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Abstract: The Internet of Things (IoT) has attracted significant attention from the research commu-
nity due to its wide range of applications. However, the limited energy, processing capability, storage,
and communication capacity of IoT devices require routing solutions that are both lightweight and
efficient. To address these constraints, the IPv6 Routing Protocol for Low-Power and Lossy Networks
(RPL) was introduced in 2012 as a routing protocol specifically designed for resource-constrained IoT
environments. Although RPL performs reliably in static deployments, its performance degrades con-
siderably in mobile environments because of frequent topology changes, slow Trickle timer conver-
gence, and excessive parent churn. This paper proposes Anchor-Node RPL (AN-RPL), an infrastruc-
ture-assisted enhancement of RPL that strategically deploys distributed fixed anchor nodes as stable
DODAG roots while requiring only minimal firmware modification on mobile sensor nodes, namely
a single anchor-flag check during parent selection. Simulation experiments conducted in Cooja using
both OF0 and MRHOF objective functions across four scenarios (static, mobile with one, two, and
four anchor nodes) demonstrate that AN-RPL with four anchor nodes improves the Data Delivery
Ratio (DDR) by up to 30.6 percentage points, reduces the average hop count by up to 51.2%, lowers
parent churn by up to 89.5%, and decreases average energy consumption by up to 14.8% compared
with conventional single-root mobile RPL. These results demonstrate that infrastructure-assisted an-
chor deployment provides an effective and practical approach for improving routing reliability and
efficiency in mobile RPL-based IoT networks.

Keywords: Anchor Node Deployment; Internet of Things (IoT); IPv6 Routing; Low-Power and Lossy
Networks (LLNs); Mobility-Aware Routing; Mobile IoT; Routing Protocol for Low-Power and Lossy
Networks (RPL); Wireless Sensor Networks (WSNs).

1. Introduction

The Internet of Things (IoT) has emerged as a key paradigm for connecting billions of
resource-constrained devices across diverse application domains, including smart cities, smart
agriculture, smart transportation, and smart grids [1], [2]. Many of these applications rely on
IEEE 802.15.4, a low-power and low-data-rate wireless communication standard that enables
energy-efficient networking for constrained devices. Networks built upon IEEE 802.15.4 are
commonly categorized as Low-Power and Lossy Networks (LLNs), where nodes operate
under strict limitations in energy, processing capability, memory, and communication band-
width [3]. These resource constraints require routing protocols specifically designed for reli-
able and efficient communication under constrained operating conditions. To address these
challenges, the Internet Engineering Task Force IETF) Routing Over Low-Power and Lossy
Networks (ROLL) Working Group standardized the IPv6 Routing Protocol for Low-Power
and Lossy Networks (RPL) through RFC 6550 in 2012 [3]. RPL constructs a Destination-
Oriented Directed Acyclic Graph (DODAG) rooted at a sink node and supports upward,
downward, and peer-to-peer communication. Its routing maintenance is coordinated by the
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Trickle algorithm (RFC 6206), which dynamically balances routing responsiveness and con-
trol overhead by adapting the dissemination frequency of DODAG Information Object
(DIO) messages [3].

Although RPL has proven effective in static LLN deployments, the rapid growth of
mobile IoT applications has exposed several fundamental limitations of its original design.
Applications involving connected vehicles, wearable devices, unmanned platforms, livestock
monitoring, and mobile environmental sensing require routing protocols capable of maintain-
ing reliable communication despite continuous topology changes [4]-[6]. However, the stand-
ard RPL architecture was not originally designed to cope with persistent node mobility. As
nodes move, routing paths are frequently disrupted, leading to packet loss and temporary
disconnections. Meanwhile, the conservative behavior of the Trickle algorithm delays routing
adaptation in rapidly changing topologies, prolonging routing instability. Frequent topology
changes also increase parent churn, forcing mobile nodes to repeatedly search for new par-
ents, which degrades packet delivery performance while increasing retransmissions and en-
ergy consumption. These challenges are further exacerbated by the conventional single-root
DODAG architecture, where nodes located farther from the sink experience longer routing
paths and become more vulnerable to connectivity degradation. Recent surveys consistently
identify these interconnected limitations as the primary factors restricting the applicability of
conventional RPL in highly dynamic mobile environments [7], [8].

