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Delay tolerant network (DTN) has become a promising communication
paradigm for internet of things (loT)-based smart environments, where
intermittent connectivity and heterogeneous node mobility challenge reliable
data delivery. However, selecting an appropriate DTN routing protocol
remains difficult because existing protocols offer different trade-offs among
delivery ratio, latency, communication overhead, hop count, and energy
consumption. Although many studies have evaluated DTN routing protocols,
few have examined their performance under heterogeneous urban mobility
conditions representing emerging smart cities such as Makassar. This study
compares four DTN routing protocols—Epidemic, probabilistic routing
protocol using history of encounters and transitivity version 2
(PROPHETV2), spray and wait, and MaxProp—using The ONE Simulator
with a Makassar-inspired mobility scenario involving 50-125 nodes over a
12-hour simulation. Performance was evaluated using delivery ratio, average
latency, overhead ratio, average hop count, and estimated energy
consumption. The results show that MaxProp achieved the highest delivery
ratio (0.69 at 125 nodes), whereas spray and wait consistently produced the
lowest latency (=118 s), overhead ratio (< 45,000), and average hop count
(=2). In contrast, epidemic generated excessive overhead and energy
consumption because of uncontrolled message replication. These findings
indicate that spray and wait is the most resource-efficient protocol, while
MaxProp is preferable for applications prioritizing delivery reliability.
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1. INTRODUCTION

The rapid advancement of information and communication technologies has accelerated the global
transformation of conventional urban systems into smart cities. Smart city development integrates digital
infrastructure, communication systems, cloud computing, internet of things (loT), and intelligent data
processing to improve urban sustainability, operational efficiency, public services, and quality of life [1].
Various sectors, including transportation, energy management, healthcare, environmental monitoring,
disaster mitigation, and public security, increasingly rely on interconnected communication networks capable
of supporting continuous and reliable data exchange. In developing urban areas such as Makassar, smart
environment implementation has become an important strategic initiative to support sustainable urban growth
and digital transformation. Furthermore, recent studies in cities such as Yogyakarta and Makassar emphasize
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the importance of interoperability and intelligent communication infrastructures to strengthen human security
and sustainable smart city governance [2]. The Association of Southeast Asian Nations (ASEAN) smart cities
network (ASCN) also recognizes Makassar as one of Indonesia’s strategic cities for inclusive and
technology-driven urban development [3].

Despite these developments, maintaining reliable network communication in smart city
environments remains a major challenge, particularly in urban regions characterized by heterogeneous
mobility, uneven infrastructure distribution, intermittent connectivity, and dynamic network conditions. In
many real-world urban scenarios, communication disruptions frequently occur due to limited infrastructure
coverage, mobility-induced disconnections, environmental obstacles, and varying traffic densities. These
conditions become increasingly problematic for loT-based smart environment applications that require
continuous data transmission from mobile users, vehicles, sensors, and public infrastructure devices.
Conventional communication architectures based on persistent end-to-end connectivity are often unable to
maintain stable communication performance under such conditions. Consequently, communication
reliability, latency control, energy efficiency, and resource utilization emerge as critical issues in large-scale
smart urban deployments.

Delay tolerant networks (DTNs) have been proposed as a promising solution for communication
environments with intermittent connectivity and highly dynamic topology changes. DTNs employ the store-
carry-forward communication paradigm, where nodes temporarily store messages and forward them
opportunistically when network connections become available. This mechanism enables communication
continuity even in disconnected or partially connected environments. In smart environment deployment,
DTNs can support various applications such as smart transportation systems, environmental monitoring,
disaster response, energy management, and mobile urban sensing. However, DTN performance strongly
depends on routing protocol behavior, node mobility characteristics, message replication strategies, and
resource management mechanisms. Parameters such as delivery ratio, latency, overhead ratio, hop count, and
energy consumption become critical indicators for evaluating DTN suitability in heterogeneous urban
environments.

