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Abstract—The development of delay tolerant networks (DTNs)
has been driven by the need to overcome communication barriers
in situations where traditional network assumptions do not apply.
DTNs are designed to function effectively in situations where
traditional networks fail due to limited connectivity, extended
delays, and recurrent disruptions. They are characterised by
their ability to store and forward data, adapt to changing
network conditions, and maintain communication even in the face
of disruptions. They are typically decentralized, self-organizing
and fault tolerant. In this paper, we propose ’Baton-relay’, a
mobility context-aware routing protocol in DTN. This protocol
relies on low-cost communication and storage devices that can
embed different communication technologies, resulting in a global
privacy-preserving data-sharing system based on natural crowd
mobility. First, we analyse crowd mobility patterns to assign a
delivery probability for a message based on its mobility pattern.
The device will estimate its real-life situation, then exploits this
information to take a forwarding decision. We tested and validated
the approach using the ONE simulator, which is designed for an
opportunistic network environment. The idea of Baton-relay is
simple, not based on extensive mathematical calculations, does
not require a huge memory or buffer, yet is robust, guaranteeing
a reasonable probability of delivery and it preserves privacy.
Results show that Baton-relay achieves a significant improvement
for the buffer time average, number of hops and copies overhead
compared to other routing protocols.

Index Terms—Routing protocols, DTN, wireless network, ma-
chine learning, mobility models

I. INTRODUCTION

Delay tolerant networks (DTNs) were initially developed for
interplanetary communications [1]. As global interconnectiv-
ity grew, researchers recognized the potential of DTNs for
terrestrial and satellite networking applications. Today, data
sharing is fundamental to business, education, social media, and
research, necessitating robust network infrastructures. However,
challenges persist: remote or isolated regions, especially in
Least Developed Countries, often lack adequate infrastruc-
ture, and even existing networks are prone to failures from
power outages, traffic overload, disasters, or cyber-attacks.
Here, DTNs have evolved to address communication barriers
in various challenging scenarios, offering innovative solutions
to complement traditional infrastructures and deliver data to
isolated areas.

The advancement of routing protocols in DTNs represents
a persistent effort to balance the trade-offs between delivery
probability, latency, and resource utilization. From the early
days of flooding-based routing like Epidemic routing [2] and
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probabilistic methods like PRoPHET protocol [3] to more
sophisticated techniques that employ social dynamics and prob-
abilistic models, each development has played a role in making
DTNs a feasible solution for communication in challenging
and sporadically connected environments. Very promising are
those approaches that exploit information on the context users
are surrounded by, like the other users they met, the places
they visit, etc [4]. However, these solutions still assume that
people are equipped with laptops and energy supply and data
transit has to occur through an external operator, which is a
source of potential personal data leaks. Such approaches also
require large operational record and memory storage. Other
approaches have made the effort to study human mobility to
determine people’s fine-grained activities such as using GPS
positioning [5], but GPS-based mobility characterisation raises
many issues such as spotty coverage and battery consumption
[6]. In summary, the difficulties encountered in a DTN highlight
the need for advanced techniques to ensure efficient and secure
data management and transmission. Thus, in this paper, our aim
is to present a new approach for a distributed low cost large
scale privacy-friendly and mobility-aware delay tolerant data
delivery network based on multi-technology rather than rely-
ing on full Internet connectivity between expensive powerful
personal laptops or mobile phones. Thus, we introduce Baton-
relay, a privacy-friendly and mobility-aware routing protocol.
This protocol is based on the mobility of nodes in a network.
The design of such a protocol is simple, yet robust, since the
forwarding decision is based on real-time without extensive
computations or huge storage history to determine a forwarding
probability. It is based on the knowledge of mobility patterns
in a privacy-preserving approach. The focus in this work is
not on the data itself, thus we assume that an aspect such
as data security is dealt with separately. The protocol is
evaluated using ONE simulator [7]. Compared to other known
routing protocols recorded in literature, our protocol achieves
significant improvements in average buffer time, number of
hops and copies overhead. The paper is organised as follows.
First, we discuss the related work in Section II, then in Section
IIT we explain the concept and motivation behind exploiting the
devices’ mobility for the routing protocol. In Section IV, we
describe our routing protocol, followed by the simulation setup
in Section V and the results in Section VI. Finally, we conclude
in Section VII with the future plan.



