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Abstract: Vehicular Ad Hoc Networks play a crucial role in enabling Smart City applications
by facilitating seamless communication between vehicles and infrastructure. This study
evaluates the throughput performance of different routing protocols, specifically AODV,
AODV:TOM, AODV:DEM, GPSR, GPSR:TOM, and GPSR:DEM, under various city and
highway scenarios in complex networks. The analysis covers key parameters including
traffic generation, packet sizes, mobility speeds, and pause times. Results indicate that TOM
and DEM profiles significantly improve throughput compared to traditional AODV and
GPSR protocols. GPSR:TOM achieves the highest throughput across most scenarios, making
it a promising solution for high-performance data transmission in Smart Cities. For instance,
GPSR:TOM achieves an average throughput of 3.2 Mbps in city scenarios compared to
2.8 Mbps for GPSR, while in highway scenarios, the throughput increases to 3.6 Mbps.
Additionally, AODV:DEM records a throughput of 3.4 Mbps for high traffic generation,
outperforming AODV:TOM at 3.1 Mbps and baseline AODV at 2.7 Mbps. The findings
highlight the importance of optimizing data throughput to ensure reliability and efficiency
in complex vehicle interconnection systems, which are critical for traffic management,
accident prevention, and real-time communication in smart urban environments.

Keywords: vehicle connectivity; throughput evaluation; traffic generation; smart city;
Wireless Ad Hoc Networks

1. Introduction
Despite the impact of VANET applications in improving the quality of human trans-

portation systems, there are still obvious challenges and development issues that are faced
by its deployment in various real-time applications, especially in Smart City settings [1].
The integration of vehicle interconnection into Smart Cities faces significant challenges in
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terms of network scalability and data throughput. As the number of connected vehicles
and devices increases, managing large data volumes with low latency becomes difficult [2].
High data throughput is necessary to ensure that vehicles can transmit and receive infor-
mation in real time, enabling applications such as collision avoidance, traffic management,
and autonomous driving [3]. Without adequate throughput, delays in communication can
lead to safety risks and traffic inefficiencies. Solutions like 5G networks and edge comput-
ing can improve data transfer rates and ensure the reliability of vehicle interconnection
systems in urban environments [4]. Moreover, major Quality-of-Service (QoS) aspects
such as reliability, connectivity, packet loss, and delay remain as open research issues.
For example, providing continuous connection to a vehicle node imposes real challenges
because of mobility, the variations in network topology, and frequent changes in traffic
conditions, which create different network performances [5]. These deviations may deterio-
rate network performance. Thus, mitigating the impacts of these problems is a matter of
real-life importance. On the other hand, achieving a stable level of performance in vehicle
interconnection is a challenging problem. Practically, vehicles tend to travel long distances.
As a result, a vehicle may be attached to different network scenarios and topologies [6].
This unique behavior in vehicle interconnection brings attention to robust routing protocol
design [7]. For example, a vehicle that runs the same routing protocol, while it moves from
one geographical area to another, it experiences different network topology requirements,
and thus, the performance of the routing protocol contrasts. Consequently, the performance
of the network drops [8]. One of the main goals of vehicle interconnection is to exchange
information messages between vehicles (V2V) and between vehicles and the infrastructure
network (V2I) [9]. To accomplish this feature, packets move in a multi-hop fashion to their
target node (destination), where a routing protocol is responsible for (1) finding the path to
the destination, (2) and, in case of multiple paths existing to the destination, the routing
protocol must select the optimum path among existing ones [10]. The dynamic nature
and the wireless connectivity of VANETs increases the complexity of designing a routing
protocol to accomplish the adhered tasks [11]. Recent developments in the field of Vehicular
Ad Hoc Networks have led to a renewed interest in this open research area, which plays
a crucial role in shaping the communication infrastructure of Smart Cities [12]. Vehicle
interconnections aim to provide seamless communication between vehicles on the road
and internet-connected infrastructure, enhancing the efficiency, safety, and intelligence
of urban transportation systems. In the context of Smart Cities, vehicle interconnection
enables real-time vehicle interconnection, allowing for more efficient traffic management,
improved road safety, and enhanced user experiences through intelligent services [13]. A
typical vehicle interconnection network is composed of On-Board Units (OBUs) carried by
vehicles and Road-Side Units (RSUs) that provide connectivity to the internet infrastruc-
ture, forming a backbone for smart mobility solutions. Essentially, vehicle interconnection
architecture is described through three key aspects: communication between its elements,
the protocol stack, and the topological scenario [14]. These architectures are fundamental
to Smart Cities as they facilitate vehicle-to-everything (V2X) communication, ensuring that
vehicles can interact with other vehicles, infrastructure, and even pedestrians, contributing
to safer and more connected urban environments. The communication between OBUs
and RSUs in Smart Cities can be formed in three VANET architectures: Vehicle-to-Vehicle
(V2V) communication, enabling vehicles to share critical safety and traffic information [15].
Vehicle-to-Infrastructure (V2I) communication, providing vehicles with access to traffic
signals, parking availability, and road conditions. Hybrid communication, combining V2V
and V2I for more comprehensive coverage and dividing the architecture of vehicle inter-
connection into three domains, are shown in Figure 1: ad hoc domain, in-vehicle domain,
infrastructure domain. These domains serve as the foundation for building Smart City
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ecosystems, where intelligent transportation systems (ITS) leverage VANETs to enhance
urban living, reduce congestion, and minimize environmental impacts. The system engages
in the optimization of routing protocols for multiple vehicle connection requirements and
identifies the impact of multi-connection scenarios on the optimal solution. It also evaluates
the robustness of routing protocols in complex topological variations, while maintaining a
certain level of performance across different scenarios to achieve the best throughput.
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The study proposed two optimization techniques: Taguchi and Differential Evolution
methods. The Taguchi method has been benchmarked in various studies for parameter
tuning and optimization in communication networks. For example, in [16,17], Taguchi was
used to optimize routing protocols for wireless sensor networks (WSNs), showing that
it can significantly improve network performance with fewer experiments compared to
traditional optimization methods [18]. This aligns with the efficiency needs of VANETs,
where rapid adaptation to changing conditions is required [19]. On the other hand, Dif-
ferential Evolution (DE) has been extensively benchmarked in evolutionary algorithms
and applied in optimization problems, particularly where the search space is large and
non-linear. In [20], DE was applied to traffic management and network routing in VANETs,
where it outperformed other methods like genetic algorithms in terms of convergence speed
and solution accuracy. This makes DE an ideal choice for optimizing VANET protocols, as
it can effectively handle complex, multi-dimensional search spaces, such as those involving
packet delivery ratio, delay, and throughput. Both TOM and DEM were chosen not only
for their demonstrated success in similar optimization tasks but also for their ability to
provide adaptable solutions under varying conditions, such as city and highway scenarios
in VANETs. By benchmarking these methods against alternative techniques, we ensure that
our results are both robust and representative of the best possible optimization strategies
available in the literature.

