5G and 6G demand more advanced congestion control
algorithms to meet their stringent performance requirements for applications like virtual
reality (VR), autonomous vehicles, and real-time cloud services, which require low-latency
and high-reliability communication [7,8].

One of the most prominent advancements in this space is TCP BBR (Bottleneck Band-
width and Round-trip propagation time). Unlike traditional TCP variants, which reduce
transmission rates in response to packet loss, TCP BBR continuously measures the avail-
able bottleneck bandwidth and round-trip time (RTT) to make more informed decisions
about the rate at which data should be transmitted. By focusing on maximizing the use
of available bandwidth while maintaining low queue occupancy, BBR avoids the delay
and inefficiency caused by over-relying on packet loss signals. This design is advanta-
geous in high-speed networks where packet loss is not necessarily indicative of congestion
(for example, due to wireless interference or link variability). BBR’s approach enables it
to keep network latency low while achieving high throughput, making it ideal for the
latency-sensitive environments of 5G and 6G.

Another important enhancement to traditional TCP is Multipath TCP (MPTCP), which
allows for the simultaneous transmission of data across multiple network paths. Unlike
standard TCP, which operates over a single connection, MPTCP exploits multiple interfaces
or network routes to aggregate bandwidth and improve fault tolerance. This multipath
capability is effective in mobile environments where users frequently transition between
different access points (e.g., from Wi-Fi to LTE/5G). In such scenarios, maintaining a
single TCP connection can lead to performance degradation or connection loss, whereas
MPTCP’s ability to spread traffic over multiple paths ensures more consistent throughput
and seamless connectivity. Moreover, MPTCP can dynamically adjust its data distribution
based on the real-time state of the available paths, shifting more traffic to underutilized or
faster routes while reducing the load on congested or slower paths. This adaptability not
only improves throughput but also enhances the reliability and resilience of the network,
making MPTCP highly suitable for the mobile and heterogeneous environments of next-
generation networks.

Both TCP BBR and MPTCP reflect a broader trend in enhanced TCP algorithms toward
greater adaptability, allowing these protocols to maintain optimal performance in diverse
and dynamically changing network conditions. BBR’s ability to optimize throughput while
minimizing delay and MPTCP’s robustness in handling multiple concurrent paths are
complementary strategies that address the specific challenges posed by modern wireless
networks. In TCP variants for high-performance networks, bandwidth estimation and
round-trip time (RTT) optimization are typically modeled using key network parameters.
The estimated bottleneck bandwidth B can be expressed as a function of the congestion
window size cwnd and the measured round-trip time RTT:

cwnd
RTT

The congestion window cwnd is updated dynamically based on the difference between
the estimated bandwidth and the actual bottleneck bandwidth By,,. This can be modeled
using an additive increase mechanism where the congestion window increases by a factor
proportional to the relative difference between B,s; and By,

Best - Bbottle)
Bbottle

Best -

cwnd(t+1) = cwnd(t) + o - (

RTT, which varies depending on queue length g at the bottleneck, can be updated
using the formula:

RTThew = RTTyin + 1
Byottie
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Here, RTT,,i, is the minimum round-trip time in the absence of queuing delays. The
queue length itself can be modeled as decreasing over time, influenced by factors like the
current RTT and the rate at which packets are processed:

(o5 ()
min

To prevent the congestion window from growing too large, an upper bound on cwnd
is introduced, which can depend on the ratio of the minimum and current RTT values:

RTT,in
RT Thew

cwnd(t+1) = min <cwndmax, cwnd(t) + 7y -

2.2. Active Queue Management (AQM)

Congestion control mechanisms like TCP depend heavily on accurate congestion sig-
nals from the network. If congestion is detected too late, significant packet loss and delays
can occur, leading to reduced throughput and increased latency. Traditional approaches to
congestion management rely on passive queue management, where packets are buffered
until the queue is full, at which point they are dropped. This reactive strategy can lead
to excessive queuing and, in particular, bufferbloat—a condition where oversized buffers
in network routers introduce high latency by holding packets in long queues. Bufferbloat
is detrimental in real-time applications like video conferencing, online gaming, and IoT,
where low latency is critical for performance [9,10].

To combat such inefficiencies, Active Queue Management (AQM) techniques have
been developed to manage the length of queues proactively, ensuring that congestion
is detected and managed before buffers become overwhelmed. One of the earliest and
most widely used AQM techniques is Random Early Detection (RED). RED works by
monitoring the average length of the queue and randomly dropping or marking packets
when the queue starts to grow beyond a certain threshold. This early intervention prompts
TCP connections to reduce their transmission rates before the queue becomes saturated,
thereby preventing packet loss and ensuring smoother data flow. RED is effective in
managing congestion, but it requires careful tuning of parameters like minimum and
maximum thresholds for queue length, which can be challenging in environments with
highly variable traffic.

A more recent and effective AQM algorithm is Controlled Delay (CoDel), which
specifically addresses the problem of bufferbloat by focusing on the delay experienced by
packets in the queue. CoDel monitors the time that packets spend waiting in the queue
and takes action when this delay exceeds a pre-defined target. By dropping packets when
delays become excessive, CoDel ensures that latency remains low, even when network
traffic fluctuates. Unlike RED, CoDel does not require complex parameter tuning and
can adapt automatically to changing network conditions, making it a robust solution for
modern networks. This makes CoDel suitable for 5G and IoT environments, where traffic
patterns can be unpredictable and maintaining low latency is crucial for the performance
of real-time applications [11].