II. STATE OF THE ART

To generate a comprehensive review of the state of the art, we
structure the information chronologically, focusing on the evo-
lution of routing approaches, the importance of human mobility
and the rationale for studying node mobility in routing protocol
design. The early development of routing protocols for Delay
Tolerant Networks (DTNs) primarily focused on addressing
the challenges of intermittent connectivity and long delays.
Epidemic Routing [2] was one of the pioneering protocols,
employing a flooding-based approach to disseminate messages
across the network, although at the cost of high resource
consumption. PROPHET protocol [3] introduced a probabilistic
method, leveraging the history of node encounters to estimate
delivery probabilities. MaxProp [8], designed for vehicle-based
DTN:s, prioritized packet transmissions and buffer management
to optimize delivery. Spray and Wait [9] limited the number of
message copies by distributing a fixed number of replicas and
waiting for one to reach the destination. The main weaknesses
of these approaches are high resource consumption, poor
adaptability to changing network conditions, and limited use of
social patterns. This has led to the development of advanced
methods to better optimise resources and use social metrics
to improve routing decisions. To overcome these limitations,
recent work from literature exploits the advantages of context-
awareness to sense the physical environment of the devices and
adapt their behavior for forwarding the message accordingly
to improve routing in DTN. To this end, in [10] the authors
proposed a new routing protocol named Habit, a novel multi-
layered approach to content dissemination in DTN that enables
relevant content to reach interested nodes while minimising the
load on uninterested intermediaries. While in [6] the authors
presents a routing protocol named interest based prediction
routing protocol (InP), which is based on the self-interest and
second-interest information to predict the future meet oppor-
tunities. Based on the importance of context-aware forwarding
protocols, different mobility models should be investigated to
help design protocols with less communication overhead and
used resources. Very recently, some studies investigate the use
of human mobility but mainly in the COVID-19 context in
order to anticipate contamination [11]. The literature records
widely investigated mobility models, but rather to measure
their impact on network performances and not to leverage their
characteristics to improve them [12]. Recent work has explored
using machine learning techniques to predict human mobility
patterns and optimize routing decisions. These approaches
leverage ML techniques to predict node behavior, optimize
routing decisions, and improve overall network performance.
The following are some key insights and references from
recent research: In [13], the authors design an intelligent DTN
routing system based on machine learning techniques. The
system aims to classify and predict the best routing paths by
leveraging historical data and node behavior patterns. But this
approach requires memory storage to manage historical data

and model parameters. [14] discusses using machine learning
classifiers to predict the most suitable neighbor nodes for
message delivery in DTNs. The approach involves analyzing
network traffic statistics and historical delivery information to
make informed routing decisions, but this approach demand
significant computational resources and memory to handle
historical data and model parameters. While such approaches
are promising for DTN routing, further research is needed to
address these challenges and improve the applicability of ML-
based methods in varied and resource-limited DTN scenarios.
Our approach offers a new perspective, as we aim to de-
velop a routing protocol that incorporates mobility knowledge,
promising improved efficiency, reliability and performance in
DTNs, thereby making a significant contribution to the field.

III. LEVERAGING NATURAL MOBILITY

Mobility models are crucial for the performance of routing
protocols in DTNs and ad hoc networks, where node movement
impacts network dynamics. These models simulate node move-
ment patterns, providing insights into network behavior and
aiding to effective routing strategies. Understanding human and
device mobility is essential in mobile computing, influencing
network design, location-aware technologies, and urban plan-
ning [15]. Inferring mobility states such as stationary, walking,
or driving is critical for many applications. The fact that these
days users carry several devices like smartphones, laptops, and
smartwatches, each with different services and mobility, offers
new opportunities and means for studying human mobility.