Previous studies have investigated various DTN routing protocols and their applications in different
communication scenarios. Research on smart city communication has explored DTN implementation in
urban planning environments such as the Surabaya smart city initiative [4]. Other studies have proposed
optimization approaches for the binary spray and wait protocol to improve delivery probability and reduce
replication overhead [3]. Hybrid mobility-aware routing mechanisms such as sink and delay aware bus
protocols have also been developed to exploit human, vehicular, and public transportation mobility patterns
[5]. In addition, several studies have examined DTN deployment in wireless fidelity (Wi-Fi) and Bluetooth-
based opportunistic networks [6], as well as DTN applications in 10T systems, future internet architectures,
underwater communication, satellite communication, and space networking environments. Recent advances
further highlight the growing importance of energy-aware routing strategies, intelligent forwarding
mechanisms, and machine learning-assisted DTN optimization to improve network sustainability and
communication efficiency [1]-[4].

Although numerous studies have evaluated DTN routing protocols, several important limitations
remain unresolved. Most existing evaluations are conducted using generic mobility models, homogeneous
node behavior, campus-scale environments, or synthetic network scenarios that do not adequately represent
the complexity of real urban mobility conditions. Limited studies investigate DTN performance under
heterogeneous smart environment scenarios involving pedestrians, public vehicles, and 10T devices within a
specific urban topology such as Makassar. Furthermore, many previous studies primarily focus on delivery
performance metrics while providing limited discussion on resource efficiency, scalability, overhead control,
and estimated energy consumption. In resource-constrained smart city environments, energy sustainability
and communication efficiency are equally important alongside delivery reliability. Consequently, there
remains a significant research gap in understanding how DTN routing protocols perform under
heterogeneous mobility conditions and smart urban communication constraints specific to emerging
Southeast Asian cities.

To address these limitations, this study evaluates the performance of four widely used DTN routing
protocols epidemic, probabilistic routing protocol using history of encounters and transitivity (PRoOPHETV2),
spray and wait, and MaxProp within a Makassar-based smart environment scenario using the opportunistic
networking environment (ONE) simulator. The evaluation considers heterogeneous mobility conditions
involving pedestrians, vehicles, and 10T communication patterns across node populations ranging from 50 to
125 nodes over 12 hours of simulation time. Performance analysis is conducted using delivery ratio, average
latency, overhead ratio, hop count, and estimated energy consumption metrics to provide a comprehensive
assessment of routing efficiency and communication sustainability.
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The main contributions of this study are as follows. First, this research develops a Makassar-specific
smart environment simulation model representing heterogeneous urban mobility and intermittent
communication conditions. Second, this study provides a comprehensive comparative evaluation of
epidemic, PROPHETV2, spray and wait, and MaxProp routing protocols under realistic multi-node mobility
scenarios. Third, unlike many previous DTN studies, this work integrates estimated energy consumption
analysis together with conventional delivery performance metrics to evaluate communication sustainability in
loT-based smart city deployment. Fourth, this study identifies protocol suitability based on different
operational priorities, including delivery reliability, latency minimization, resource efficiency, and energy
sustainability.

The significance of this study lies in both its scientific and practical implications. From a scientific
perspective, this study contributes significant insights into DTN routing behavior under heterogeneous Smart
Environment conditions representing emerging urban regions in Southeast Asia. The findings provide
significant evidence regarding the trade-offs between delivery reliability, latency, replication overhead, and
energy consumption in intermittently connected urban networks. This study also highlights the significance
of integrating energy-efficiency evaluation into DTN performance analysis for sustainable smart city
communication systems. From a practical perspective, the study provides significant recommendations for
selecting and optimizing DTN routing protocols in real-world smart city applications such as environmental
monitoring, intelligent transportation systems, disaster communication, and loT-based urban sensing in
Makassar and similar metropolitan environments. The results are expected to support the development of
more resilient, sustainable, and resource-efficient communication infrastructures for future smart
environment deployment.