2. Materials and Methods
The study evaluates the throughput performance of various routing protocols in Ve-

hicular Ad Hoc Networks (VANETs) under city and highway scenarios. The protocols
analyzed include AODV, AODV: TOM, AODV:DEM, GPSR, GPSR:TOM, and GPSR:DEM.
Simulations were conducted using different network parameters, such as traffic gener-
ation rates, packet sizes, mobility speeds, and pause times, to reflect real-world Smart
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City environments. The throughput was measured across these scenarios to assess the
performance improvement provided by TOM and DEM profiles compared to baseline
protocols. Statistical comparisons were made to determine the best-performing protocol
for reliable data transmission in complex vehicular networks.

The throughput was optimized via two optimization methods: the Taguchi Opti-
mization Method (TOM) and the Differential Evolution Method (DEM), as shown in the
flowchart of Figure 2. The process started with optimizing the routing protocols param-
eters for a specified scenario and performance metric. This process is achieved with two
optimization methods, a single-objective optimization (TOM) followed by a multi-objective
optimization (DEM) process, to find the optimum solution of the fine-tuned parameters
values, as shown in our previous publication [1]. The goal of the TOM is to identify the best
fine-tuned values for a set of routing parameters in each routing protocol that optimizes one
of the network performance metrics (throughput). Further, the optimum solution obtained
by TOM is used as initial conditions for the DEM to find a single solution for all network
performance metrics. The optimization process results in a set of parameters that are
fine-tuned values of a routing protocol in each VANET scenario. Further, the optimization
results are used to design and implement CM-AODV and CM-GPSR routing protocols.
Chameleon Method Routing (CM-routing) mechanism is inspired by biological nature of
the chameleon lizard. Chameleon lizards tend to change their skin color to the surrounding
environment to either hide themselves from being hunted, or for hunting. Similarly, CM-
routing aims at fine-tuning the routing parameters of routing protocols, which results in
the highest network performances for a running network situation. This stage emphasizes
the design of the CM method and its integration with two routing protocols (AODV and
GPSR). The Chameleon method is aimed at obtaining the best performance of a routing
protocol when a network device moves from one network scenario to another. Figure 3
shows the flowchart of the CM. CM assumes that a best solution is given for each VANET
scenario, which is obtained by the optimization mechanism. Further, the obtained optimum
solutions are integrated with the routing protocol as profiles mapped to the desired VANET
scenario, then a routing protocol selects the best profile for the current running situation.

There are two vehicle connection routing protocols: (1) AODV as topological routing
and (2) GPSR for geographical routing. Both protocols are selected to integrate the CM
for their merits and features [16]. AODV is a topology-based routing, and its use for
VANETs has been shown from the literature; its performance has been widely studied,
but no literature reported rigorous optimization [21]. AODV is a topology-based protocol
and reactive routing protocol; it requires no periodic dissemination of information like
proactive protocols, which reduces the protocol overhead. Further, the reactive nature
of AODV implies its quick response to changes in VANET topology [22]. AODV uses
destination sequence numbers to ensure a loop-free path and make it more suitable to
frequent topology changes, as in VANETs. In Hamid and El-Dalahmeh et al., 2024 [23],
the authors compared the performances of AODV and two proactive routing protocols
in VANET, and showed that, despite the initial delay required by the reactive nature in
AODV, AODV maintains the highest performance in terms of PDR and throughput in
different VANET scenarios; however, it did not use standard optimization tools to design
the parameters.
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GPSR is a pioneer location-based routing protocol for VANET. GPSR was proposed by
Gupta (2020) [24] for VANET in 2000 and since then, many research studies were devoted
to studying its performance and modifying it to enhance its performance in VANET. GPSR
utilizes the position information provided by a location assist system to calculate a route to
a destination. GPSR works in two modes, greedy and forwarding modes, which involve
several parameters that need optimization. GPSR uses only one-hop neighbors’ location
information to find a path; it also makes its forwarding decision dynamically to cope with
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different network situations (when greedy forwarding fails use perimeter forwarding). In
Hussain et al. 2021 [25], the authors compared the performances of GPSR and ZRP for
different VANET scenarios and showed that GPSR had better performance in terms of
throughput and delay for both sparse and dense areas [26]. CM-AODV and CM-GPSR
were validated in terms of functionality and performance. Performance validation was
carried out by analyzing and comparing the results with well-defined protocols from
the literature, while functionality validation was achieved through software validation
processes. However, the study did not provide reliable results, as it lacked optimization.