To address these limitations, several mobility-aware RPL enhancements have been pro-
posed, including Corona-based RPL (Co-RPL) [9], Mobility Enhanced RPL (ME-RPL) [10],
Energy and Mobility Aware RPL (EMA-RPL) [11], Mobility Prediction RPL. (MP-RPL) [12],
Q-learning-based Fast Switching RPL (QFS-RPL) [13], Mobility Support Extension RPL
(MSE-RPL) [14], and Robust Mobility RPL. (RM-RPL) [15]. These approaches improve rout-
ing decisions through mobility-aware metrics, RSSI-based prediction, speed classification, or
adaptive learning mechanisms. However, these improvements are generally achieved by in-
creasing protocol complexity through additional routing metrics, memory structures, or deci-
sion modules that require firmware modifications on mobile sensor nodes. Consequently, the
computational overhead, memory usage, and implementation complexity increase, limiting
their suitability for highly resource-constrained IoT devices. Furthermore, most existing stud-
ies primarily optimize routing decisions without addressing the structural limitation imposed
by the conventional single-root DODAG architecture.

Motivated by these observations, this paper proposes Anchor-Node RPL (AN-RPL), an
infrastructure-assisted enhancement that addresses mobility from the network architecture
rather than by increasing protocol complexity. Instead of introducing sophisticated routing
intelligence into mobile nodes, AN-RPL strategically deploys a small number of fixed anchor
nodes that operate as distributed DODAG roots throughout the deployment area. Mobile
nodes require only a minimal firmware modification consisting of a single anchor-flag check
during parent selection, thereby preserving the lightweight characteristics of standard RPL
while improving routing robustness under mobility. The central hypothesis of this study is
that strategically deploying a limited number of anchor nodes as distributed DODAG roots
can improve routing performance in mobile RPL networks by shortening the average topo-
logical distance to stable routing infrastructure, increasing connectivity availability, and reduc-
ing parent churn through the Root-First Preference Principle. Consequently, higher routing
reliability and lower communication overhead are expected without substantially increasing
protocol complexity. The main contributions of this work are summarized as follows:

e Aninfrastructure-assisted RPL enhancement, namely Anchor-Node RPL (AN-RPL), is
proposed to improve routing performance in mobile IoT environments through strate-
gically distributed anchor nodes while requiring only minimal modifications to mobile
sensor nodes.

e A theoretical rationale and routing framework are established to explain how distributed
anchor deployment and the Root-First Preference Principle improve route stability by
reducing topological distance, mitigating parent churn, and increasing connectivity ro-
bustness.

e A comprehensive simulation-based evaluation is conducted in Cooja using both OF0
and MRHOF objective functions under static and multiple mobile deployment scenar-
ios, demonstrating consistent improvements in data delivery ratio, hop count, parent
churn, and energy consumption.
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The remainder of this paper is organized as follows. Section 2 reviews representative
RPL enhancements for mobile environments. Section 3 presents the system model, problem
formulation, and AN-RPL design principles. Section 4 describes the simulation setup and
experimental evaluation. Section 5 discusses the practical implications and limitations of the
proposed approach. Finally, Section 6 concludes the paper and outlines future research direc-
tions.

2. Related Work

Low-Power and Lossy Networks (LLNs) constitute the communication backbone of
many Internet of Things (IoT) applications, where resource-constrained devices require rout-
ing protocols that are both reliable and energy efficient [1], [2]. To address these requitements,
the Internet Engineering Task Force (IETF) standardized the IPv6 Routing Protocol for
Low-Power and Lossy Networks (RPL) through RFC 6550 in 2012. RPL constructs a Desti-
nation-Oriented Directed Acyclic Graph (DODAG) rooted at a sink node and supports up-
ward, downward, and peer-to-peer communication, while the Trickle algorithm adaptively
regulates routing control messages to balance routing responsiveness and communication
overhead [3], [16]. Comprehensive reviews of IoT networking protocols and communication
mechanisms are available in [17]—[20].

Although RPL performs effectively in static deployments, previous studies have re-
ported several limitations in large-scale and mobile environments, including excessive control
overhead, slow routing convergence, security concerns, and degraded routing performance
under node mobility [9]—[15], [21], [22]. Consequently, numerous RPL enhancements have
been proposed to improve mobility support. Table 1 summarizes the representative mobile-
RPL approaches discussed in this section and compares their main characteristics.

Table 1. Comparison of representative mobile-RPL enhancement approaches.

Criterion Co-RPL ME-RPL EMA-RPL MP-RPL QFS-RPL MSE-RPL RM-RPL AN-RPL
(Proposed)
Flrrr.lware modlﬁcatlon e Yes Yes Yes Yes Yes Yes Yes Yes (minimal)
quired on mobile nodes
Computational overhead High Medium High Medium High Medium High Very Low
Memory overhead High Low High High Very High  Medium High Very Low
Infrasttucture.—asslsted op- No No No No No No No Yes
eration
Deployment complexity High Medium High High High Medium High Low
Validated mobility level =~ Moderate ~ Moderate ~ Moderate ~ Variable High Moderate High Moderate
RFC 6550 compatibility ~ Partial Partial ~ Partial Partial  Partial Partial ~ Partial Mo;gbim_

Co-RPL organizes the network into concentric corona regions surrounding the root
node, enabling parent selection to exploit location-aware information and improve routing
under node mobility [9]. By updating zone membership as nodes move, Co-RPL achieves
more stable parent selection in moderately dynamic environments. However, its dependence
on predefined geographic regions and a conventional single-root architecture limits scalability
in large or irregular deployment areas, where node mobility is less predictable.