2. RELATED EXISTING REVIEW

DTNs are communication architectures designed to operate in environments characterized by
intermittent connectivity, long transmission delays, high mobility, and limited network infrastructure
availability. Unlike conventional wireless networks that rely on continuous end-to-end connectivity, DTNs
utilize opportunistic communication mechanisms that allow data transmission even when direct
communication paths are unavailable. DTNs were originally developed to support communication in highly
disrupted environments such as disaster recovery systems, remote rural areas, military communication,
vehicular networks, underwater communication, and space networks [1], [7], [8]. In recent years, DTNs have
also gained significant attention in smart city and loT environments due to their capability to maintain
communication continuity under heterogeneous and dynamically changing urban conditions.

In DTN environments, communication performance is highly dependent on node mobility patterns
and encounter opportunities among devices. Figure 1, data exchange occurs opportunistically whenever
nodes come into communication range. As a result, DTNs adopt the store-carry-forward paradigm, where
nodes temporarily store messages, carry them while moving, and forward them to other nodes once
communication opportunities become available. This mechanism eliminates the requirement for simultaneous
end-to-end connections between source and destination nodes. Consequently, DTNs are highly suitable for
smart environment scenarios involving mobile users, public transportation systems, wireless sensors, and
intermittently connected 10T devices [1], [7], [8].

Figure 2 shows the fundamental architecture of DTNs, which introduces an additional
communication layer known as the bundle layer, operating above the conventional transport and network
layers. The bundle layer enables communication interoperability across heterogeneous network regions with
different communication technologies and protocols. Unlike traditional Internet architectures that require
stable connectivity throughout the communication session, DTNs use the bundle layer to support delayed
message forwarding and temporary message storage [9]-[11].

Within the DTN architecture, transmitted data units are referred to as bundles or messages. The
bundle layer is responsible for message encapsulation, storage management, forwarding decisions, and inter-
region communication coordination. This layer allows heterogeneous communication infrastructures to
exchange information seamlessly through DTN gateways connecting different network regions. The lower
communication layers including transport, network, link, and physical layers may vary depending on the
communication environment in each region. This architectural flexibility makes DTNs highly adaptable to
smart city communication systems characterized by heterogeneous infrastructure and intermittent
connectivity conditions.

Evaluation of the efficiency of delay tolerant network routing protocols for ... (Abdul Latief Arda)
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Figure 2. Bundle layer architecture in DTN

Figure 3 illustrates the store-carry-forward mechanism, which represents the core operational
principle of DTNs. In this mechanism, data generated by a source node is temporarily stored until a
communication opportunity with another node becomes available, then carried by intermediate nodes and
progressively forwarded toward the destination node. This approach significantly improves communication
survivability in disconnected or partially connected environments and reduces packet loss caused by unstable
connectivity conditions.
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The effectiveness of DTN communication strongly depends on the routing protocol used to
determine forwarding decisions, message replication strategies, and buffer management policies.
Consequently, numerous DTN routing protocols have been proposed to optimize delivery probability,
latency, overhead ratio, and resource utilization under different network conditions. One of the earliest and
most widely studied DTN routing protocols is epidemic routing, which aims to maximize delivery probability
through uncontrolled message replication [12]-[14]. In epidemic routing, nodes exchange all non-duplicate
messages whenever encounters occur, thereby increasing the likelihood of successful delivery in highly
disconnected environments. Although this flooding-based strategy can improve delivery performance, it also
generates excessive overhead, buffer consumption, bandwidth usage, and energy consumption, particularly in
dense networks.

To overcome the excessive replication problem of epidemic routing, the spray and wait protocol
introduces controlled message replication mechanisms [15]-[17]. Instead of forwarding unlimited copies of
messages, spray and wait distributes only a predefined number of message copies into the network during the
spray phase. Afterward, nodes carrying the message wait until they encounter the destination node directly.
This approach significantly reduces overhead ratio and energy consumption while maintaining relatively low
latency, making it suitable for resource-constrained DTN environments.