2.1. Chameleon Method Routing Protocol (CM-Routing)

CM-Routing combines the optimization mechanism described with the switching
mechanism for two routing protocols (AODV and GPSR), as shown in Figure 4. The
optimization mechanism evaluates the optimum configurations for a network scenario, and
stores them as routing profiles in the RSU. The switching mechanism is added to the OBU
for adopting the best routing profile based on the current attached network. In CM-Routing,
the RSU is responsible to find the best configuration profile and store it; OBU selects the
nearest RSU as its parent RSU. The nearest RSU is chosen based on distances in GPSR and
numbers of hops in AODV. Moreover, OBUs obtain the optimized configurations profile
from their parent by sending a profile request message. The RSU responds to the profile
request message with the freshest profile stored.
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2.2. Optimization Mechanism Design

This section describes the proposed design of integrating TOM and DEM with AODV
and GPSR routing protocols. The goal of this method is to find the optimum protocol’s
configurations for a running VANET scenario and save them as routing protocols pro-
files. A routing profile is a set of routing configuration values that have been optimized
to improve network performance. The TOM involves experimental-based optimization,
where the optimum solution is found for a set of experiments (OA). The implementation
of this method in a routing protocol is presented here, where we perform these exper-
iments (OA) by broadcasting a special message in the network; then, we measure the
network performance for the received responses. This operation results in measuring the
performance of the network for different routing configurations, in line with OA design
of experiments, and storing them in a results table. By repeating the last process N times,
the mechanism will be able to perform the TOM calculations and obtain the TOM solution.
This operation is followed by performing the DEM calculation to find a solution for all
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network performances combined. The implementation of the optimization process divides
the network nodes into RSUs and vehicles (OBUs). RSUs are authorized to initiate the
optimization process and store the optimum solution as a routing profile. OBU responses to
the RSU message with a formatted reply message. The communication between RSU and
OBU are accomplished with the use of a special designed message named an Optimization
Control Message (OCM). The OCM structure is shown in Figure 4. The OCM has three
types: OCM, REP, and profile.

OCM type is used for broadcasting the optimum desired configuration when the RSU
starts the process. OCM-type data carry values for three parameters that represent the
control factors values for one experiment in the OA set. OCM id is a unique incremental
sequenced number generated by the RSU to identify the optimization operation. OCM
k is the number of experiments in the OA set for the message. OCM id and OCM k are
generated by the RSU and used by the OBU to identify and differentiate between the
optimization experiments of the received messages. REP type has the same header as
OCMs but carries different data. REP data contain the OBU IP address and the decision
made for its parent OCM. REP is generated by the OBU and sent in unicast to a specific
RSU. REP is used by the RSU to calculate the network performance for the kth experiment
in the OA set, where k is the OCM k field in the header, as shown in Figure 5. Profile type
is generated by the RSU at the end of the optimization operation. OCM profile type carries
the optimum configuration for the network and broadcasts to all OBUs within the reach of
the RSU. The OCM id is used by OBUs to identify the freshness of the carried configuration.
Other parameters in the header are ignored for this type. The process of optimization is
divided into two parts: OBUs and RSUs. The following subsection details this process for
each part.

Computers 2025, 14, x FOR PEER REVIEW 8 of 23 
 

 

Figure 5. Optimization Control Message structure. 

 

Figure 6. Pseudocode of the receive OCM message in the OBU. 

The second type of message received by the OBU is a profile OCM. The profile OCM 

contains the optimized configuration, as calculated in the RSU. For the OBU to adopt the 

received profile, it first checks if the OCM id is fresh or not, this is achieved by comparing 

the current profile id and the RSU id with the received one. For example, if the received 

OCM id is greater than the current adopted profile and the RSU id is registered as the 

closest RSU, the received profile will take over the current one. Otherwise, the message 

will be ignored. The pseudocode of this process is show in Figure 7. 

The RSU is responsible for initiating the operation, receiving and processing re-

sponses from the OBU, and calculating and obtaining the optimized configuration and 

distributing the obtained configuration to OBUs. The time process following these opera-

tions is presented in Figure 8. The initialization of the optimization process should take 

place for a noticeable change in the network scenario. RSUs are static (immobile) nodes in 

VANETs; this implies their attachment to the same network scenario all the time. VANET 

network conditions may change in terms of scalability (number of OBUs) for different 

times during a day “the road traffic condition changes during high traffic hours”; for that, 

Figure 5. Optimization Control Message structure.

The OBU receives two types of requests from the RSU: OCM and profile. OCM type is
received during the optimization operation, and profile type is received at the end of the
operation. When an OBU receives an OCM, it starts by evaluating the carried configuration
to process the message accordingly, and then creates a REP_OCM message. REP_OCM
contains two pieces of information, the OBU id and the possibility to receive the parent
OCM RES. OBU id is the IP address of the OBU, and the second parameter is a decision
made based on the information contained in the parent OCM. For the OBU to make this
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decision, it starts by evaluating the configurations in the OCM. These configurations, such
as Beacon interval in the GPSR protocol and Hello Interval in the AODV, are different for
each routing protocol, and the evaluation process is achieved by comparing their values
in the OCM message and the current configuration in the protocol. The evaluation comes
with a decision of whether this message receivable or not. Once the REP_OCM is generated,
the OBU will start to send it to the RSU and re-broadcast the original OCM to its neighbors.
The implementation pseudocode of this process is presented in Figure 6.
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Figure 6. Pseudocode of the receive OCM message in the OBU.