Based on our objective for designing a routing protocol, our
approach will rely on the knowledge that could be extracted
from natural crowd mobility to translate each ’real-life’ situa-
tion into a network model. As a ’real-life’ situation, the latter
referred to as context, we refer to the mobility and environment
of a device: static, low mobility (e.g. pedestrian), high mobility
(e.g. car, bus), at home, in a public place, in an urban or rural
environment, etc. We define as a network pattern the number,
density, and stability of the wireless links that a device can
observe at a given time for each wireless technology. To achieve
so, in [16] we have validated the hypothesis of the capability
of determining the devices’ context through the observations
of wireless traces in the range of a device. We have proposed
a novel approach for inferring human mobility by determining
a device’s status within its network context through wireless
communication technologies, namely WiFi and BLE, working
in conjunction. In our approach, we achieved 94% accuracy in
classifying among 10 scenarios using a lightweight classical
machine learning algorithm (XGBClassifier). More details are
provided in [16]. After validating this approach, in this paper
we exploit this information for forwarding the message, which
is explained in the next section.

IV. BATON-RELAY ROUTING PROTOCOL

This routing protocol prioritises connections with higher
mobility values for message forwarding. The logic ensures that
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Fig. 1: Illustration of Baton-relay protocol

messages are sent to nodes with higher mobility, which are
likely to carry the message further and faster. If no suitable
connections are found, the message is carried by the current
host until a better connection is available. We believe such a
structured approach would allow efficient message dissemina-
tion in a DTN, where the network topology is dynamic and
the connectivity is intermittent. Thus, to prove this claim, we
first provide an outline of the algorithm and the behaviour of
the protocol. Figure 1 illustrates the scenario for forwarding
a message in 2 consecutive time-slots. First, each device will
determine its local context through a machine learning model
by scanning its network environment as illustrated in [16], then
share this information with its neighboring devices. In Figure
la, device A which is static, wants to send a message to the
destination B. From the knowledge of device’s A context, a
delivery probability (f to be defined later) is computed to decide
whether to forward the message or carry it. Then device A
estimates whether it needs to send two copies of the message
to devices b and c because they have a higher mobility than
itself. Then crowds move and wireless connections dynamically
appear and disappear. In Figure 1b, device b, which has carried
the message, will repeat the same process of forwarding the
message to the devices with higher mobility, thus it will exclude
device h since it has the same mobility context as itself and
thus there is no added value to forward the message for such
device. This process will be repeated on each device that is
holding a copy of the message until the message reaches its
destination.

A. System model

We assume a network N = {nq,no,...,n;} be the set of
nodes in the network and M, a message to be delivered from
a source node ng to a destination node ng. We assume each
node n; has a mobility level u(n;) depending on its mobility
pattern (eg pedestrian, bus, etc). Each node n; is associated
with a threshold T; associated with its mobility level, i.e., T; =
f(u(n;)). For the sake of simplicity, we start with the identity
function f defined as f(z) = . The impact of f will be
evaluated in future work. When node n; encounters node n;,
they exchange their mobility levels p(n;) and p(n;) resp.

1) Algorithm Description: First we start with initialization,
where the source node n initiates the process with the message
M and its mobility level j(ns). Upon encountering a new node
n;, the current node n; will share its mobility level 1(n;) with
n; and receive p(n;), and then compare with its threshold T;.
If pu(nj) > T;, then node n; forwards the message M to node
n;, otherwise, node n; retains the message M and continues
to carry it. The process continues until the message M reaches
the destination node ny or TTL expires. So, Baton-relay relies
on the concept of node mobility as a metric to improve
message forwarding in a delay tolerant network. By assigning
mobility levels to nodes based on their mobility types, the
algorithm ensures that messages are forwarded to nodes with
higher mobility, which we believe could have a higher chance
of encountering the destination or other high-mobility nodes.
Algorithm 1 explains the behavior of the routing protocol.