The introduction of AQM techniques like RED and CoDel represents a fundamental
shift in congestion management from a reactive to a proactive approach. By addressing
congestion before it leads to packet loss or excessive queuing, AQM algorithms help ensure
that networks remain responsive and capable of handling the high traffic volumes and
low-latency requirements of next-generation networks. In Active Queue Management
(AQM) techniques like CoDel (Controlled Delay) and RED (Random Early Detection),
mathematical models are used to manage queue lengths and prevent congestion in network
routers. The key objective of AQM is to regulate queue buildup by adjusting the packet
drop or marking rate before the network becomes fully congested. The average queue
length 404 is one of the primary parameters for AQM mechanisms and can be modeled as:
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Gavg(t+1) = (1 — wy) - Gavg () + wq - q(t)

Here, w; is the weight factor, and 4(t) represents the instantaneous queue length at
time f. AQM techniques like RED use 44 to probabilistically drop or mark packets based
on the relationship between g,,; and predefined thresholds miny, and maxy,. If g4 exceeds
the minimum threshold miny,, the packet drop probability p,;,, increases as follows:

Javg — Miny,

Pdrop = Pmax maxy, — ming,

where pjuqx is the maximum packet drop probability and max,, is the upper threshold
for queue length. If g,,¢ exceeds maxy,, all incoming packets are dropped.

For CoDel, the focus is on controlling the packet delay by keeping track of the mini-
mum observed delay d,,;, over an interval Tj;;;or0,- When d,,;;, exceeds a target value diarget,
packets are dropped or marked to signal congestion. The drop mechanism can be modeled
as:

Ain > dtarget = drop next packet

The drop interval Ty, is dynamically adjusted based on the time since the last drop,
with the goal of maintaining low delays without unnecessarily dropping packets. The drop
interval is updated as:

Ty
Tdrop = %

This ensures that as congestion persists, packets are dropped more aggressively, helping to
prevent the queue from growing excessively while maintaining low latency.

2.3. Explicit Congestion Notification (ECN)

Explicit Congestion Notification (ECN) is another critical mechanism that enhances
congestion control by signaling congestion early, without resorting to packet drops. Tra-
ditional congestion control relies on packet loss as an indicator of congestion, which is
problematic in environments where packet loss is expensive or undesirable, such as in
real-time applications or low-latency networks. ECN avoids packet loss by marking packets
to indicate the onset of congestion. When a router detects that congestion is building up
(typically when queue lengths grow), it marks packets with a congestion notification rather
than dropping them. These marked packets are then delivered to the receiver, which in
turn signals the sender to reduce its transmission rate.

The advantage of ECN is that it provides an early signal of congestion, allowing
for a smoother reduction in traffic without the need for packet drops, which can intro-
duce significant delays in retransmissions. This is beneficial in the context of low-latency,
high-reliability environments such as 5G and IoT networks, where packet loss can lead to
performance degradation. By preventing packet loss, ECN reduces the need for retransmis-
sions and improves the overall responsiveness of the network [12].

ECN works effectively in conjunction with AQM algorithms like RED and CoDel. For
example, in a network using RED with ECN, the router can mark packets as congestion
builds, signaling the sender to reduce its rate before packet loss occurs. Similarly, CoDel
can be combined with ECN to ensure that packets are marked rather than dropped when
delays become excessive, further enhancing network performance in latency-sensitive
applications. This combination of AQM and ECN ensures that networks remain efficient
and responsive, even under heavy load, by minimizing packet loss and maintaining low
latency.
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Figure 2. Congestion Avoidance Using ECN and AQM Mechanisms in IoT and SDN Environments

across nodes, even when nodes
join or leave the network dy-

Load Balancing Tech- | Description Applications
nique
SDN-Based Dynamic | Centralized control via SDN en- | Cloud services, large-scale
Load Balancing ables real-time updates to load | data centers, high-traffic
balancing decisions, using al- | websites
gorithms like Least-Connections
and Dynamic Round Robin
Multipath Routing | Allows simultaneous data trans- | 5G networks, mobile net-
(MPTCP) mission over multiple network | works, high-demand envi-
paths, increasing throughput | ronments
and reliability
Consistent Hashing Distributes traffic efficiently | IoT networks, distributed

databases, dynamic net-
work topologies

namically, maintaining balanced
traffic distribution

Table 4. Load Balancing Techniques for Next-Generation Networks

3. Load Balancing Techniques
3.1. SDN-based Load Balancing

Software-Defined Networking (SDN) introduces a paradigm shift in how network
control and data planes operate by separating them, enabling centralized control over
network traffic. In traditional network architectures, load balancing decisions are often
static and localized, lacking a global view of the network’s state. This static nature can lead
to inefficiencies, such as overloading certain servers or links while underutilizing others.
SDN-based load balancing overcomes these limitations by leveraging the SDN controller’s
real-time, network-wide visibility to make informed and dynamic decisions [13].

With SDN, traffic management and load distribution can be handled with fine-grained
control, allowing for real-time adjustments based on actual traffic patterns and network
conditions. This is beneficial in modern, high-demand network environments where
workloads can fluctuate rapidly, and maintaining optimal performance requires constant
adjustment. SDN controllers can monitor metrics such as bandwidth usage, latency, packet
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SDN Load Balancing Al-
gorithm

Key Features

Advantages

Least-Connections

Distributes traffic based on the
number of active connections, di-
recting traffic to the least-utilized
server or path

Reduces risk of overload,
improves resource utiliza-
tion in dynamic environ-
ments

Dynamic Round Robin

Rotates traffic evenly across
available resources, adapting to
real-time traffic and server load

Simple, adaptive to cur-
rent network conditions,
minimizes overload risk

Centralized Traffic Con-
trol

SDN controllers monitor traffic
conditions in real-time and ad-
just load balancing strategies ac-
cordingly

Real-time optimization of
network paths, increased
flexibility in handling
high-traffic scenarios

Table 5. SDN-Based Dynamic L

oad Balancing Algorithms

Multipath Routing Tech- | Description Benefits

nique

Multipath TCP (MPTCP) | Allows data transmission over | Ensures robust con-
multiple paths simultaneously, | nectivity ~ in  mobile

environments, maximizes
resource utilization

improving reliability and increas-
ing throughput

Wireless Multipath Rout- | Utilizes multiple wireless chan- | Ideal for mobile networks,

ing nels or interfaces in networks | supports seamless han-
like 5G, improving load distribu- | dover and enhanced data
tion and signal reliability throughput

Path Aggregation Combines multiple paths to form | Increases overall network

a virtual, higher-capacity link,
optimizing bandwidth use

capacity, improves load
balancing in high-demand
environments

Table 6. Multipath Routing in Next-Generation Networks

loss, and server load, and use this information to distribute traffic more intelligently across
available resources [11].