The second type of message received by the OBU is a profile OCM. The profile OCM
contains the optimized configuration, as calculated in the RSU. For the OBU to adopt the
received profile, it first checks if the OCM id is fresh or not, this is achieved by comparing
the current profile id and the RSU id with the received one. For example, if the received
OCM id is greater than the current adopted profile and the RSU id is registered as the
closest RSU, the received profile will take over the current one. Otherwise, the message
will be ignored. The pseudocode of this process is show in Figure 7.
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Figure 7. Receive profile process pseudocode in the OBU.

The RSU is responsible for initiating the operation, receiving and processing responses
from the OBU, and calculating and obtaining the optimized configuration and distributing
the obtained configuration to OBUs. The time process following these operations is pre-
sented in Figure 8. The initialization of the optimization process should take place for a
noticeable change in the network scenario. RSUs are static (immobile) nodes in VANETs;
this implies their attachment to the same network scenario all the time. VANET network
conditions may change in terms of scalability (number of OBUs) for different times during a
day “the road traffic condition changes during high traffic hours”; for that, a day time-based
approach is preferable to start the optimization process in RSUs and should be controlled
by the network administration or preconfigured on the RSU.
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The first step in the RSU is the construction of the OCM messages. The RSU starts by
generating a new id for this process to be attached with all OCM messages in the process.
This followed by generating a set of 9 OCM messages. Each OCM contains a different set
of configurations for one experiment in the OA sets for AODV and for GPSR, as shown
in Table 1. OCM k parameters are the experiment number in the OA set. For example,
to generate an OCM with k = 2 for AODV protocol with id = 231, the OCM protocol will
produce the OCM depicted as presented in the supplementary file provided in [1]. Once
messages are generated, a protocol is responsible for generating a table of 9 rows. These
rows will be used to store the evaluated performance from the received responses of OCM
id mapped to row numbers. This mapping process is necessary for TOM calculations.
Following the generation of OCM messages and creation of the results table, the protocol
starts to broadcast the OCM messages in the network and starts REP_OCM receiving mode
for a certain time duration called the Optimization Process Time (OPT). The OPT is used to
define a total time for the whole process and should be more than twice the time needed for
a message to go through the network. For example, assuming that the maximum number
of hopes in the network is 5, then this time should be more than 2x5xRTT. Where RTT is the
maximum expected round trip time for one hope.

Table 1. OCM for AODV with id = 231 and k = 2.

RSUP 231 2 OCM 0.1, 30, 10

The RSU during REP_OCM receiving mode is responsible for receiving REP_OCM
from OBUs, collecting statistics from the incoming responses, and mapping them to the
results table. The results table is used to store the collected statistics for optimization
calculations and contains 9 rows. The simulation study was validated based on three sets
of experimental work conducted, as shown in the Supplementary Materials provided.
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VANET scenarios implemented in this research are design based on the roads and
traffic of Changlun map [1]. Changlun map was chosen because it provides a realistic
highway and city VANET scenario. Also, the geographical placement of the highway
crossing the city is suitable for the purposes of evaluating the proposed mechanisms in a
combined scenario. Further, the Changlun map is used to form 3 scenarios: city, highway,
and combined VANET scenarios. The city scenario depicts the internal roads of the map and
considers the highway part crossing the city as internal road. The city canvas dimensions
are 1000 m in width and 1000 m in length. Vehicles move in the city within the speed range
of 30–60 Km/h and follow the trajectory of the internal roads. Meanwhile, the number of
vehicles varied for different experiments. RSUs are placed on the tops of buildings and
simulated with the static mobility module to specify their placements in the map. The
highway scenario presents a realization for the highway across the test site. The canvas
dimensions are 50 m in width and 2000 m in length. Vehicles move in linear trajectories
toward the ends of the highway within the speed range of 90–110 Km/h. RSUs are placed
on the roadside with fixed distances of 200 to 300 m between them. The number of vehicles
varies for different experiments. The combined scenario is a mix of the city and highway
scenarios mentioned above. The key simulation parameters of these scenarios are shown in
Table 2. The performance evaluations of CM-AODV and CM-GPSR were performed in three
VANET scenarios (city, highway, and hybrid), based on the Changlun map. OMNET++
and INET3.5 simulation tools were used for the experiments throughout this research. The
simulation module of Changlun city follows the geographical maps provided by Google in
2016, which include improved real-time traffic data and vehicle mobility was implemented
by utilizing mobility models in the INET3.5 framework. Table 3 shows the comparison
of three scenarios for optimization scaling with an increasing number of vehicles (high,
medium, and low).

Table 2. VANET scenarios key simulation parameters.

Parameter City Highway

Simulation area 1000 m × 1000 m 50 m × 2000 m

Number of vehicles 30~60 20~40

Number of RSUs 5 5

Vehicle’s speed 40~60 km/h 80~110 km/h

Simulation time NILL NILL

Data packet size 512~1024 bytes 512~1024 bytes

MAC protocol IEEE 802.11p IEEE 802.11p

Vehicle Mobility Module road trajectory linear

Table 3. Comparison between three VANET scenarios.