Another widely used DTN routing protocol is PROPHETV2, which utilizes probabilistic forwarding
based on historical encounter information [18], [19]. PROPHETV2 estimates the probability that a node can
successfully deliver a message to the destination based on previous contact patterns and transitive
relationships among nodes. By exploiting historical mobility behavior, PROPHETV2 improves routing
efficiency and reduces unnecessary message forwarding compared to flooding-based approaches. This
protocol is particularly effective in environments where node mobility exhibits repetitive or predictable
movement patterns. Meanwhile, MaxProp is specifically designed for DTN environments characterized by
highly limited and unpredictable connectivity [17], [20]. MaxProp prioritizes message forwarding and buffer
management based on estimated delivery likelihood and path probability. The protocol also incorporates
intelligent message deletion mechanisms to optimize buffer utilization when storage resources become
constrained. Through prioritization-based forwarding strategies, MaxProp aims to maximize successful
message delivery while minimizing packet drops in sparse and highly dynamic networks.

Recent studies further highlight the growing importance of DTN deployment in smart city and 10T-
based communication systems. Researchers have investigated DTN integration in vehicular communication,
public transportation systems, wireless sensor networks, environmental monitoring systems, and emergency
communication infrastructures. Several studies also emphasize the increasing need for energy-aware routing,
adaptive forwarding strategies, mobility-aware communication models, and machine learning-assisted DTN
optimization to support sustainable smart environment implementation [1]-[4]. However, most previous
evaluations are conducted using generic mobility scenarios or synthetic network topologies that may not
adequately represent the heterogeneous urban mobility conditions of emerging metropolitan cities such as
Makassar. Therefore, evaluating DTN routing protocols within realistic urban smart environment scenarios
becomes essential to identify routing strategies capable of balancing delivery reliability, latency performance,
overhead control, scalability, and energy efficiency under heterogeneous mobility conditions.

Evaluation of the efficiency of delay tolerant network routing protocols for ... (Abdul Latief Arda)
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3. METHOD
3.1. Simulation environment and parameters

This study utilizes “the ONE simulator” to evaluate the performance of DTN routing protocols
within a smart environment scenario representing Makassar city. the ONE simulator is one of the most
widely used simulation platforms for DTN research because it supports heterogeneous mobility modeling,
opportunistic communication analysis, realistic map-based simulations, and multiple DTN routing protocol
implementations under dynamic connectivity conditions [21], [22]. The simulator is particularly suitable for
evaluating communication behavior in environments characterized by intermittent connectivity, node
mobility, and limited infrastructure availability.

The simulation scenario is designed to represent real-world smart environment deployment in
Makassar. Mobile nodes represent public transportation vehicles, pedestrians, and urban mobility entities,
while static nodes represent loT-based environmental sensors installed at strategic locations such as
intersections, parks, flood-prone areas, government facilities, and public service zones. This heterogeneous
node configuration enables the simulation to capture realistic communication behavior under urban mobility
conditions.

To improve geographical realism, the simulation environment integrates OpenStreetMap (OSM)
data from Makassar city, allowing node mobility to follow actual road topologies and transportation routes.
Vehicle nodes move along predefined urban road networks, while pedestrian nodes utilize random mobility
patterns within designated urban areas. Static sensor nodes remain fixed throughout the simulation and
continuously generate environmental monitoring data to be forwarded opportunistically through mobile
nodes toward the monitoring server.

Performance evaluation focuses on four widely used DTN routing protocols: epidemic,
PRoPHETV2, spray and wait, and MaxProp. These protocols were selected because they represent different
routing paradigms, including flooding-based forwarding, probabilistic routing, controlled replication, and
prioritization-based forwarding. The comparative analysis aims to identify protocol suitability under
Makassar-specific smart environment conditions characterized by heterogeneous mobility and intermittent
connectivity.