Algorithm 1 Baton-relay, run on node n; holding a message
M to destination ny

1: Input: M, pu(n;)

2: for each encountered n; do

3: > Step 2: Share mobility levels between n; and n;

4: receive fi(n;)

5: send p(n;)

6: > Step 3: Check if n;’s mobility level is greater than
n;’s threshold

7: if p(n;) > T; then

8 > Step 4: Forward the message M from n; to n;

9: forwardMessage(n;, 1)

10: > Decide if n; will carry or remove the message
based on the threshold T;

11: carry(M, n;) or remove(M, n;)

12: end if

13: end for

V. SIMULATION SETUP

In this section, we provide an overview of the environment
(ONE simulator) that is used to implement the Baton-relay
and other approaches from the literature: Epidemic, Spray &



Wait, and Prophet protocols. Next, we define the settings for
the simulation and the metrics for evaluation.

A. Tools and Scenario Description

We evaluated the proposed routing protocol using the Op-
portunistic Network Environment (ONE) Simulator [7], a Java-
based tool for assessing delay-tolerant networking protocols.
ONE allows for simulating diverse network scenarios and
mobility models, offering comprehensive performance analysis.
Its strong DTN simulation capabilities, integrated mobility
models, and network configurations make it ideal for evaluating
mobility-based routing protocols, as it effectively displays
network performance data and node movements.

B. Parameters

Table I summarizes the general configuration of the sim-
ulation used to evaluate and analyze the performance of the
routing protocols. However, Table II shows in more detail the
configuration for each mobility type used (number of nodes
and buffer size).

TABLE I: Routing Protocol Parameters

Parameter Value
Simulation Time 43200 seconds (12 hours)
Interface Class Bluetooth
Transmit Speed 250 KBps
Message Size 500KB to IMB
Transmit Range 10 meters

Number of Node Groups 14
Movement Model Shortest Path Movement (SPMBM)
Buffer Size 5M, 10M, 50M, 200M, 500M
TTL 300, 240, 180, 120, 60, 30 minutes

TABLE II: Group nodes Parameters

Group ID Number Buffer Size
Pedestrian P1 40 M
Pedestrian P2 40 10M

Cars C1 40 50M

Bus B1 6 200M
Fixed F1 8 500M

We defined 5 groups of nodes each with different mobility
types: 80 pedestrians (separated into two groups with different
buffer sizes), 40 cars, 6 buses, and 8 fixed nodes, so in total
we have 133 nodes in the network. Furthermore, the release
contains map data of the Helsinki downtown area (roads and
pedestrian walkways) that the map-based movement models
can use.

C. Performance Metrics

To evaluate our routing protocol, we investigate the perfor-
mance of all four protocols, i.e. Epidemic [2], Spray and Wait
[9], PRoPHET [3], and Baton-relay, through simulations. The
performance of these four protocols are investigated with dif-
ferent traffic patterns and TTL values. Performance is evaluated
using the following five metrics:

« Copies overhead (CO) = the ratio of the number of copies
against the number of original messages. This metric will
calculate the cost of extra generated copies in the network

o Delivery Ratio: the ratio of successful message deliveries
to the total number of original messages created and sent.

« Hop count average: the average number of hops each node
has relayed on to reach the destination.

o Buffer time average: the average time that a message
spends in a node buffer before it is successfully delivered
or dropped.

o Average Latency: the average time the message takes to
be forwarded from the source to the destination.