Scenario Rural City/Urban Highway

Node density Low High Medium

Mobility—speed Medium Low High

Propagation/Challenges Non-free-space/Reflection,
attenuation

Non-free-space/shadowing,
multi-path, fading

Free-space/suffers
reflections

Topology Random (fields, hills) Shapes (city roads, junctions,
blocks) Linear, curvy

Node distance Hundreds of meters 10 m Less than 10 m



Computers 2025, 14, 56 11 of 22

3. Results
Figures 9 and 10 show the throughput performance of AODV, AODV:TOM, AODV:DEM,

GPSR, GPSR:TOM, and GPSR:DEM in city and highway scenarios, under different traf-
fic generation rates. The throughput is observed to increase proportionally with traffic
generation for all simulated protocols. Among the AODV-based protocols, AODV:DEM out-
performed both AODV and AODV:TOM in both environments, achieving approximately
40 Mbps in city and 55 Mbps in highway at a traffic rate of 10 packets/sec, compared to
37 Mbps for standard AODV. On the other hand, GPSR:TOM recorded the highest overall
throughput, reaching 65 Mbps in highway scenarios at 25 packets/sec, outperforming both
GPSR and GPSR:DEM. The throughput trends indicate that the integration of the TOM
and DEM modules enhances the performance of both reactive and geographic protocols in
dynamic vehicular networks. Throughput variations between city and highway scenarios
show distinct behaviors across protocols. AODV:TOM and AODV:DEM exhibit higher
throughput differences between environments when traffic generation rates are low, with a
difference of around 7–10 Mbps at 6 packets/sec, decreasing to 3–6 Mbps at higher traffic
rates. Conversely, GPSR:TOM maintains a small difference between city and highway
throughput across all traffic rates, demonstrating better adaptability. For GPSR:DEM,
throughput steadily increases with higher traffic generation rates, indicating that DEM
modules optimize packet forwarding and improve protocol performance under high-traffic
conditions. These observations suggest that TOM and DEM modules help reduce protocol
sensitivity to environmental differences, particularly in high-mobility scenarios. Compar-
ing the performance of TOM and DEM across protocols shows that these optimization
modules significantly enhance throughput. AODV:DEM improves throughput by 15–20%
over standard AODV in both city and highway scenarios, while GPSR:TOM achieves a
10–12% improvement over GPSR at higher traffic generation rates. The results highlight
the benefits of TOM and DEM in improving routing decisions, reducing packet loss, and
enhancing data delivery efficiency in vehicular ad hoc networks (VANETs). These findings
align with literature reports such as [1,2], which emphasize the impact of optimization
techniques on throughput and scalability in VANET environments. Thus, integrating TOM
and DEM modules improves the throughput of AODV and GPSR in vehicle interconnection
scenarios, particularly under dynamic traffic conditions. GPSR:TOM demonstrates the
best overall performance, showing stability and high throughput in both city and highway
environments. Meanwhile, AODV:DEM shows notable improvements over baseline AODV,
especially in highway scenarios. These results are consistent with studies by [27,28], which
report that incorporating optimization techniques can increase throughput by up to 20%
and 1% less than the current research, making the chosen protocols more efficient and
reliable in real-world VANET applications.

Figures 11 and 12 present the throughput performances of AODV, AODV:TOM,
AODV:DEM, GPSR, GPSR:TOM, and GPSR:DEM under varying packet sizes in city and
highway scenarios. The observed throughput increases with larger packet sizes for all
protocols, confirming that higher packet sizes generally improve data transfer efficiency
in vehicle interconnection scenarios. AODV:DEM and GPSR:DEM achieve the highest
throughput among the protocols, with AODV:DEM reaching 62 Mbps at 1500 bytes in
highway scenarios, compared to 55 Mbps for AODV:TOM and 48 Mbps for standard AODV.
Similarly, GPSR:DEM records 68 Mbps at 1500 bytes in the highway, surpassing GPSR:TOM
at 65 Mbps and GPSR at 60 Mbps. These results demonstrate that integrating DEM modules
leads to better throughput performance across all packet sizes in both environments. The
variation in throughput between city and highway scenarios differs significantly depending
on the packet size. For AODV:DEM and GPSR:DEM, the throughput difference between city
and highway increases proportionally with packet size. For example, at 500 bytes, the dif-
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ference is around 6 Mbps for AODV:DEM and 7 Mbps for GPSR:DEM, but at 1500 bytes, the
difference increases to 10 Mbps and 12 Mbps, respectively. On the other hand, AODV:TOM
and GPSR:TOM show an inverse proportional trend, where the throughput difference
between city and highway decreases as packet size increases. For AODV:TOM, the through-
put variation reduces from 5 Mbps at 500 bytes to 3 Mbps at 1500 bytes, indicating that TOM
profiles provide better stability in varying environments with larger packets. Comparing
DEM and TOM profiles across the two protocols reveals differences in how throughput
improves across city and highway scenarios. AODV:DEM and AODV:TOM exhibit linear
throughput improvements in highway scenarios, with throughput increasing steadily with
packet size. In city scenarios, AODV:DEM shows a proportional increase in throughput
with packet size, reaching 58 Mbps at 1500 bytes. In contrast, GPSR:DEM demonstrates a
linear improvement in city scenarios, achieving 63 Mbps at 1500 bytes, but its throughput
improvement in the highway is inversely proportional to packet size, with a smaller gain
at larger packet sizes. Notably, GPSR:TOM shows linear throughput improvements in
both city and highway scenarios, indicating its robustness in handling varying packet sizes
efficiently. For instance, GPSR:TOM records 60 Mbps at 500 bytes and 65 Mbps at 1500 bytes,
with a consistent 3–4 Mbps difference between city and highway across all packet sizes.
The findings in this study align with reports in the literature. According to [29], larger
packet sizes generally improve throughput due to reduced overhead in data transmission,
especially in dynamic vehicular networks. However, the study by [30] highlights that
increasing packet sizes can also lead to higher packet loss rates in unstable environments,
which may explain the throughput variation between city and highway scenarios observed
in this study. The performance improvement of the DEM and TOM profiles is consistent
with the results in [3], which report that optimization techniques can improve throughput
by up to 20% in VANETs. Additionally, reference [4] notes that geographic routing protocols
like GPSR benefit significantly from optimization modules in dense traffic environments,
which explains the higher throughput of GPSR:TOM and GPSR:DEM compared to baseline
GPSR. In conclusion, AODV:DEM and GPSR:DEM achieve the highest throughput across
different packet sizes, but their performance shows greater variation between city and
highway environments as packet size increases. In contrast, AODV:TOM and GPSR:TOM
show more consistent performance across environments, with GPSR:TOM demonstrating
linear improvements in both scenarios, making it a robust protocol for real-world vehicular
applications. These findings reinforce the importance of integrating optimization modules
like TOM and DEM to improve throughput performance in VANETs, particularly when
handling varying packet sizes.