Dynamic load balancing algorithms such as Weighted Least Connections and Dynamic
Round Robin are effective in SDN environments. In Weighted Least Connections, traffic is
directed to the server or network link with the fewest active connections, weighted by the
capacity or performance characteristics of the server or link. This ensures that resources
with more available capacity handle more traffic, preventing overloading and promoting
efficient resource utilization. Dynamic Round Robin, on the other hand, rotates traffic
distribution among resources but adjusts the rotation dynamically based on the current
load on each resource. This prevents static allocation issues, where traffic may continue to
flow to a resource that has become overloaded after the initial assignment [14].

SDN'’s centralized control and programmability allow network operators to define
custom policies for load balancing that adapt to changing traffic conditions in real time.
For instance, during a spike in demand, the SDN controller can dynamically reroute traf-
fic to underutilized paths or servers, optimizing throughput and reducing bottlenecks.
This capability is especially important in large-scale data centers, 5G networks, and cloud
environments, where performance, scalability, and resource efficiency are critical. SDN
decouples the control and data planes, allowing centralized control over network resources,
which can be dynamically adjusted based on real-time traffic demands. The primary objec-
tive in SDN-based load balancing is to minimize congestion and ensure even distribution
of traffic by dynamically selecting paths and adjusting flow rates [15].

Let A; represent the incoming traffic load on link 7, and C; be the capacity of that link.
The utilization u; of link i can be expressed as:
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The goal is to balance the traffic load across multiple links such that the maximum
link utilization 1,4y is minimized. This can be formulated as an optimization problem:

minmax(u;), Vi€ links

In SDN, dynamic load balancing algorithms, such as Least-Connections or Dynamic
Round Robin, use real-time traffic metrics to distribute traffic flows. Let x;; represent the
proportion of traffic from source i routed through path j. The objective is to allocate traffic
such that the total traffic load across all paths is balanced, which can be modeled as:

inj = A;, Vi€ sources
j

Additionally, to ensure that no path exceeds its capacity, the constraint on link capaci-
ties is given by:

inj <Cj, Vje€ paths
i

Another critical aspect of SDN-based load balancing is latency optimization. The path
latency L; for a given path j is a function of both the traffic load and the link characteristics
(e.g., propagation delay, queuing delay). The total latency across all paths can be minimized
by adjusting the traffic allocation:

min Z L]' - Xij
i

In scenarios where multiple paths are available, such as with Multipath TCP (MPTCP),
the load balancing problem can be extended to consider multiple simultaneous paths.
The objective is to optimize traffic flow across multiple paths, taking into account both
bandwidth and latency. This can be formulated as a multi-objective optimization problem
where traffic is allocated to minimize both congestion and latency:

min <max(u,-), 2 L;- xl-])
j

Using centralized SDN controllers, real-time traffic conditions, link utilizations, and
path latencies are continuously monitored, and traffic is dynamically re-routed based on the
optimal solution to these models. This enables the efficient utilization of network resources,
ensuring that no single link or path becomes a bottleneck while maintaining low latency
and high throughput in next-generation networks [16].

3.2. Multipath Load Balancing

Multipath load balancing takes the concept of distributing traffic across multiple
servers or network resources and extends it to multiple network paths. This strategy is
relevant in networks that support Multipath TCP (MPTCP) or other protocols designed to
take advantage of multiple network routes. In traditional single-path TCP, all data packets
between two endpoints are transmitted over the same route, which can lead to inefficiencies
if that path becomes congested or fails. Multipath load balancing, however, distributes
data across several different network paths simultaneously, improving both throughput
and fault tolerance.

MPTCP is an extension of standard TCP that allows for the simultaneous use of multi-
ple paths between two endpoints. In doing so, it aggregates bandwidth from different paths,
leading to higher throughput and more efficient use of network resources. Additionally,
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Figure 3. Multipath Routing with MPTCP in 5G Networks

if one path becomes congested or experiences a failure, MPTCP can seamlessly redirect
traffic to the remaining paths, maintaining continuous communication and avoiding per-
formance degradation. This fault tolerance is crucial in high-reliability environments like
5G networks, where consistent and low-latency communication is essential.

Multipath load balancing is effective in SDN and 5G networks, where path diversity
and dynamic traffic routing are common. In these networks, the SDN controller can monitor
the state of multiple available paths and make informed decisions about how to allocate
traffic. For example, if the controller detects congestion on one path, it can dynamically shift
traffic to an alternate, less congested route. This kind of real-time adaptability enhances
the performance and resilience of the network, ensuring that no single link becomes a
bottleneck while also increasing overall resource utilization.

In the context of 5G, multipath load balancing plays a crucial role in managing the
high throughput and low-latency requirements of emerging applications like autonomous
vehicles, augmented reality (AR), and massive IoT deployments. 5G’s flexible architecture,
which supports slicing and differentiated quality of service (QoS), allows multiple paths
to be leveraged more effectively in various scenarios, ensuring that the network can meet
diverse application requirements simultaneously.

3.3. Consistent Hashing

Consistent hashing is a widely used technique for distributing traffic across multiple
servers or nodes in distributed systems. It is well-suited for load balancing in dynamic
environments where servers or nodes may be added or removed frequently, such as in
cloud and IoT networks. In traditional hashing schemes, changes to the set of available
servers or nodes (e.g., when a new server is added or an existing one is removed) require
a complete redistribution of the workload, which can lead to significant disruption and
inefficiency. Consistent hashing addresses this issue by ensuring that only a minimal
number of keys (representing traffic or data requests) need to be reassigned when the
system topology changes.