D. Statistical Robustness in Simulation

To ensure the robustness and reliability of our simulation
results for the different Delay Tolerant Network (DTN) routing
protocols, we employed a comprehensive simulation strategy
involving multiple runs and various traffic scenarios. This
approach aims to reduce the likelihood of unrealistic results
caused by particular message structures or network conditions.

1) Message Creation: 1500 messages are created to be
routed in the simulated environment. The source and the
destination for each created message is selected randomly in
a range from O to 133, where 133 is the total number of
nodes in the network as defined in the previous section. The
selection of the nodes of the message origin and destination
is randomised to ensure a broad representation of possible
network interactions. This variability in the traffic files helps to
test the protocols under a range of conditions, thus enhancing
the validity of our findings.

2) Confidence Interval Calculation: Each routing protocol
was subjected to 20 independent simulation runs. For each
simulation, a unique traffic file was used. To determine whether
20 simulation runs are sufficient to provide reliable results, we
calculated the confidence intervals (see [17] for more details)
for key metrics: delivery probability and average latency. The
confidence interval gives us a range in which we can expect
the true population parameter (mean in this case) to fall with
a certain level of confidence. For our simulations, the resulting
confidence intervals for both delivery probability and latency
is [0.898, 0.905], which is considered narrow, indicating a
small difference between the lower and upper bounds. This
consistency across simulations suggests that the sample of 20
runs is sufficiently robust, reflecting stable and reliable results
under varying network conditions.

VI. RESULTS AND DISCUSSION

In this section, we first analyse the routing protocol individ-
ually, then in the second part, we compare the results of Baton-
relay with the other routing protocols known in the literature.

A. Performance Analysis of Baton-relay Protocol

As explained in Section IV, the decision to forward or carry
a message in Baton-relay protocol is based on the node with



a higher mobility. To validate this intuition and validate its
effectiveness, we implemented a reverse version of Baton-
relay which is called ’BatonRelay-reversed’. The message in
BatonRelay-reversed is forwarded to the node with a lower
mobility. So, if the sender is in a car and has in its range a
bus and a pedestrian, the message will be forwarded to the
pedestrian and not to the bus. The simulation is done for both
protocols under the same conditions and traffic file. Table III
displays the results after comparing the approaches.

TABLE III: Comparative Performance of Baton-relay vs.
BatonRelay-reversed Routing Protocols

Metric Baton-relay BatonRelay-
reversed
Delivery Probability 0.85 0.59
Latency Average (s) 2556.89 4306.34
Buffer Time Average (s) 12492.70 12475.54
Copies Overhead 15.70 15.19

The better performance of the Baton-relay protocol com-
pared to BatonRelay-reversed is due to its strategic use of high-
mobility nodes for message delivery. By selecting nodes with
higher mobility, such as buses or cars, messages are carried
over larger distances faster, increasing delivery probability and
reducing latency. High-mobility nodes encounter more addi-
tional nodes, enhancing message dissemination. In contrast,
BatonRelay-reversed routes messages to low-mobility nodes
like pedestrians, which limits travel distance and speed, leading
to increased chances of delays and lower delivery probability.

Thus, while both protocols theoretically test the impact
of mobility on routing effectiveness, Baton-relay’s strategy
of using higher-mobility nodes capitalises on the rapid and
extensive spread of messages across the network. This was
proven by simulation and thus validates our assumption.

B. Comparison with existing Protocols

After validating the choice of Baton-relay protocol for choos-
ing the nodes with higher mobility to relay on, in this section
we investigate the performance of Baton-relay routing protocol
compared to Epidemic [2], Spray&Wait [9] and PRoPHET
[3] protocols. Having established confidence in our simulation
setup, we proceeded to compare the performance of each
routing protocol across the 20 simulations. To ensure that
the results reflect the typical performance of the protocols
under a variety of scenarios, we averaged the results (e.g.,
delivery ratio, latency, buffer time) of each protocol from the 20
simulations. Table IV displays the statistical results of the four
routers with the main metrics that are important to give a logical
comparison between the different approaches. From the results,
we can see that Baton-relay achieves a delivery probability of
0.85, indicating reliable performance, slightly lower than the
Epidemic and Prophet protocols, which both exceed a delivery
probability of 0.90. Although Epidemic and PRoPHET proto-
cols display exceptionally low latency averages of 936.67 s and
1037.99 s respectively, Baton-relay exceeds these protocols in