ME-RPL improves route adaptation by introducing mobility flags into DIO messages,
allowing nodes to distinguish between static and mobile neighbors during parent selection
[10]. Combined with a more aggressive Trickle timer reset strategy, this approach accelerates
topology convergence after mobility events. Nevertheless, the increased frequency of Trickle
resets may generate considerable control overhead in dense or highly dynamic networks, while
the mobility flag mechanism requires firmware modifications on mobile sensor nodes.

EMA-RPL addresses mobility by predicting potential link failures from Received Signal
Strength Indicator (RSSI) variations and initiating proactive handovers before communica-
tion is interrupted [11]. This mechanism effectively reduces packet loss caused by broken
links but relies on RSSI history buffers and trajectory estimation algorithms, increasing both
memory consumption and computational requirements on resource-constrained devices.
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MP-RPL enhances parent selection through a Speed Node Status Classifier (SNSC) that
estimates node mobility from variations in link quality and prioritizes relatively stable nodes
as routing patrents [12]. Although this strategy improves routing stability across heterogeneous
mobility scenarios, its effectiveness depends on accurate mobility estimation and introduces
additional model parameters and memory requirements that may not be suitable for ultra-
low-power platforms.

QFS-RPL integrates Q-learning-based multipath routing with an inverse Trickle mech-
anism to accelerate parent recovery after route failures in mobile environments [13]. The
combination improves packet delivery performance by enabling faster routing adaptation.
However, the learning-based framework increases implementation complexity and still re-
quires firmware modifications on mobile sensor nodes.

MSE-RPL extends conventional RPL by introducing mobility support mechanisms that
maintain seamless connectivity for all network nodes except the root node [14]. The protocol
effectively mitigates communication disruptions caused by mobility and physical obstacles in
dynamic environments. However, these enhancements require additional firmware modifica-
tions, increasing implementation complexity on constrained devices.

RM-RPL introduces a new objective function together with loop-prevention and critical-
packet handling mechanisms to improve routing performance in highly dynamic and dense
mobile IoT networks [15]. Although the protocol demonstrates strong mobility supportt, these
additional routing functions also require substantial firmware modifications and increase the
overall complexity of mobile sensor nodes.

Despite their different design philosophies, existing mobile-RPL enhancements share
several common characteristics. Most approaches improve routing performance by embed-
ding additional routing intelligence within mobile sensor nodes through mobility prediction,
RSSI history, classifiers, or learning mechanisms. While these techniques enhance route ad-
aptation under mobility, they inevitably increase computational complexity, memory con-
sumption, firmware modification requirements, and deployment overhead, making their
adoption less attractive for highly resource-constrained IoT devices. Moreover, they continue
to operate within the conventional single-root DODAG architecture, leaving one of the fun-
damental structural limitations of RPL largely unresolved. These observations suggest that
improving mobile RPL performance does not necessarily require increasingly sophisticated
routing algorithms on mobile nodes. Instead, an infrastructure-assisted design that strength-
ens routing stability through strategically deployed anchor nodes offers an alternative direc-
tion while preserving the lightweight characteristics and compatibility of standard RPL.

3. The Proposed Method: Anchor-Node RPL

This section presents the system model, problem formulation, design principles, routing
decision process, and protocol overhead analysis of the proposed Anchor-Node RPL (AN-
RPL).

3.1. System Model and Problem Formulation

A mobile IoT network is deployed over an area A of size L X Wm? The set of mobile
sensor nodes is denoted by M = {my, m,, ..., my}, while the set of anchor nodes is repre-
sented by R = {ry, 1y, ..., 1}, where n > k. Each mobile node m; € M follows the Ran-
dom Waypoint Mobility Model [23], selecting random destinations within the deployment
area and moving at speeds uniformly distributed in the range [Vinin, Vinax], followed by a
randomly selected pause time. In contrast, each anchor node 7; € R remains stationary at a
predefined location and operates as an independent DODAG root within the standard RPL
framework. All anchor nodes are connected to a centralized data sink or the Internet through
a reliable backbone infrastructure, such as wired Ethernet or a dedicated wireless backhaul.

One of the primary challenges in mobile IoT networks is the continuous evolution of
network topology caused by node mobility. Unlike conventional RPL deployments, where a
single root maintains a relatively stable DODAG, mobile nodes frequently move away from
their preferred parents, resulting in repeated parent changes, increased routing instability,
higher control overhead, packet loss, and additional energy consumption associated with
route reconstruction.