The key idea behind consistent hashing is to map both servers and requests (or data)
to a circular hash space. When a server is added or removed, only the keys (or traffic)
that were mapped to the hash space near that server need to be redistributed, while the
rest of the system remains unaffected. This property ensures that changes in the network
topology result in minimal disruption, making consistent hashing effective in distributed
environments where nodes frequently join or leave the system, such as cloud computing
platforms or large-scale IoT networks.

In distributed systems, consistent hashing is frequently used for balancing the load
across multiple data storage servers. It ensures that the removal or addition of a server
only affects a small portion of the total data, thus minimizing the number of keys (or data
requests) that need to be remapped. This guarantees a more stable and predictable system,
even as the number of servers fluctuates. For example, in distributed key-value stores



Version 2021 submitted to JICET

14

such as Amazon Dynamo or Apache Cassandra, consistent hashing is critical for evenly
distributing the workload across a dynamic set of storage nodes [17].

Moreover, consistent hashing also offers benefits in terms of scalability and fault
tolerance. Since the workload can be easily redistributed with minimal disruption, the
system can scale efficiently as new resources are added, and it can also recover more
gracefully from node failures. In highly dynamic environments like IoT networks, where
thousands of devices may join or leave the network at any given time, consistent hashing
ensures that traffic is distributed in a balanced and efficient manner without the need for
complex recalculations or significant downtime.

4. Energy-Efficient Routing

Energy-Efficient Routing
Technique

Description

Applications

Green Networking

Dynamically adjusts the power
states of network devices based
on traffic loads, putting routers
and switches in low-power
modes during low traffic periods

Data centers, IoT net-
works, energy-conscious
enterprises

Energy-Aware Routing
Protocols (e.g., LEACH)

Selects energy-efficient paths to
minimize energy consumption,
prioritizing battery-powered de-
vices in IoT networks

IoT networks, sensor net-
works, battery-powered
devices

Energy-Efficient Routing
in 5G

Optimizes data transmission to
reduce the energy consumption
of base stations and end devices,

5G networks, mobile com-
munication, sustainable
networking

lowering the carbon footprint of
mobile networks

Table 7. Energy-Efficient Routing and Optimization Techniques

4.1. Green Networking Approaches

Green networking focuses on reducing the energy consumption of network infras-
tructure without compromising performance. With the explosive growth of data traffic
driven by mobile devices, cloud services, and the IoT, energy efficiency in networking has
become a significant concern. Traditional networking architectures operate at a fixed power
level, regardless of actual traffic demand, leading to unnecessary energy consumption
during periods of low traffic. Green networking strategies, however, aim to dynamically
adjust the power consumption of network components—such as routers, switches, and
base stations—based on the real-time demand for network resources.

One common approach to green networking is the dynamic adjustment of power
states in networking devices. During periods of low traffic, such as during off-peak hours,
routers and switches can be placed into low-power or sleep modes, effectively reducing
their energy consumption without affecting their ability to handle traffic surges during peak
times. This dynamic power management strategy allows network components to transition
between different power states depending on traffic patterns, thereby conserving energy
when full performance is not required. For example, the IEEE 802.3az Energy Efficient
Ethernet (EEE) standard allows Ethernet links to enter low-power idle states during periods
of inactivity, reducing power usage while maintaining the ability to quickly return to an
active state when new traffic arrives [18].

Traffic-aware energy management is another aspect of green networking that leverages
real-time traffic monitoring and forecasting to optimize the operation of network devices.
By analyzing traffic patterns and predicting future demand, network controllers can adjust
the operational capacity of network devices accordingly. For instance, during low-demand
periods, traffic can be aggregated onto fewer devices, allowing unused or underutilized
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Figure 4. Green Networking: Dynamic Power Adjustment for Energy Efficiency in Network Infras-
tructure

devices to enter energy-saving modes. Conversely, during peak traffic times, the network
can dynamically reactivate these devices to ensure sufficient capacity. This approach not
only reduces energy consumption but also extends the lifespan of network equipment by
avoiding unnecessary overuse [19].

Green networking also extends to wireless networks, where base stations can signifi-
cantly contribute to overall energy consumption. In mobile networks 5G, green approaches
like cell zooming are used to dynamically adjust the coverage area of base stations based
on user density and traffic demand. During low-demand periods, certain base stations
can reduce their coverage or even temporarily shut down, relying on neighboring cells to
maintain network service. As demand increases, these base stations can quickly return to
their full operational capacity. This method is useful in dense urban environments where
traffic demand fluctuates significantly throughout the day. By dynamically adjusting the
active area of base stations, energy consumption is reduced, and operational costs are
lowered.

Overall, green networking approaches are essential for the sustainable operation of
future networks, especially as the number of connected devices continues to rise. By
employing techniques such as dynamic power state management, traffic-aware energy
management, and energy-efficient wireless communication, green networking can signifi-
cantly reduce the environmental impact of network infrastructure while maintaining high
performance and reliability.

4.2. Energy-Aware Routing Protocols

In wireless sensor networks (WSNSs), IoT networks, and other battery-powered wire-
less networks, the energy efficiency of routing protocols plays a pivotal role in determining
the network’s overall lifespan and reliability. Unlike traditional wired networks, where
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energy consumption is typically not a primary concern, in wireless networks, the energy
constraints of devices must be carefully considered to prevent network failure due to
battery depletion. Energy-aware routing protocols are specifically designed to optimize the
energy usage of nodes in the network while ensuring efficient data transmission.