As illustrated in Figure 4, environmental sensor nodes are distributed across strategic locations
within Makassar city. The collected data are opportunistically forwarded through mobile nodes, including
vehicles and pedestrians, before reaching the monitoring server. Vehicle mobility follows the actual
transportation routes derived from the Makassar city map.
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Figure 5 illustrates the implementation of the smart environment scenario in the ONE simulator
environment. The simulation evaluates routing protocol performance over a 12-hour communication period
using heterogeneous node mobility and varying node densities. To investigate scalability and network density
effects, the number of nodes is varied from 50, 75, 100, to 125 nodes. The simulation incorporates
heterogeneous mobility speeds to represent realistic urban movement behavior. Pedestrian nodes move with
speeds ranging from 0.5-1.5 m/s, while vehicle nodes move with speeds ranging from 2.7-13.9 m/s. Message
generation intervals vary between 10-15 seconds, with message sizes ranging from 500 KB to 1 MB. The
routing protocols are evaluated based on delivery ratio, average latency, overhead ratio, hop count, and

estimated energy consumption. Table 1 summarizes the simulation parameters used throughout the study.
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Figure 5. Scenario after implementation in the simulator

Table 1. Simulation parameters

Parameter Value
Total simulation time 12h
Simulation area Makassar

DTN routing protocol

Epidemic, ProphetVV2, MaxProp et spray and wait

Buffer size 5M

Total no. of nodes 50, 75, 100, 125

Types of nodes Pedestrians, cars
Pedestrians speed Min=0.5 m/s Max=1.5 m/s
Cars speed Min=2.7 m/s Max=13.9 m/s
Pedestrians wait time 0-120s

Cars wait time 0-120s

Seconds in time unit 30s

No. of copies (L) 3

Transmit speed 5M

Message TTL 300 minutes

Interface transmit range 10 metres

Message creation rate
Message size

10-15 S per 1 message
500 KB to 1 MB

Evaluation of the efficiency of delay tolerant network routing protocols for
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The simulation configuration is designed to emulate realistic smart environment communication
conditions in Makassar, particularly for intermittently connected 10T and mobile communication
infrastructures. The selected parameters also allow comprehensive evaluation of protocol scalability,
communication efficiency, replication behavior, and resource utilization under heterogeneous urban mobility
conditions.

3.2. Energy consumption estimation model

In addition to conventional DTN performance metrics, this study evaluates the estimated energy
consumption generated by each routing protocol. Energy efficiency is an important consideration in smart
environment deployment because excessive message replication and transmission activities may significantly
increase communication costs and reduce network sustainability, particularly for battery-powered mobile and
10T devices. Since the ONE simulator does not directly provide energy consumption measurements, an
analytical estimation approach is adopted based on transmission and reception activities recorded during the
simulation process. The energy model assumes that each message transmission consumes E, joules, while
each message reception consumes E,. joules. The total estimated energy consumption is calculated using (1):

Etotat = (NexXpe) + (Npx X Ey) 1)

where:
— Ny, represents the total number of message transmissions
— N, represents the total number of message receptions
—  E; denotes the transmission energy consumption per message

E,. denotes the reception energy consumption per message

Protocols employing excessive replication strategies, such as epidemic routing, naturally generate

significantly higher transmission and reception counts, leading to increased estimated energy consumption. In
contrast, controlled replication protocols such as Spray and Wait and prioritized forwarding approaches such
as MaxProp are expected to demonstrate better communication efficiency and lower energy utilization.

3.3. Statistical evaluation

To improve statistical reliability and minimize randomness bias, each simulation scenario was
executed five times using different random seeds. The final results presented in this study represent the
average values obtained from these repeated simulations. This repetition strategy ensures that the observed
performance trends reflect consistent protocol behavior rather than stochastic simulation variations.

Performance evaluation and protocol comparison are conducted using descriptive statistical analysis,
graphical visualization, and percentage difference analysis across multiple performance metrics, including:
delivery ratio, average latency, overhead ratio, average hop count, and estimated energy consumption. The
combination of repeated simulation runs and multi-metric evaluation provides a more comprehensive and
statistically reliable assessment of DTN routing performance under heterogeneous Smart Environment
conditions in Makassar city.