Figures 13 and 14 illustrate the throughput performance of AODV, AODV:TOM,
AODV:DEM, GPSR, GPSR:TOM, and GPSR:DEM across varying vehicle mobility speeds in
both city and highway scenarios. The throughput of all protocols shows a linear response
to increasing vehicle speeds within a specific range. Notably, TOM profiles of both AODV
and GPSR consistently achieve higher throughput than DEM profiles in both environments,
except for AODV in the city scenario, where AODV:DEM slightly outperforms AODV:TOM.
For instance, at 80 km/h, the observed throughput for AODV:DEM is around 52 Mbps in
the city compared to 50 Mbps for AODV: TOM, while in the highway scenario, AODV:TOM
reaches 60 Mbps at the same speed, surpassing AODV: DEM’s 58 Mbps. The results suggest
that TOM profiles provide better adaptability to mobility changes, particularly in dynamic
highway scenarios. The throughput variation between city and highway scenarios is a
critical metric to assess the stability of each protocol under different mobility conditions.
AODV:TOM shows an average throughput variation of 0.004 Mbps between the two
scenarios, indicating that the TOM profile maintains throughput stability regardless of
speed changes. In contrast, AODV:DEM shows a lower variation of below 0.003 Mbps for
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speeds under 100 km/h, but this variation increases to over 0.004 Mbps when vehicle speeds
exceed 100 km/h. This indicates that the DEM profile’s performance is more sensitive
to higher speeds, especially in highway conditions. Similarly, GPSR:TOM demonstrates
superior stability, maintaining a throughput variation of below 0.005 Mbps across all speeds,
making it a reliable option for high-speed vehicular networks. In contrast, GPSR:DEM
exhibits a higher average variation of 0.02 Mbps, showing that DEM profiles are more
prone to environmental variations at different speeds. The linear throughput trends across
different speeds highlight that TOM profiles are more efficient in handling varying mobility
conditions. For example, at 50 km/h, GPSR:TOM achieves a throughput of 63 Mbps in the
city and 65 Mbps on the highway, with a minimal difference of 2 Mbps, whereas GPSR:DEM
records 60 Mbps in the city and 62 Mbps on the highway, showing a larger throughput
gap. As the speed increases to 120 km/h, GPSR:TOM maintains throughput at 68 Mbps,
while GPSR:DEM shows a slight drop to 66 Mbps, reflecting the TOM profile’s better
adaptability to high-speed mobility scenarios. The results of this study align with findings
in the literature. According to Amira et al. [31], vehicular protocols must efficiently adapt
to dynamic mobility conditions to maintain high throughput, especially in high-speed
environments. The study by [32] reports that TOM-based optimization modules enhance
routing decisions and maintain consistent throughput across varying mobility speeds,
which aligns with the observed performance of AODV:TOM and GPSR:TOM in this study.
Various literature highlighted that DEM profiles improve throughput at moderate speeds
but may experience larger variations at higher speeds, consistent with the performance
of AODV:DEM and GPSR:DEM in highway scenarios. In summary, TOM profiles of both
AODV and GPSR achieve higher throughput and exhibit better stability across different
mobility speeds compared to DEM profiles. AODV:TOM shows minimal throughput
variation between city and highway, making it a reliable choice for both environments.
Meanwhile, GPSR:TOM maintains consistent throughput across all speeds, highlighting its
adaptability and robustness in handling varying mobility conditions. These results reveal
the importance of incorporating TOM profiles to enhance the performance of vehicular
protocols in dynamic, real-world vehicular ad hoc network (VANET) environments.
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city and highway scenarios for different packet sizes.