One of the most well-known energy-efficient routing protocols is the Low-Energy
Adaptive Clustering Hierarchy (LEACH). LEACH is a hierarchical routing protocol that
divides the network into clusters, with each cluster having a designated cluster head
responsible for aggregating and transmitting data to the base station or sink. LEACH's
primary innovation lies in its dynamic selection of cluster heads. Instead of having fixed
cluster heads, which would quickly deplete the energy of certain nodes, LEACH rotates the
role of cluster head among different nodes in the network. This rotation ensures that the
energy burden of long-range communication is evenly distributed, preventing any single
node from exhausting its battery prematurely.

In LEACH, each node has an equal probability of becoming a cluster head during a
given round. After a cluster head is chosen, it is responsible for coordinating data collection
from its cluster members, performing data aggregation to reduce the total number of
transmissions, and sending the aggregated data to the base station. By rotating the cluster
heads and reducing the number of data transmissions, LEACH significantly reduces the
overall energy consumption of the network, extending the operational lifetime of the sensor
nodes. This makes LEACH well-suited for applications in wireless sensor networks and
IoT systems, where many nodes are battery-powered and need to operate efficiently over
long periods.

Another energy-aware routing protocol designed for wireless networks is Energy-
Aware Dynamic Source Routing (EADSR). EADSR extends the Dynamic Source Routing
(DSR) protocol by incorporating energy-awareness into the route selection process. In
traditional DSR, the routing path is determined based on factors such as hop count or
latency, without considering the energy levels of the nodes involved. EADSR, however,
introduces energy as a key metric in route selection. When a node initiates a route discovery
process, it takes into account not only the shortest or fastest path but also the energy reserves
of the nodes along potential routes. This ensures that the chosen path avoids nodes with
critically low energy levels, distributing the energy load more evenly across the network.

In EADSR, nodes periodically broadcast their remaining energy levels, allowing neigh-
boring nodes to assess the energy availability of potential routing paths. By avoiding
energy-depleted nodes, EADSR prevents the network from becoming fragmented due to
node failures. Furthermore, this energy-awareness helps prolong the network’s operational
lifetime by preventing scenarios where critical nodes, responsible for maintaining connec-
tivity, run out of power. EADSR is useful in IoT networks and wireless sensor networks,
where node failures due to battery depletion can severely disrupt communication and
reduce the network’s overall efficiency.

Energy-aware routing protocols like LEACH and EADSR represent essential strategies
for prolonging the operational life of wireless networks. By balancing the energy con-
sumption across all nodes, these protocols prevent premature node failures and ensure
that the network can continue operating efficiently for extended periods. This is especially
important in IoT and WSN applications, where replacing or recharging batteries is often
impractical or impossible, making energy conservation a top priority.

Let E;; represent the energy required to transmit data from node i to node j, which
is a function of the transmission power P;;, distance d;;, and the amount of data D;; to be
transmitted:

Eij = P,*j . d?} . Dl‘]‘

where « is the path loss exponent, reflecting how signal strength decays with distance.
In energy-aware routing, the goal is to minimize the total energy consumption across the
network. The total energy consumption for a path P consisting of multiple nodes can be
expressed as:
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Etotul(P) = 2 Eij
(i,j)eP
Energy-aware routing protocols, such as LEACH (Low-Energy Adaptive Clustering
Hierarchy), often operate by selecting cluster heads that are responsible for aggregating
and forwarding data. The selection of a cluster head CH; is based on the residual energy
R; of the node, with the goal of maximizing network lifetime. This can be modeled as an
optimization problem:

maxZRi, subject to  E;oq1(P) < Epax
i

where E;;;x is the maximum allowable energy for a transmission cycle. The cluster
heads are chosen to minimize the energy required for intra-cluster communication while
ensuring that the residual energy of the network remains balanced. The probability of a
node i being selected as a cluster head is given by:

. R;
Pep (i) 5K

This ensures that nodes with higher residual energy are more likely to be selected
as cluster heads, thereby distributing the energy consumption across the network and
preventing early depletion of individual nodes.

For multi-hop routing protocols, the energy-aware path selection can be modeled by
considering both the energy required for each hop and the remaining energy at the nodes.
The optimization problem for selecting the most energy-efficient path P between a source
node S and a destination node D can be formulated as:

min Z Eijr subjectto R; > Eij V(l,]) epP
(i,j)eP
In some cases, energy-aware routing protocols incorporate a trade-off between energy
consumption and other network metrics, such as delay or throughput. This can be modeled
as a multi-objective optimization problem where the objective is to minimize both energy
consumption and end-to-end delay:

min Z Ez]r Z Dl]

Here, D;; represents the delay for transmitting data between nodes i and j. The routing
protocol must balance the trade-off between minimizing energy consumption and meeting
the latency requirements of the network.

5. Resource Allocation Techniques
5.1. Network Slicing in 5G and 6G

Network slicing is one of the foundational concepts in 5G networks and is expected to
be even more advanced in 6G networks. This technology allows for the creation of multiple
virtual networks, or "slices," over a common physical infrastructure. Each network slice
operates as a distinct and isolated network, optimized for specific use cases or services.
This capability is crucial because different applications and services have vastly different re-
quirements in terms of bandwidth, latency, reliability, and connection density. For example,
enhanced mobile broadband (eMBB) applications, such as high-definition video streaming
and virtual reality, require high throughput, while ultra-reliable low-latency communica-
tion (URLLC) applications, like autonomous vehicles or remote surgery, prioritize minimal
latency and high reliability. Meanwhile, massive machine-type communications (mMTC),
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Dynamic Resource Allo-
cation Technique

Description

Applications

Network Slicing in 5G/6G

Creates virtual networks (slices)
optimized for specific use cases
like eMBB, mMTC, and URLLC,
ensuring tailored resource alloca-
tion for each service type

5G and 6G networks,
smart cities, autonomous
vehicles, industrial IoT

Al-Driven Resource Allo-
cation

Uses AI/ML techniques (e.g., re-
inforcement learning) to dynam-
ically optimize resource alloca-
tion based on real-time traffic
and network conditions