4. RESULTS AND DISCUSSION

This section presents the comparative evaluation of four DTN routing protocols epidemic,
PRoPHETV2, spray and wait, and MaxProp under the Makassar smart environment scenario. The evaluation
focuses on delivery ratio, average latency, overhead ratio, hop count, and estimated energy consumption.
These metrics are essential for assessing routing efficiency, scalability, and communication sustainability in
heterogeneous urban DTN environments.

4.1. Results

Delivery ratio represents the probability that a message generated by a source node is successfully
delivered to the destination node within the simulation period. In DTN-based smart environments, delivery
ratio becomes a critical indicator because intermittent connectivity and node mobility significantly influence
communication reliability. Figure 6 illustrates the delivery ratio performance of epidemic, MaxProp,
PRoPHETV2, and spray and wait under different node densities. Epidemic routing consistently demonstrates
the lowest delivery ratio, beginning at approximately 0.10 for 50 nodes and increasing only slightly as node
density grows. This indicates that uncontrolled flooding does not necessarily improve delivery reliability in
heterogeneous mobility environments.
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Figure 6. Delivery probability of protocols based on the number of nodes

MaxProp achieves the highest delivery ratio across all scenarios, increasing from approximately
0.50 at 50 nodes to nearly 0.69 at 125 nodes. The protocol benefits from its prioritized forwarding and buffer
management mechanisms, enabling more effective message delivery in dense networks. Spray and wait also
demonstrate strong performance, achieving delivery ratios close to MaxProp and reaching approximately
0.67 at 125 nodes. Its controlled replication strategy enables efficient dissemination without generating
excessive traffic.

PRoPHETV2 maintains relatively stable performance, with delivery ratios ranging from 0.30 to 0.40
across node scenarios. This stability indicates that probabilistic encounter history can support moderate
routing reliability, although its performance remains below MaxProp and spray and wait. Overall, the results
indicate that controlled forwarding and replication mechanisms significantly improve delivery reliability in
urban DTN environments.

Latency refers to the average time required for a message to travel from the source node to the
destination node. In smart environment applications, low latency is essential for supporting responsive
monitoring systems, transportation services, and environmental sensing infrastructures. Figure 7 compares
the average latency values produced by the four routing protocols. MaxProp records the highest latency
among all protocols, although its latency gradually decreases as node density increases. The higher latency is
mainly caused by selective forwarding and prioritized scheduling mechanisms, which may delay message
transmission while searching for optimal forwarding opportunities. Epidemic routing produces lower latency
than MaxProp but exhibits higher fluctuation across node scenarios. The protocol aggressively floods
messages throughout the network, enabling faster message propagation but simultaneously increasing
congestion and transmission competition.

PROPHETV2 demonstrates relatively stable latency values between epidemic and MaxProp,
indicating balanced routing behavior based on encounter probability estimation. Spray and wait consistently
achieves the lowest latency across all node scenarios, maintaining an average latency of approximately 118
seconds at 125 nodes. Its limited-copy dissemination mechanism minimizes network congestion while
preserving efficient message forwarding. These findings indicate that controlled replication strategies are
more suitable for low-latency smart environment communication.

Overhead ratio represents the additional communication cost generated by routing activities,
particularly message replication and forwarding operations. High overhead indicates inefficient resource
utilization and may significantly affect bandwidth availability and node energy sustainability. Figure 8
demonstrates that epidemic routing generates extremely high overhead as node density increases. At 125
nodes, epidemic reaches an overhead ratio of 512,430, which is approximately 11.4 times higher than spray
and wait. This behavior is caused by uncontrolled message flooding, where messages are replicated to nearly
all encountered nodes regardless of routing efficiency.