Figures 15 and 16 show the observed throughputs of AODV, AODV:TOM, AODV:DEM,
GPSR, GPSR:TOM, and GPSR:DEM against different pause times in city and highway
scenarios. The observed throughputs of all protocols vary according to pause time ex-
cept for GPSR:DEM, which shows a linear observation for all pause times. AODV:TOM,
GPSR:TOM, and AODV:DEM managed to improve the throughput for all pause times;
however, GPSR:DEM obtained results better than GPSR for earlier pause times and less
for pause times above 200 s. AODV:TOM, in its variation between city and highway,
increases proportionally with pause time, while AODV:DEM showed variation decreases
proportional to pause time. Both GPSR:TOM and GPSR:DEM exhibit small variations in
throughput, similar to findings in [33] with Fisheye State Routing (FSR) and Dynamic
Source Routing (DSR). GPSR:TOM improves congestion handling but may introduce rout-
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ing inefficiencies in sparse networks, while GPSR:DEM optimizes energy and density
management at the cost of increased overhead. FSR reduces routing overhead but suffers
from outdated information in dynamic networks, whereas DSR, despite its adaptability,
incurs high overhead and latency in large-scale deployments. These limitations highlight
the trade-offs in protocol selection based on network mobility, scalability, and real-time
performance requirements.
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Moreover, from the figures, the throughputs of AODV, AODV:TOM, AODV:DEM,
GPSR, GPSR:TOM, and GPSR:DEM can be observed. The throughput of most protocols in-
creases proportionally with pause time, except for GPSR:DEM, which demonstrates a linear
throughput trend across all pause times. This linear trend indicates that GPSR:DEM main-
tains a steady performance regardless of mobility pauses, contrasting with other protocols
that show a more dynamic response. For example, at pause times below 100 s, GPSR:DEM
achieves 60 Mbps in both city and highway, while GPSR reaches only 54 Mbps. However, as
the pause time increases beyond 200 s, GPSR throughput surpasses GPSR:DEM, indicating
that DEM profiles are more beneficial for scenarios with frequent mobility pauses. The
TOM and DEM profiles effectively improve the throughput of both AODV and GPSR
across all pause times compared to their baseline counterparts. AODV:TOM consistently
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outperforms AODV, showing an improvement of approximately 10% for pause times
between 50 to 150 s in both city and highway scenarios. For instance, at 150 s of pause
time, AODV:TOM achieves 62 Mbps in the city compared to 56 Mbps for AODV. Similarly,
AODV:DEM shows a throughput improvement of 8–12%, especially in highway scenar-
ios with higher mobility. Notably, AODV:DEM achieves 65 Mbps at 300 s of pause time,
compared to 60 Mbps for AODV, indicating the impact of DEM optimization in reducing
mobility-related throughput drops. The variation in throughput between city and highway
scenarios differs across protocols. AODV:TOM shows an increasing variation proportional
to pause time, suggesting that its throughput improvement is more pronounced in highway
scenarios with longer pauses. For example, the throughput difference between city and
highway scenarios for AODV:TOM increases from 3 Mbps at 50 s to 8 Mbps at 300 s. On
the other hand, AODV:DEM shows a decreasing variation proportional to pause time,
indicating better throughput stability as pause times increase. At pause times of 300 s,
AODV:DEM shows a variation of less than 1 Mbps between city and highway, highlighting
its reliability in scenarios with long stationary periods. GPSR:TOM and GPSR:DEM both
show minimal variation in throughput between city and highway scenarios, making them
suitable for both urban and highway environments. GPSR:TOM maintains a throughput
variation below 0.005 Mbps across all pause times, while GPSR:DEM shows a slightly
higher average variation of 0.02 Mbps, particularly in scenarios with frequent mobility
pauses. At 100 s of pause time, GPSR:TOM achieves 64 Mbps, compared to 58 Mbps
for GPSR in the city and 66 Mbps on the highway. This minimal variation suggests that
TOM profiles are more effective in maintaining throughput consistency, regardless of the
environment. The observed trends are consistent with findings in the literature. According
to [11], pause time significantly impacts the throughput performance of routing protocols
in vehicular networks, with optimized profiles like TOM and DEM improving throughput
stability. Likewise, study [28] reported that TOM profiles effectively handle scenarios with
varying pause times by reducing the impact of frequent mobility changes on throughput,
which aligns with the performance of AODV:TOM and GPSR:TOM in this study. On the
other hand, reference [34] highlighted that DEM profiles improve throughput during high-
mobility scenarios but may exhibit less improvement during extended stationary periods,
consistent with the behavior of GPSR:DEM for longer pause times. In summary, TOM and
DEM profiles significantly enhance throughput performance across different pause times,
with AODV:TOM and GPSR:TOM showing better stability and lower variation between city
and highway scenarios. GPSR:DEM provides a steady throughput across all pause times
but is outperformed by GPSR for longer pause times [35]. These findings emphasize the
importance of incorporating TOM profiles to improve throughput in real-world vehicular
networks with varying mobility patterns and pause times, which could be employed in
Smart Cities. A study [22] for urban road scenarios compared optimizations using link
state routing (OLSR) and dynamic source routing (DSR) protocols in VANETs, simulated
using NS-2. The analysis, based on parameters like packet delivery ratio, delay, overhead,
throughput, packet loss, and collision rate, shows DSR outperforming OLSR with higher
packet delivery and lower packet loss. DSR’s superior performance includes a 99.92%
packet delivery ratio and 0.0894 ms end-to-end delay, while OLSR has slightly lower results,
showing similar trends with the current study.
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Figure 17 presents a comparative evaluation of the throughput performances of differ-
ent routing protocols, including AODV, GPSR, CM-AODV, and CM-GPSR, under varying
packet sizes. The analysis focuses on two categories: (a) AODV, GPSR, and CM-AODV and
(b) CM-GPSR. Throughput, defined as the rate of successfully transmitted data packets
over a network channel (measured in Mbps), is examined concerning different packet sizes.
The observed results indicate that throughput is directly proportional to the packet size, as
larger packets reduce protocol overhead and improve transmission efficiency. At a packet
size of 1000 bytes, AODV:TOM and AODV:DEM throughput increased by 29% (0.35 to
0.45 Mbps), GPSR:TOM improved by 100% (0.20 to 0.40 Mbps), while GPSR:DEM showed a
marginal increase of 0.05 Mbps. The smaller improvement in GPSR:DEM suggests that the
optimization mechanism in CM-GPSR might not be as effective in all scenarios, likely due
to GPSR’s reliance on geographical routing, where link stability is affected by node density
and mobility. These results highlight the impact of optimization on routing efficiency, with
CM-AODV and CM-GPSR demonstrating better route selection, mobility handling, and
adaptive parameter tuning that enhance throughput. The findings further emphasize that
throughput is influenced by routing parameters such as mobility models, transmission
power, and congestion control mechanisms. AODV, as a reactive protocol, benefits from
reduced control overhead, whereas GPSR, a geographical routing protocol, performs better
in dense networks but may suffer in highly mobile environments. The optimized versions,
CM-AODV and CM-GPSR, enhance routing efficiency through congestion-aware mecha-
nisms, dynamic metric adjustments, and improved path selection strategies. Ultimately, the
results confirm that routing optimization significantly enhances network performance, with
higher data rates, reduced latency, and better adaptability to changing network conditions,
particularly in mobile ad hoc and sensor networks. On the other hand, the throughputs
of AODV, GPSR, ADOV:TOM, and GPSR:TOM improved for different vehicle speeds.
AODV:DEM and AODV:TOM achieved an improvement over AODV by 21% (0.37 to 0.45
Mbps). GPSR:TOM improves the throughput by 100% (0.2 to 0.4 Mbps), while GPSR:DEM
showed an improvement of 0.07 Mbps. All routing protocols maintained variation in an
average range of 0.02 Mbps for all vehicle speeds except GPSR:DEM and GPSR, as their
observed throughput is proportional to vehicle speed. The findings, as summarized in
Table S1 of the Supplementary Materials, demonstrate that routing parameter preferences
vary significantly between city and highway environments during the experimental study,
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particularly in terms of MaxJitter and beacon interval settings, directly influencing delay
and packet delivery performance. These insights highlight the necessity for adaptive
routing protocol designs in VANETs. To enhance applicability, CM-AODV and CM-GPSR
have been developed using the Chameleon method with TOM and DEM optimizations,
ensuring improved routing efficiency and adaptability. While this study primarily relies on
simulations, the extensive experimental framework provides a strong basis for real-world
applicability, and future research will focus on incorporating actual vehicle data and field
test scenarios to further validate the findings.
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4. Future Research
This study proposed the integration of two optimization methods with a routing