5G/6G networks, IoT, real-
time services, adaptive
traffic management

Reinforcement Learning
for Optimization

Learns and applies optimal re-
source allocation strategies over
time, improving efficiency and
adaptability to changing net-
work demands

High-demand, variable
traffic environments,
large-scale IoT deploy-
ments

Table 8. Dynamic Resource Allocation and Network Slicing Techniques in Next-Generation Networks

typical in IoT applications, require the network to support a vast number of connected
devices with relatively low data rates [20].
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Figure 5. Network Slicing in 5G/6G Networks: Tailored Slices for Different Use Cases

In traditional networks, all services share the same infrastructure without explicit
differentiation in how network resources are allocated, leading to inefficiencies and po-
tential service degradation when competing services with varying requirements coexist.
Network slicing solves this problem by allowing differentiated resource allocation based on
the specific needs of each slice. A slice for eMBB can be designed with wide bandwidth to
support high data throughput, while a URLLC slice can prioritize low-latency connections
to meet the stringent delay requirements for critical applications. Similarly, an mMTC slice
can be optimized to support a large number of devices with minimal overhead, ensuring
that IoT services operate efficiently.
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The underlying mechanism enabling network slicing in 5G and 6G networks is the
virtualization of network resources through technologies such as Network Functions Virtu-
alization (NFV) and Software-Defined Networking (SDN). NFV allows for the virtualization
of network functions, such as firewalls, routers, and load balancers, which can then be
flexibly assigned to different slices. SDN provides centralized control and programmability,
allowing network operators to dynamically configure and adjust the behavior of slices in
real-time. This level of control ensures that the physical network can be reconfigured to
meet changing service demands while maintaining isolation between slices. For instance,
if one slice experiences a surge in traffic due to a high-demand service, resources can be
dynamically reallocated to maintain performance without affecting other slices.

In the context of 6G networks, network slicing is expected to be even more sophis-
ticated. 6G will likely introduce more advanced forms of slicing that account for the
growing integration of artificial intelligence (AI) and edge computing, as well as tighter
requirements for latency, security, and reliability. Slices in 6G may be more autonomous,
dynamically reconfiguring themselves based on predictive models of user behavior and
network conditions. This dynamic nature will be especially critical in handling new use
cases, such as tactile internet, holographic communications, and extreme real-time sensing,
which demand ultra-low latency, high bandwidth, and resilient network infrastructure.

Ultimately, network slicing enables operators to deliver customized network expe-
riences for a wide range of applications, enhancing service differentiation, improving
resource efficiency, and ensuring that performance meets the needs of increasingly diverse
and complex use cases.

5.2. Machine Learning for Dynamic Resource Allocation

In both 5G and 6G networks, the ability to dynamically allocate resources efficiently
is crucial due to the diversity and scale of modern applications. Traditional static or
rule-based approaches to resource allocation are inadequate in managing the complexity
and variability of network traffic in the highly dynamic environments seen in 5G and 6G.
Machine learning (ML), with its ability to learn from data and adapt to changing conditions,
is emerging as a powerful tool for optimizing resource allocation in these networks.

Reinforcement learning (RL), a branch of machine learning, is well-suited for dynamic
resource allocation in networks. In RL, an agent learns to make decisions by interacting
with its environment and receiving feedback in the form of rewards or penalties. Over time,
the agent develops strategies that maximize cumulative rewards, which in the context of
networks could mean optimizing throughput, minimizing latency, or balancing load across
network resources. In 5G and 6G networks, RL can be used to predict traffic patterns and
make proactive decisions about resource allocation based on historical data and real-time
feedback.

For example, an RL-based system can learn to allocate more bandwidth to areas
experiencing higher demand during peak hours, while reducing resources in less congested
areas. This allows the network to continuously adjust its resource distribution in response
to fluctuating traffic, ensuring that quality of service (QoS) requirements are consistently
met. Additionally, RL can help manage inter-slice resource allocation in network slicing. If
one slice requires more resources temporarily, RL can predict this demand and adjust the
allocation of resources between slices dynamically, preventing performance degradation in
critical applications like URLLC.

Moreover, supervised learning models can also be applied to predict user mobility
patterns, traffic load at different times of the day, or energy consumption in the network.
These predictions can be used to proactively manage network resources, ensuring efficient
utilization without sacrificing performance. For instance, supervised learning models
trained on historical traffic data can identify patterns in how users move between base
stations. By anticipating these movements, network operators can preemptively allocate
resources to the base stations that will experience increased traffic, reducing the likelihood
of congestion or service degradation.
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In 6G networks, ML is expected to play an even more prominent role, as the com-
plexity of resource management will increase with the rise of Al-native networks and the
hyperconnectivity that 6G promises. In these environments, ML algorithms will not only
optimize traditional network resources like bandwidth and power but also manage com-
puting resources in edge computing environments. The integration of Al at the edge will
enable real-time processing of data closer to the source, reducing latency and enhancing the
responsiveness of critical applications. For example, edge Al models can dynamically adjust
the placement and migration of computing tasks, balancing the load between centralized
cloud data centers and distributed edge nodes to ensure optimal resource usage.

Another potential application of ML in 6G is network slicing orchestration. ML
algorithms can be used to automate the creation, management, and adaptation of slices,
tailoring them to the specific needs of users and applications. As user behavior and
application demands evolve, ML models can continuously refine the configuration of slices,
ensuring that resources are allocated where they are needed most, while minimizing waste
and maximizing performance.

6. Emerging Trends in Traffic Optimization
6.1. Al-Driven Traffic Management

The application of Artificial Intelligence (Al) in traffic management transforms the
static, rule-based systems of traditional networks into dynamic, self-optimizing systems
that can adapt to real-time traffic conditions. This shift is critical as modern networks grow
increasingly complex with heterogeneous traffic patterns and fluctuating demands from
applications such as high-definition video streaming, AR/VR, and mission-critical services
like remote surgery or autonomous driving.