AN-RPL addresses this limitation by strategically deploying multiple fixed anchor nodes
throughout the network. Instead of relying on a single DODAG root, distributed anchor
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nodes reduce the average routing distance between mobile nodes and stable routing infra-
structure while extending network coverage. Consequently, mobile nodes are less likely to
expetience prolonged disconnections or repeated route reconstruction as they move across
the deployment area.

The underlying rationale of AN-RPL can be interpreted from a geometric coverage per-
spective. Assuming that k anchor nodes are approximately uniformly distributed over an
L X Wm? deployment area, the expected distance between a randomly located mobile node

and its nearest anchor decreases approximately in proportion to \/% As a consequence, the
average hop distance to the nearest DODAG root is also reduced. Given a transmission range
of 1, increasing the number of anchor nodes enlarges the effective coverage region, thereby
increasing the probability that a mobile node remains within the communication range of at
least one anchor node.

Improved spatial coverage directly contributes to higher routing stability. Since anchor
nodes remain stationary, communication links between mobile nodes and nearby anchors
generally exhibit more stable link quality than links established solely between mobile nodes.
Consequently, routing metrics such as the Expected Transmission Count (ETX) used by
MRHOF are expected to produce more stable parent selections, thereby reducing parent
churn while improving packet delivery performance and communication efficiency.

3.2. AN-RPL Design Principles

AN-RPL introduces a set of k fixed anchor nodes that operate as geographically distrib-
uted DODAG roots. Each anchor independently constructs and maintains its own DODAG
while periodically broadcasting DIO messages according to the standard Trickle algorithm.
Mobile nodes receive DIO messages from nearby anchors and associate with the parent of-
fering the lowest routing cost under the selected RPL objective function. Figure 1 illustrates
the overall AN-RPL architecture, where five mobile nodes (MN1-MND5) are associated with
their nearest anchor nodes. The figure also illustrates the handover process that occurs when
a mobile node (MN5) moves from one anchor coverage region to another.

Sink / Internet
Border router

Fixed anchor node Fixed anchor node

Coverage Coverage
zone A zone B
o candidate =
a MN1\‘ B '/MNS\t
\gosts/ oo/
MN5
Yandovey
Ve TN
/ / N
{ MN2 ) {“MN4
\\r: ?_b 7||§/ \\r:q\ob \I/e//

zone boundary

Legend

Y e ) : P

) Fixed root / anchor node \ /- Mobile leT node (zone A) k / Meobile 10T node (zone B)

=

f\ :l Mobile node in handover =———3 Data forwarding (upward) > Node mobility trajectory
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Figure 1. Architecture of the proposed AN-RPL with distributed anchor nodes and inter-anchor
handover.
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The AN-RPL architecture is governed by the following design principles.

e  RFC 6550 Core Compatibility: AN-RPL preserves the core routing mechanisms defined
in RFC 6550 for both anchor and mobile nodes. Only a minimal firmware modification
is introduced on mobile sensor nodes through the addition of a single-bit anchor flag
within the DIO option field, enabling implementation of the proposed Root-First Pref-
erence Principle without altering the fundamental RPL protocol operation.

e No Inter-Anchor Coordination: Fach anchor node independently operates as a
DODAG root without exchanging routing information or coordinating DODAG
boundaries with neighboring anchors. Parent selection remains entirely decentralized,
allowing each mobile node to independently select its preferred anchor based solely on
locally received DIO messages. This design avoids additional synchronization overhead
while preserving protocol simplicity.

e  Root-First Preference Principle: When a mobile node m; simultaneously receives DIO
messages from both an anchor node 7; € R and a neighboring mobile node m; € M
with comparable routing costs, preference is given to the anchor node during parent
selection. This simple tie-breaking mechanism intentionally biases routing toward the
more stable infrastructure, thereby reducing unnecessary parent changes and improving
routing stability under node mobility.

3.3. Routing Decision Process

In AN-RPL, ecach mobile node m; maintains a candidate parent set P; containing all
neighboring nodes from which valid DIO messages have been received during the current
Trickle interval. A neighboring node p is considered a valid parent candidate only if (i) its
advertised DODAG rank, Rank(p), is strictly lower than Rank(m;), thereby preserving
loop freedom, and (ii) it belongs to the same DODAG instance as m;. Among all valid can-
didates, the preferred parent is selected as the node that minimizes the routing cost defined
by the active RPL objective function, OF (-). Figure 2 illustrates the routing decision work-
flow implemented in AN-RPL, including the candidate-parent evaluation process and the
Root-First Preference Principle used during parent selection.