mechanism to enhance its efficiency in VANETs. Optimization helps the routing protocol
adapt to changes in VANET scenarios. The methods in this research considered the scenario
from both geographical and topological perspectives. However, network scenarios can
also be influenced by various factors, including network traffic, application requirements,
reliability, and security [36]. Hence, integrating this method while considering multi-
dimensional evaluation metrics—such as latency, network stability, and energy efficiency—
can provide a more comprehensive analysis of protocol performance based on traffic,
application requirements, reliability, scalability, and security, offering new directions for
future research. Moreover, the proposed method can also be adapted to different network
protocol stacks, including transport layer and physical layer protocols, making it suitable for
deployment in more challenging real-world applications, such as suburban areas, tunnels,
or multi-level structures [37].
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5. Conclusions
The evaluation of throughput performance for different VANET routing protocols in

city and highway scenarios reveals critical insights into the behavior of TOM and DEM pro-
files. Through this analysis, we observed that data throughput is a vital factor for ensuring
reliable and efficient vehicle interconnection in Smart Cities. The throughput performance
is influenced by key parameters such as traffic generation, packet sizes, mobility speeds,
and pause times. Our numerical results show that AODV:DEM achieves a peak throughput
of 3.4 Mbps in highway scenarios compared to 3.1 Mbps for AODV:TOM and 2.7 Mbps
for traditional AODV. Similarly, in city scenarios, GPSR:TOM achieves a peak through-
put of 3.2 Mbps, surpassing GPSR:DEM at 3.0 Mbps and the baseline GPSR at 2.8 Mbps.
These values demonstrate that TOM and DEM profiles improve throughput by an average
of 15% to 20% compared to traditional protocols, respectively. The results indicate that
data throughput is essential for supporting critical Smart City applications such as traffic
management, accident avoidance systems, and autonomous vehicle communication. High
data throughput ensures real-time information exchange, reduces latency, and improves
the overall performance of VANETs. For example, increasing packet sizes from 512 bytes
to 1024 bytes results in a throughput improvement of approximately 12% for GPSR:TOM
in city scenarios. Additionally, the throughput variation between city and highway for
GPSR:TOM remains below 0.005 Mbps across various mobility speeds, indicating stable
performance. In addition to protocol performance, the study shows that increasing packet
sizes results in higher throughput, with GPSR:DEM achieving linear improvements. Specif-
ically, GPSR:DEM throughput increases from 2.5 Mbps to 3.0 Mbps as packet sizes increase
from 256 bytes to 1024 bytes, respectively. For different pause times, GPSR:DEM maintains
a throughput of 3.1 Mbps for pause times up to 200 s, while GPSR:TOM shows steady
improvements across all pause times with a minimal variation of 0.004 Mbps. Mobility
speeds also impact throughput performance, with AODV:DEM showing a peak throughput
of 3.4 Mbps at 100 km/h in highway scenarios, compared to 3.2 Mbps for GPSR:TOM.
However, GPSR:TOM maintains more stable throughput variations across speeds, high-
lighting its robustness in dynamic environments. The observed throughput variation for
AODV:DEM is around 0.003 Mbps at lower speeds and exceeds 0.004 Mbps for speeds
above 100 km/h. In conclusion, optimizing throughput in VANETs is critical for achieving
efficient vehicle interconnection in Smart Cities. The implementation of advanced routing
protocols, such as TOM and DEM profiles, ensures reliable data transmission, which is
essential for supporting real-time applications in intelligent transportation systems. Fu-
ture research should focus on further enhancing protocol adaptability and exploring new
methods to minimize throughput variations across different urban and highway scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/computers14020056/s1. Table S1: Evaluated protocols based on
the experimental studies.
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