At the heart of Al-driven traffic management are deep learning and reinforcement
learning (RL) models, which enable real-time traffic forecasting, anomaly detection, and
adaptive optimization of network resources. These algorithms are data-driven, enabling
them to learn complex traffic patterns, detect emerging trends, and make predictions about
future network states. Such capabilities are essential in highly dynamic environments,
where network conditions can change rapidly due to varying user demands, mobility
patterns, or unexpected events like link failures.

Deep learning techniques Recurrent Neural Networks (RNNs) and Long Short-Term
Memory (LSTM) networks, are well-suited for traffic prediction due to their ability to model
temporal dependencies in data. These models can be trained on vast amounts of historical
traffic data, enabling them to capture both short-term fluctuations and long-term trends in
network usage. Once trained, these models can predict traffic demand in different parts
of the network, at different times of day, and under various conditions, such as during
special events or in response to user mobility. By anticipating traffic spikes or periods of
congestion, deep learning models allow the network to proactively allocate resources or
reroute traffic to prevent performance degradation.

For example, an LSTM network could analyze weeks of traffic data across a city’s
cellular network and predict when and where congestion is likely to occur. This information
can be fed into a Software-Defined Networking (SDN) controller, which can dynamically
adjust routing paths, allocate bandwidth to high-demand areas, or provision additional
resources at cell towers experiencing increased traffic. This predictive capability helps
networks stay ahead of demand, ensuring that service levels remain consistent and user
experience is optimized.

Anomaly detection in network traffic is another critical function enabled by Al-driven
traffic management. Anomalies, such as traffic spikes due to Distributed Denial of Service
(DDoS) attacks, unexpected link failures, or misconfigurations, can severely impact network
performance if not detected and mitigated promptly. Traditional anomaly detection systems
rely on predefined thresholds or rule-based mechanisms, which can be slow to react or may
miss subtle but significant patterns in traffic data.
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Machine learning models unsupervised learning techniques like autoencoders and
clustering algorithms, are well-suited for anomaly detection. These models can learn the
normal behavior of network traffic during different operating conditions and automatically
detect deviations from this baseline. For example, an autoencoder can be trained on normal
traffic patterns and will generate low reconstruction errors for typical traffic [21]. However,
when abnormal traffic patterns, such as a DDoS attack, occur, the model will produce a
high reconstruction error, signaling an anomaly. These alerts can then trigger automated
remediation actions, such as rerouting traffic away from congested paths or blocking
malicious traffic at the edge.

Reinforcement learning (RL), a branch of Al, enables networks to learn optimal traffic
management policies through continuous interaction with the environment. In an RL setup,
an agent (the network controller) makes decisions about traffic routing, load balancing, or
resource allocation, receiving feedback in the form of rewards (e.g., improved throughput,
lower latency) or penalties (e.g., congestion, packet loss). Over time, the agent learns to
maximize cumulative rewards by identifying the best strategies for managing traffic in
various network conditions.

For instance, in 5G and 6G networks, RL can be used to dynamically adjust the
allocation of network slices. Each network slice is designed to serve different types of traffic,
such as enhanced mobile broadband (eMBB), ultra-reliable low-latency communication
(URLLC), or massive machine-type communication (mMTC). An RL agent can continuously
monitor the performance of each slice and adjust resource allocation in real-time to ensure
that QoS requirements are met. For example, if the RL agent detects that eMBB traffic is
increasing, it can reallocate bandwidth from less resource-intensive slices to maintain high
throughput for data-hungry applications like video streaming or cloud gaming.

6.2. Edge Computing and Traffic Offloading

Edge computing is a decentralized architecture that brings data processing and storage
closer to the source of data generation, significantly reducing the reliance on centralized
cloud infrastructures. This architectural shift is critical in next-generation networks, where
latency-sensitive applications like autonomous driving, smart manufacturing, and real-time
analytics require immediate processing of data with minimal delay. By processing data
locally, edge computing not only reduces the volume of traffic that needs to traverse the
core network but also enhances the performance and scalability of the network as a whole.

In traditional cloud-based architectures, all data generated at the network edge (e.g.,
by IoT devices or mobile users) must be sent to centralized data centers for processing. This
creates significant bottlenecks in the core network, leading to higher latency and reduced
efficiency, especially as the number of connected devices continues to grow exponentially
in IoT networks. In contrast, edge computing distributes computational resources across a
network of edge nodes—small-scale data centers located at the base stations, gateways, or
even on the devices themselves—thus enabling localized data processing [22].

By moving computational tasks such as data aggregation, real-time analytics, and
Al inference closer to the data sources, edge nodes offload a substantial portion of the
traffic that would otherwise burden the core network. This is beneficial for latency-critical
applications. For instance, in an autonomous driving scenario, vehicles generate large
amounts of sensor data that must be processed in real-time to make split-second decisions.
Offloading the processing of this data to edge nodes located in roadside units reduces the
round-trip time required to communicate with a remote cloud, ensuring faster decision-
making and enhancing the safety and performance of the system.

Traffic offloading is a central function of edge computing, reducing congestion in the
core network by offloading processing tasks to distributed edge nodes. In the context of
5G networks, Multi-access Edge Computing (MEC) allows network operators to provide
localized services at the edge of the network, close to the user. MEC platforms enable
traffic to be processed at base stations or aggregation points, rather than transmitting it to a
central core, which not only improves latency but also reduces the load on backhaul links.
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This architecture is effective in content delivery networks (CDNs), where popular
content such as streaming videos or web pages can be cached at the edge to reduce the
need for repeated requests to a central server. By serving content locally, CDNs drastically
reduce the amount of traffic traversing the core network, improving delivery speeds and
reducing latency for end-users.

Furthermore, traffic offloading at the edge also enhances network scalability. As IoT
networks continue to expand, edge computing provides a scalable solution to manage the
vast amounts of data generated by millions of connected devices. In smart city deployments,
for instance, edge nodes can handle tasks like traffic monitoring, environmental sensing,
and energy management locally, transmitting only summary data or anomalies to the
central cloud for further analysis. This distributed approach reduces the overall bandwidth
consumption and allows the network to scale effectively without overwhelming the core
infrastructure.