Under Objective Function Zero (OF0) [24], routing decisions are based solely on hop
count, where the preferred parent is the neighbor with the lowest DODAG rank, correspond-
ing to the shortest path toward the root node. In contrast, the Minimum Rank with Hysteresis
Objective Function (MRHOF) [25] computes routing cost from the cumulative Expected
Transmission Count (ETX) along the path to the root, enabling link-quality-aware routing.
To improve routing stability, MRHOF employs a hysteresis threshold AETX, allowing parent
changes only when the improvement in path quality exceeds the predefined threshold. This
mechanism suppresses unnecessary parent switching caused by transient link-quality fluctua-
tions during node mobility.

The distinguishing routing mechanism of AN-RPL is the Root-First Preference Princi-
ple. When a mobile node m; simultaneously receives valid DIO messages from both an an-
chor node 7; € R and a neighboring mobile node m; € M, and the corresponding routing
costs are equal or sufficiently similar under the active objective function, preference is given
to the anchor node during parent selection. This tie-breaking strategy intentionally biases
routing toward stable infrastructure rather than mobile intermediate nodes, thereby reducing
parent churn and improving routing stability under dynamic network conditions.

3.4. Anchor Node Overhead Analysis

Although AN-RPL improves routing performance through infrastructure-assisted de-
ployment, the introduction of anchor nodes also incurs additional overhead. This overhead
can be analyzed from three complementary perspectives.

e  Communication overhead: Each anchor node independently executes the standard
Trickle algorithm and periodically broadcasts DIO messages. Consequently, the aggre-
gate DIO transmission rate increases approximately in proportion to the number of de-
ployed anchor nodes (k) relative to the conventional single-root architecture. However,
because mobile nodes are generally located closer to at least one anchor node, DAO
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advertisements traverse fewer hops before reaching the destination, partially compen-
sating for the increase in DIO traffic. In the largest deployment considered in this study
(k=4), the increase in control traffic is bounded by four anchor nodes, while the routing
overhead experienced by mobile nodes is reduced through fewer parent discovery and
route recovery operations.
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Rank(p) < Rank(m;) > Discard DIO
_AND same DODAG? i
{ Yes
Step 3 — Compute path cost OF(p)
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Figure 2. Flowchart of the proposed AN-RPL routing process incorporating the Root-First Prefer-
ence Principle.

e Memory overhead: AN-RPL introduces only minimal additional memory requirements
on mobile sensor nodes. The required storage is limited to a single anchor-identification
flag together with a small amount of parent-selection information, making the proposed
enhancement suitable for resource-constrained LLN devices.

e Deployment overhead: The deployment of anchor nodes introduces an additional one-
time infrastructure cost. However, for the 100 m X 100 m deployment scenario consid-
ered in this study, four anchor nodes provide broad network coverage while substantially
improving routing stability. The resulting trade-off between infrastructure cost and rout-
ing performance is quantitatively evaluated in Section 4.
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4. Simulation Results and Performance Analysis

This section presents the simulation methodology, network configuration, experimental
scenarios, performance evaluation, and the trade-off analysis of the proposed AN-RPL ap-
proach.

4.1. Simulation Setup and Network Configuration

All simulations were conducted using the Cooja simulator running on Contiki 3.0 under
Ubuntu 14.04 LTS. Node mobility traces were generated with BonnMotion v3.0.1 using the
Random Waypoint mobility model. AN-RPL was implemented by modifying the RPL objec-
tive function module in Contiki 3.0. Specifically, the candidate-parent table was extended with
a single Boolean variable (is_anchor), and the parent-selection procedure was modified to
implement the proposed Root-First Preference Principle. No changes were made to the core
RPL protocol, including the DIO/DAO message formats, Trickle algorithm, or other routing
components. To evaluate the impact of anchor-node deployment on routing performance,
four representative network scenarios were considered.

o Scenario 1 (S1 — Baseline Static): Twenty-five static sensor nodes connected to a single
DODAG root. This scenario serves as the upper-bound performance reference for con-
ventional static RPL.

e Scenario 2 (§2 — Mobile, One Anchor): Twenty-five mobile sensor nodes connected to
a single fixed DODAG root, as illustrated in Figure 3. This scenario represents the base-
line performance of standard mobile RPL.

e Scenario 3 (83 — Mobile, Two Anchors): Twenty-five mobile sensor nodes supported by
two strategically deployed fixed anchor nodes acting as distributed DODAG roots.

e Scenario 4 (S4 — Mobile, Four Anchors): Twenty-five mobile sensor nodes supported by
four strategically deployed anchor nodes, as illustrated in Figure 4.