Evaluation of the efficiency of delay tolerant network routing protocols for ... (Abdul Latief Arda)
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Figure 8. Overhead ratio based on the number of nodes

MaxProp and PRoPHETV2 produce moderate overhead values of 138,540 and 165,220 respectively,
reducing overhead by approximately 73% and 68% compared with Epidemic routing. Their forwarding
strategies are more selective and probabilistic, preventing excessive message duplication. Spray and Wait
consistently records the lowest overhead ratio across all simulation scenarios, reaching only 44,870 at 125
nodes. The protocol restricts the number of message copies distributed in the network, thereby significantly
reducing unnecessary transmissions. These findings confirm that replication control strongly influences
communication scalability and resource efficiency in DTN-based smart environments.
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Estimated energy consumption follows a similar trend to overhead behavior because message
transmissions and receptions directly contribute to communication energy usage. In Table 2, epidemic
routing exhibits the highest estimated energy consumption, reaching approximately 2.75 relative units at 125
nodes. This value is approximately 175% higher than spray and wait, which serves as the baseline protocol
with the lowest energy consumption value of 1.00.

Table 2. DTN protocol efficiency evaluation results
DTN protocol  Delivery ratio  Avg latency (s)  Overhead ratio  Avg hop count  Estimated energy (relative unit)

Epidemic 0.15 320 512,430 6.8 2.75
PROPHETV2 0.39 240 165,220 42 1.45
Spray and wait 0.67 118 44,870 21 1.00 (lowest)
MaxProp 0.69 355 138,540 3.9 1.62

PRoPHETV2 and MaxProp demonstrate moderate energy usage with relative values of 1.45 and 1.62
respectively. These results indicate that controlled forwarding mechanisms reduce unnecessary transmissions
and improve communication sustainability. Spray and wait consistently achieves the lowest energy
consumption because its limited-copy strategy minimizes transmission frequency and buffer activity. This
result highlights the importance of energy-aware routing strategies for loT-based smart environment
deployment.

Hop count represents the average number of intermediate nodes traversed by a message before
reaching its destination. Lower hop count generally indicates more efficient routing paths and reduced
transmission overhead. Figure 9 shows that epidemic routing produces the highest average hop count,
reaching approximately 6.8 hops at 125 nodes. This reflects inefficient message propagation caused by
uncontrolled replication and redundant forwarding paths. MaxProp and PRoPHETV2 demonstrate more
moderate hop count values, reaching approximately 3.9 and 4.2 respectively at 125 nodes. These protocols
achieve better forwarding efficiency by considering encounter probability and message prioritization.

Spray and wait consistently records the lowest hop count, approximately 2.1 across all node
scenarios. This result indicates that messages can reach their destinations through fewer intermediate nodes,
improving routing efficiency while reducing transmission costs. Overall, spray and wait demonstrates the
most efficient path utilization among all evaluated protocols.

—&— Epidemic MaxProp PRoPHETV2 Spray and Wait
8.00
5.99
7.00
6.00

5.00

4.00

2.46

2.36 -
2.00 2.6 g == £

Average Hopcoumt

2.00

50 75 100 125
Number of Nodes

@ Epidemic routing results in a highere hopcount as it floods packets, while MaxProp, PROPHETV2, and Spray and
Wait maintain low average hopcounts.

Figure 9. Average hop count based on the number of nodes
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4.2. Discussion

The comparative evaluation reveals substantial differences in routing behavior among epidemic,
PRoOPHETV2, spray and wait, and MaxProp under Makassar’s heterogeneous smart environment scenario, as
shown in Table 3. Based on the comparative results, epidemic routing is unsuitable for dense urban smart
environments because excessive replication produces extremely high overhead and energy consumption.
Although flooding mechanisms may increase redundancy in severely disconnected environments, they
become inefficient in heterogeneous urban mobility scenarios.

PROPHETvV2 demonstrates balanced performance and stable communication behavior. Its
probabilistic forwarding mechanism performs reasonably well in environments with semi-regular mobility
patterns, although its delivery ratio remains below MaxProp and spray and wait. Spray and wait emerges as
the most resource-efficient routing protocol. The protocol achieves low latency, low overhead, low hop
count, and minimum energy consumption while maintaining high delivery performance. These characteristics
make spray and wait highly suitable for loT-based smart environment deployment, where energy efficiency
and scalability are essential. MaxProp achieves the highest delivery ratio due to its prioritized forwarding and
buffer management strategy. However, this reliability comes at the cost of higher latency and moderate
energy usage. Therefore, MaxProp is more appropriate for applications prioritizing delivery reliability over
response speed.