terms of buffer time average, hop count, and copies overhead.
Epidemic and PRoPHET have a higher a higher average hop
count, which increases the network overhead and complexity.
Similarly for the copies overhead, as it presents a clear trade-off
between delivery assurance and network resource utilisation.
Epidemic and Prophet have high overheads of 71.34 and
68.55 respectively, which can lead to network congestion and
increased power consumption, while Baton-relay, with a copies
overhead of 15.70, provides a balanced approach, ensuring
reasonable delivery success without excessive resource usage.
Spray&Wait outperforms Baton-relay in copies overhead while
maintaining the same delivery probability, latency, and hop
count. However, Baton-relay significantly optimizes average
buffer time compared to Spray&Wait and other protocols. The
choice of routing protocol depends on application requirements.
In environments with limited storage or buffer capacities,
Baton-relay is preferable due to its lower copies overhead, lack
of historical storage requirements, and privacy guarantees.

1) TTL Analysis: To explore the dynamics of the Baton-
relay protocol, we analyzed the impact of varying Time-to-Live
(TTL) settings on performance metrics like delivery probability,
latency, average buffer time, and copies overhead. The results
are shown in Figures 2a, 2b, 2c, and 2d. We considered TTL
values of 300, 240, 180, 120, 60, and 30 minutes. Figure 2d
displays the copies overhead for different TTL values across
four routing protocols. Figure 2c shows average buffer time,
Figure 2b depicts average latency, and Figure 2a illustrates the
delivery ratio. For Baton-relay, the number of copies increases
linearly, making it the most conservative in terms of resource
usage, beneficial in constrained environments. Baton-relay also
shows the most favorable buffer time, with an initial increase
that quickly stabilizes. Epidemic and Prophet protocols produce
the highest copies and buffer times, indicating higher resource
usage and potential drawbacks in time-sensitive applications.

VII. CONCLUSION AND ONGOING WORK

To analyze the impact of devices’ mobility on routing
decisions, we implemented the Baton-relay protocol. This
balanced protocol is ideal for environments requiring effi-
cient resource utilization without significantly compromising
delivery probability and latency. Baton-relay leverages high-
mobility nodes to forward messages, making it suitable for
urban areas with mixed vehicular and pedestrian traffic. It is
simple, does not rely on extensive mathematical calculations,
does not require a huge memory or buffer and guarantees a
reasonable delivery probability while preserving privacy. We
are currently analysing the algorithm under various conditions,
such as node density and mobility models, to determine its
optimal performance. This will help to understand how dif-
ferent node concentrations and mobility patterns affect the
protocol’s efficiency and reliability. Additionally, we are ex-
amining delivery probability, latency and the number of hops
to evaluate performance. An updated version of the protocol is
being implemented to enhance delivery probability and reduce



TABLE IV:

Comparison of routing protocol performance

Protocol Delivery Probability | Latency Avg (s) | Buffer Time Avg (s) | Hop Count Avg | Copies Overhead
Baton-relay 0.85 2556.89 12492.7 2 15.70
Epidemic 0.90 936.67 13000.3 4 71.34
Prophet 0.90 1037.99 13800.4 4 68.55
Spray and Wait 0.85 2521.55 17649.72 2 321
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Fig. 2: Performance comparison of routing protocols under different TTL values

overhead by refining the algorithms for assigning delivery
probabilities (f function). Improvements will focus on better
predicting node interactions based on past connections and
current network conditions, increasing message delivery rates,
while also giving some attention to the data security aspect.
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