All mobile nodes were randomly deployed within a 100 m X 100 m network area. Node
mobility followed the Random Waypoint model generated by BonnMotion, with a minimum
speed of 1 m/s, a maximum speed of 2 m/s, and a pause time uniformly distributed between
0 and 30 s. These settings represent moderate pedestrian mobility commonly encountered in
indoor, campus, and smart-building IoT environments.

h

Figure 3. Simulation scenario consisting of 25 mobile nodes and one DODAG root (Node 26).
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Figure 4. Simulation scenario consisting of 25 mobile nodes and four distributed anchor nodes
(Nodes 26-29).

The main simulation parameters are summarized in Table 2.

Table 2. Simulation parameters

Parameter

Value

Simulation platform
Wireless communication model
Number of mobile (leaf) nodes

Network area
Transmission range
Interference range
Mobility model
Node speed
Pause time
Data packet interval
MAC protocol
RPL objective functions
Simulation duration

Cooja (Contiki 3.0)
Unit Disk with Interference (UDI)
25
100 m X 100 m
50 m
100 m
Random Waypoint (BonnMotion v3.0.1)
Uniform distribution [1, 2] m/s
Uniform distribution [0, 30] s
60 s (random offset)
CSMA/ContikiMAC
OFO0 (Hop Count), MRHOF (ETX)
1800 s

4.2. Performance Evaluation Metrics

The proposed AN-RPL is designed to improve routing reliability and stability in mobile
IoT environments through infrastructure-assisted anchor deployment while maintaining low
protocol overhead. Accordingly, four complementary metrics are selected to evaluate the pro-
posed approach from the perspectives of communication reliability, routing stability, routing

efficiency, and energy efficiency.

Data Delivery Ratio (DDR) represents the percentage of application data packets suc-
cessfully received at any anchor node relative to the total number of packets transmitted by
all mobile nodes. This metric serves as the primary indicator of communication reliability and
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evaluates the ability of AN-RPL to maintain successful packet delivery under node mobility.
DDR is computed as:
Nreceived
DDR(%) = —=¢¥¢2 » 100 0
sent
whete Nygceiveq denotes the total number of successfully received data packets and Nggy,
represents the total number of transmitted data packets.

Average Parent Changes (Parent Churn) is defined as the average number of preferred-
parent changes experienced by each mobile node during the simulation period. A lower churn
value indicates more stable routing paths, fewer route recovery operations, and reduced con-
trol overhead. This metric directly reflects the effectiveness of the proposed Root-First Pref-
erence Principle in stabilizing parent selection. It is calculated as:

N
1
PC = NZ ¢ @)

i=1
where C; is the number of parent changes recorded by node i, and N is the total number of
mobile nodes.

Average energy consumption measures the average energy expended by each node dur-
ing the simulation, expressed in millijoules (m]), using the Contiki PowerTrace energy esti-
mation model. The reported value includes the energy consumed during packet transmission,
reception, idle listening, and processing. Lower energy consumption indicates that improved
routing stability reduces unnecessary retransmissions, control traffic, and route maintenance
operations. The average energy consumption is given by:

1 N
Eavg = Nz Ei (3)
i=1

where E; denotes the total energy consumed by node i.

Average hop count represents the average number of forwarding hops required for a
data packet to reach its destination. Since AN-RPL strategically deploys distributed anchor
nodes, this metric evaluates whether the proposed architecture successfully shortens routing
paths compared with the conventional single-root RPL architecture. A lower hop count gen-
erally indicates more efficient routing with reduced communication delay and transmission
cost. The metric is computed as

Np
1
Hgpg = N—Z H; Q)
ria

where H; denotes the hop count of packet j, and Nj, is the total number of successfully
delivered packets.

4.3. Simulation Results

The experimental results are presented according to the four performance metrics intro-
duced in Section 4.2. The following analysis examines how increasing the number of distrib-
uted anchor nodes influences communication reliability, routing stability, energy efficiency,
and routing efficiency under the OF0 and MRHOF objective functions. Particular attention
is given to the relationship between anchor-node density and the resulting routing perfor-
mance, thereby providing empirical validation of the proposed AN-RPL design. Communi-
cation reliability is first evaluated using the DDR, which measures the ability of the network
to successfully deliver application packets under node mobility. Figure 5 presents the DDR
obtained under the four evaluated scenarios using the OF0 and MRHOF objective functions.