Table 3. Comparison of several DTN protocols tested in this study

Metric

Epidemic

PROPHET

Spray and wait

MaxProp

Delivery ratio

Latency

Overhead ratio

Energy
consumption

Advantages

High (spreads messages to
all nodes)

Medium - high (depends on
the number of nodes)

Very high (due to excessive
message duplication)

Very high (due to frequent
message transmissions)

Very suitable for
emergency situations due to
high delivery probability

Medium-high (uses
encounter probability)

Medium (faster than
epidemic in regular
mobility)

Medium (more efficient
than epidemic)
Medium (still power-
consuming but better
than epidemic)
Efficient in regular
mobility conditions,
more energy-efficient
than epidemic

Medium (controls message
dissemination)

Low (messages are only sent
to limited nodes)

Low (message count is
controlled)

Low (fewer messages are
sent)

High efficiency in overhead
and energy consumption,
suitable for resource-limited
networks

Medium (uses
prioritized delivery
strategy)

High (selective in path
selection)

Medium (more stable
than epidemic)
Medium (minimizes
unnecessary
transmissions)

Uses a selective
forwarding strategy,
more stable in the long
run

Disadvantages Extremely resource-
intensive and high
overhead, unsuitable for

large-scale networks

Less optimal if node
mobility is irregular

Lower delivery ratio
compared to epidemic and
PROPHET

The results presented in Table 2 provide strong empirical evidence that controlled replication
strategies significantly outperform flooding-based mechanisms in terms of scalability, communication
efficiency, and energy sustainability. These findings are consistent with previous DTN studies [16], [22],
which reported that controlled forwarding mechanisms are more suitable for resource-constrained
environments. However, unlike previous studies conducted under generic or campus-scale DTN scenarios,
this study evaluates routing performance within a Makassar-specific heterogeneous mobility environment
combining pedestrians, vehicles, and smart environment communication nodes. Therefore, the findings
provide stronger contextual relevance for DTN deployment in emerging smart cities and urban loT
infrastructures in Southeast Asia.

The significance of this study lies in its ability to bridge DTN protocol evaluation with realistic
smart environment deployment scenarios. The proposed Makassar-based simulation model contributes a
practical framework for evaluating DTN routing performance under heterogeneous urban mobility
conditions. Furthermore, the inclusion of estimated energy consumption analysis provides additional insight
into communication sustainability, which is increasingly important for large-scale 10T and smart city
systems.

5. CONCLUSION

This study demonstrates that the selection of DTN routing protocols significantly influences
communication performance, scalability, and resource efficiency in smart environment deployment within
Makassar city. The comparative evaluation shows that spray and wait achieves the best overall efficiency by
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providing the lowest latency, overhead ratio, hop count, and estimated energy consumption while still
maintaining a high delivery ratio. These characteristics make spray and wait highly suitable for loT-based
smart environment applications that require energy-efficient and scalable communication. Meanwhile,
MaxProp achieves the highest delivery ratio, indicating superior reliability for message delivery in
heterogeneous mobility environments, although this advantage is accompanied by higher latency.
PRoPHETV2 provides relatively balanced and stable performance under semi-regular mobility conditions,
whereas epidemic routing generates excessive overhead and energy consumption due to uncontrolled
message replication, making it less suitable for dense urban deployments. The findings of this study provide
significant practical implications for the development of smart transportation, environmental monitoring,
disaster management, and urban loT systems in Makassar and other emerging smart cities with intermittent
connectivity challenges. In addition, this study contributes a Makassar-specific DTN simulation model that
integrates heterogeneous mobility patterns and energy consumption estimation. Future research may extend
this work through the development of hybrid DTN machine learning routing strategies, adaptive energy-
aware protocols, and real-world deployment validation to improve routing intelligence and communication
sustainability in smart city environments.
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