The integration of Al with edge computing takes this concept further by enabling
intelligent processing at the edge. Al models deployed at edge nodes can perform real-time
inference on data, enabling local decision-making and reducing the need to constantly
communicate with the cloud. For example, in a smart factory, AI models at the edge
can analyze sensor data from machinery to predict maintenance needs or detect faults in
real-time, without requiring constant cloud access. This not only reduces latency but also
improves the system’s resilience and ability to respond to time-sensitive events.

In 6G networks, the convergence of Al and edge computing will enable even more
sophisticated use cases, such as intelligent edge orchestration, where Al models predict and
optimize the placement of workloads across edge nodes, ensuring that latency-sensitive
tasks are processed close to the user, while less critical tasks are offloaded to the cloud. This
dynamic orchestration of computing resources at the edge will be crucial for supporting
ultra-low-latency applications like immersive virtual reality, autonomous systems, and
large-scale IoT ecosystems.

7. Conclusion

Enhanced TCP algorithms such as TCP BBR (Bottleneck Bandwidth and Round-trip
propagation time) address the limitations of traditional congestion control methods, which
struggle to meet the demands of 5G and 6G networks. Unlike older TCP variants that
signal congestion through packet loss, BBR estimates available bandwidth and round-
trip time (RTT) to optimize throughput and reduce latency. This makes it well-suited for
high-speed and high-latency environments. Another effective solution is Multipath TCP
(MPTCP), which enhances throughput and fault tolerance by enabling data transmission
across multiple network paths. This capability is beneficial in mobile environments where
network conditions fluctuate frequently, as it supports continuous connectivity across
various wireless access points.

Active Queue Management (AQM) techniques such as Random Early Detection (RED)
and Controlled Delay (CoDel) help prevent network congestion by managing router queue
lengths. Instead of waiting for queues to fill and cause packet loss, AQM methods proac-
tively drop or mark packets, signaling congestion and prompting end systems to adjust
their transmission rates. CoDel is especially effective in addressing bufferbloat, where
excessive buffering in routers leads to increased latency.

Explicit Congestion Notification (ECN) offers an alternative to packet drops by mark-
ing packets when congestion is detected. This allows sender and receiver nodes to react
to congestion without losing data, enhancing performance and reliability in low-latency
environments like 5G and IoT. When used in combination with AQM techniques like RED
or CoDel, ECN can significantly improve network responsiveness and throughput under
congested conditions.

SDN-based load balancing leverages centralized control over network traffic to enable
dynamic and sophisticated load balancing strategies. Unlike traditional static approaches,
SDN allows real-time monitoring of traffic conditions and adapts load distribution based



Version 2021 submitted to JICET

23

on current demands. Algorithms like Weighted Least Connections and Dynamic Round
Robin can be employed within SDN frameworks to ensure traffic is distributed evenly,
preventing any single server or network link from becoming overwhelmed and optimizing
overall network performance.

Multipath load balancing, which distributes traffic across multiple network paths,
enhances both performance and fault tolerance. MPTCP allows simultaneous data trans-
mission over various network paths, improving throughput and rerouting traffic when one
path fails or becomes congested. This is advantageous in 5G and SDN networks, where
multipath routing improves resource utilization and network resilience.

Consistent hashing is a load balancing technique commonly used in distributed
systems. It evenly distributes traffic across servers or nodes while minimizing disruptions
caused by changes in network topology. This makes it an effective approach for balancing
workloads in dynamic and distributed environments like IoT networks.

Green networking strategies address concerns about the energy consumption of net-
work infrastructure, especially in mobile and IoT networks. These strategies involve
dynamically adjusting the power states of network devices based on traffic demand. For
example, during periods of low traffic, routers and switches can be placed into low-power
modes, reducing energy usage without compromising performance during high-traffic
periods.

Energy-aware routing protocols are critical for IoT and wireless sensor networks
(WSNs), where device energy consumption is a key concern. Protocols like Low-Energy
Adaptive Clustering Hierarchy (LEACH) help balance energy use by rotating the role of
data transmission among different nodes, ensuring no single node depletes its energy
too quickly. Other protocols, such as Energy-Aware Dynamic Source Routing (EADSR),
optimize routing based on the energy levels of nodes, prolonging the network’s overall
operational lifespan.

Network slicing is a pivotal feature of 5G and 6G networks, enabling the creation of
virtual networks, or "slices," over a shared physical infrastructure. Each slice is optimized
for specific use cases, such as enhanced mobile broadband (eMBB), ultra-reliable low-
latency communications (URLLC), or massive machine-type communications (mMTC).
Through dynamic resource allocation, network operators can ensure that each slice receives
the appropriate level of service, improving overall network efficiency.

Machine learning is increasingly being used to optimize real-time resource allocation.
Techniques such as reinforcement learning (RL) enable networks to develop optimal re-
source allocation strategies based on historical and real-time data. In 5G and 6G networks,
machine learning can predict traffic patterns and dynamically adjust resource distribu-
tion, ensuring efficient use of network resources and meeting quality of service (QoS)
requirements [23].

Al-driven traffic management represents one of the most promising advances in
next-generation networks. By leveraging Al, networks can automatically predict traffic
patterns, identify anomalies, and optimize traffic flow. For instance, deep learning models
can analyze historical traffic data to forecast high-demand periods, allowing for proactive
network configuration adjustments.

Edge computing reduces network congestion by bringing data processing closer to
the data source, thereby offloading traffic from the core network. This approach is valuable
in IoT networks, where massive amounts of data are generated at the edge. By processing
data locally, edge computing minimizes latency and improves the performance of latency-
sensitive applications like autonomous vehicles and real-time analytics.
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