Under the static baseline (S1), both objective functions achieve comparable DDR values
of approximately 92.3%, confirming that conventional RPL performs reliably when network
topology remains stable. Once node mobility is introduced (S2), DDR decreases substantially
to approximately 21.1% under OF0 and 32.8% under MRHOF because frequent topology
changes interrupt routing paths and increase packet loss. The consistently higher DDR
achieved by MRHOF indicates that ETX-based parent selection is more effective than hop-
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count-based routing in maintaining reliable communication under dynamic network condi-
tions.
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Figure 5. DDR across the four evaluated scenarios under OF0 and MRHOF objective functions.
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Increasing the number of anchor nodes progressively improves packet delivery perfor-
mance. With two anchor nodes (83), DDR increases to approximately 33.6% under OF0 and
52.8% under MRHOF. Deploying four anchor nodes (S4) further increases DDR to approx-
imately 51.7% and 58.7%, corresponding to improvements of 30.6 and 25.9 percentage
points, respectively, compared with the single-anchor mobile baseline. These results indicate
that distributed anchor deployment effectively reduces routing disruptions by maintaining
shorter and more stable paths to the network infrastructure, supporting the hypothesis that
increasing anchor availability mitigates temporary connectivity loss caused by node mobility.
The observed improvement in DDR further suggests that routing becomes more stable as
additional anchor nodes are deployed. This hypothesis is examined by analyzing the frequency
of parent changes, as presented in Figure 6.
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Figure 6. Average parent changes per mobile node across the four evaluated scenarios under OF0
and MRHOF objective functions.
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Both objective functions exhibit very low parent churn in the static scenario (approxi-
mately 0.04 for OF0 and 0.08 for MRHOF), indicating that parent reselection rarely occurs
when network topology remains unchanged. Introducing node mobility (S2) significantly in-
creases parent churn, reaching approximately 0.136 under OF0 and 0.400 under MRHOF.
Frequent topology changes repeatedly invalidate preferred parent relationships, forcing mo-
bile nodes to perform additional parent discovery and route reconstruction.
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As additional anchor nodes are deployed, parent churn decreases consistently for both
objective functions. With four anchor nodes, parent churn is reduced to approximately 0.044
under OF0 and 0.042 under MRHOF, representing reductions of approximately 67.6% and
89.5%, respectively, relative to the single-anchor mobile scenario. This substantial reduction
demonstrates the effectiveness of the proposed Root-First Preference Principle in maintain-
ing stable parent associations. By preferentially selecting nearby anchor nodes when routing
costs are comparable, unnecessary parent switching is significantly reduced despite continu-
ous node mobility. Since frequent parent changes incur additional control-message exchanges,
route recovery operations, and retransmissions, improved routing stability is expected to re-
duce the overall energy consumption of the network. This relationship is examined in Figure
7, which illustrates the average energy consumption per node across all evaluated scenarios.
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Figure 7. Average energy consumption per node (m]) across the four evaluated scenarios.
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Under the static scenario, OF0 consumes slightly less energy than MRHOF (approxi-
mately 1.105 m] versus 1.128 m] per node), mainly because OFO performs simpler routing
decisions without continuous ETX evaluation. Once mobility is introduced, energy consump-
tion increases for both objective functions as frequent route failures trigger additional retrans-
missions, parent discovery, and control-message exchanges. The increase is more pronounced
under MRHOF because continuous link-quality estimation introduces additional processing
overhead despite improving routing reliability.

Deploying additional anchor nodes gradually reduces energy consumption under both
objective functions. With four anchor nodes, MRHOF achieves the lowest average energy
consumption (approximately 1.891 m] per node), corresponding to reductions of 10.8% rel-
ative to the OFO single-anchor baseline and 14.8% relative to the MRHOF single-anchor
configuration. The observed reduction closely follows the decrease in parent churn, indicating
that more stable routing substantially reduces route maintenance operations, retransmissions,
and radio activity. These findings suggest that the infrastructure cost introduced by additional
anchor nodes is partially compensated by improved communication efficiency.

Besides improving routing stability, deploying additional anchor nodes is also expected
to shorten the routing distance between mobile nodes and the nearest DODAG root. This
effect is evaluated through the average hop count, as presented in Figure 8. Under the static
scenario, OF0 and MRHOF achieve average hop counts of approximately 2.354 and 2.240
hops, respectively. Introducing mobility slightly increases hop count because mobile nodes
cannot always maintain connections with the most efficient routing parents. Consequently,
OFO0 exhibits a slightly higher hop count (approximately 2.477) than MRHOF (approximately
2.419), reflecting the benefit of ETX-aware routing under dynamic conditions. As the number
of anchor nodes increases, the average hop count decreases substantially. With four anchor
nodes, the average hop count is reduced to approximately 1.239 hops under OF0 and 1.181
hops under MRHOF, representing reductions of 49.98% and 51.2%, respectively, compared
with the single-anchor mobile baseline. These results directly validate the underlying design
rationale of AN-RPL, namely that strategically distributed anchor nodes reduce the average
topological distance between mobile nodes and stable DODAG roots. Consequently, fewer
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forwarding operations are required, contributing to lower transmission delay and reduced per-
packet communication cost.
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Figure 8. Average hop count per successfully delivered packet across the four evaluated scenarios.

The four evaluated performance metrics exhibit a clear causal relationship that explains
the observed performance improvements. Strategically deploying additional anchor nodes
primarily shortens the average topological distance between mobile nodes and stable
DODAG roots. Combined with the proposed Root-First Preference Principle, this improves
parent selection stability and substantially reduces parent churn. More stable routing mini-
mizes route reconstruction periods during which packets are frequently lost, thereby improv-
ing the Data Delivery Ratio. At the same time, fewer parent changes reduce control-message
exchanges and radio-on time, while shorter routing paths decrease forwarding operations and
retransmissions, resulting in lower energy consumption. Notably, the 89.5% reduction in pat-
ent churn observed under MRHOF between S2 and S4 is accompanied by a 25.9 percentage-
point improvement in DDR, providing strong empirical support for the proposed routing
mechanism. Collectively, these results demonstrate that the observed performance gains atise
not only from additional infrastructure but also from the interaction between distributed an-
chor deployment and the Root-First Preference Principle, which together enhance routing
robustness under node mobility.

5. Discussion

Beyond the quantitative improvements presented in Section 4, several broader insights
can be drawn regarding the design of infrastructure-assisted routing for mobile IoT networks.
AN-RPL improves routing performance through the complementary roles of infrastructure-
assisted deployment and lightweight protocol enhancement rather than through either mech-
anism in isolation. From a deployment perspective, AN-RPL introduces an additional infra-
structure cost associated with installing fixed anchor nodes. In practical IoT deployments,
anchor nodes may be implemented using gateway-class platforms (e.g., Raspbertry Pi 4 or
equivalent single-board computers) equipped with IEEE 802.15.4 radio modules and con-
nected through reliable backbone technologies such as Ethernet, Wi-Fi, or cellular networks.
Because anchor nodes operate independently without exchanging routing information, the
proposed architecture avoids additional coordination overhead while remaining compatible
with existing RPL implementations. This makes AN-RPL particularly attractive for smart-
building, campus, industrial, and similar deployments where fixed infrastructure is already
available or can be deployed at relatively low cost.

The experimental results also reveal a clear cost-performance trade-off. Although in-
creasing the number of anchor nodes consistently improves routing performance, the mar-
ginal benefit gradually decreases as anchor density increases. For example, under MRHOF,
introducing a second anchor increases DDR by approximately 20.0 percentage points,
whereas doubling the number of anchors from two to four yields a further improvement of
only 5.9 percentage points. This pattern indicates diminishing marginal returns, suggesting
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that the initial deployment of distributed anchor nodes provides the greatest practical benefit.
Consequently, anchor-node density should be selected based on deployment requirements
and infrastructure cost rather than maximized indiscriminately.

Although AN-RPL is architecturally designed to support scalable deployments through
independently operating anchor nodes, the current validation is limited to a network of 25
mobile nodes under moderate pedestrian mobility (1-2 m/s). Future evaluations involving
larger node populations, denser deployments, and more diverse mobility patterns, including
vehicular scenatios and real mobility traces, are necessary to establish the practical scalability
and robustness of the proposed approach under realistic operating conditions.

Finally, the current evaluation compares AN-RPL only against baseline RPL configura-
tions using the OFO and MRHOF objective functions. Although this comparison cleatly
demonstrates the benefits of the proposed infrastructure-assisted design over conventional
RPL, it does not provide direct benchmarking against representative mobility-aware RPL en-
hancements discussed in Section 2. Comprehensive experimental comparisons with protocols
such as Co-RPL, ME-RPL, EMA-RPL, MP-RPL, QFS-RPL, MSE-RPL, and RM-RPL under
identical mobility models, network densities, and traffic conditions would provide a more
complete assessment of the relative advantages and trade-offs of AN-RPL. Such evaluations
represent an important direction for future research.

6. Conclusions

This paper presented and evaluated Anchor-Node RPL (AN-RPL), a lightweight infra-
structure-assisted enhancement to the standard RPL protocol for mobile 1oT environments.
By strategically deploying a small number of fixed anchor nodes as distributed DODAG roots
while requiring only minimal firmware modification on mobile sensor nodes, AN-RPL im-
proves routing robustness without substantially increasing protocol complexity. Simulation
results under four deployment scenarios and two objective functions (OF0 and MRHOF)
demonstrate consistent improvements in communication reliability, routing stability, routing
efficiency, and energy efficiency compared with the conventional single-root mobile RPL at-
chitecture. Overall, the findings suggest that infrastructure-assisted anchor-node deployment
provides a practical and deployment-ready approach for enhancing RPL performance in mo-
bile IoT networks while preserving the lightweight characteristics of the standard protocol.
Although the current evaluation is limited to moderate mobility, a network of 25 mobile
nodes, and comparisons against baseline RPL configurations, future work will focus on larger-
scale deployments, more diverse mobility scenarios, real-world testbeds, and direct compari-
sons with representative mobility-aware RPL protocols.
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