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Abstract:

The need for new strategies to manage roads and increase traffic efficiency intensified
as cities keep growing while traffic congestion increases. This investigation presents an
entire study of hybrid dynamic toll pricing systems that manage road congestion effectively
and maximizes revenue along with supporting urban environmental sustainability. Real-time
adaptation of toll rates emerges from the researcher's implementation of predictive traffic
models by Long Short-Term Memory (LSTM) networks together with Auto Regressive
Integrated Moving Average (ARIMA) as well as Prophet to support geo-clustering techniques
through DBSCAN. This system tailors toll rates to current traffic patterns alongside
predicted traffic conditions. Q-learning reinforcement learning serves in this model as an
automated system to establish optimal toll rate adjustments that maintain congestion
reduction performance together with revenue targets. The trial simulations demonstrate that
tow system produces multiple advantages such as better flow reduction combined with
revenue growth as well as environmental advantages through emission decreases. Subsidy
programs are suggested to support low-income passengers since the research evaluates the
system's social implications. The research enables policy and transportation planning
communities to create sustainability-based mobility guidelines through its provision of
applicable information regarding enhanced road resource optimization and urban
transportation systems.
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Introduction: deteriorates because urban growth occurs

The main urban challenge faced by rapidly yet infrastructure development
worldwide cities exists in the form of happens more slowly than vehicle number
Urban traffic congestion. The congestion expansion (Romero et al., 2020). Councils
situation in contemporary  cities dealing with multiple vehicles experience
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negative consequences through longer
waiting times and higher energy
consumption and elevated pollutant levels
and deteriorating air quality. Proper traffic
management systems need implementation
in cities to achieve sustainable mobility
because urgent solutions must handle
congestion problems.

Shahrier et al. (2024) suggest that
real-time adjustment of toll prices
according to traffic conditions leads to the
solution for traffic congestion reduction.
The conventional toll systems operate with
fixed rates whereas dynamic toll pricing
adjusts toll costs during traffic level
fluctuations or peak usage periods.
Dynamic toll rates enable proactive rate
adjustments through which peak hour
congestion is prevented to boost traffic
movement (Seng et al., 2023). Governing
bodies and toll operators attain their
highest revenue potential through dynamic
toll pricing because it uses increased toll
costs during periods of high congestion
and lowered toll fees during times of light
traffic (Phadke, 2015). A system of
dynamic toll barriers integrates happy
traffic outcomes and lower environmental
damage with maximum profitability.

Establishing dynamic toll pricing
systems requires absolute success for their
implementation. To determine ideal
pricing the system depends on accurate
predictions about future traffic levels along
with traffic behavior patterns. Traditional
methods of manually counting traffic fail
as an accurate prediction system to handle
current city traffic patterns. The complex
problem  requires  Predictive traffic
modeling to serve as its core solution
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method. Several prediction approaches
exist for traffic volume analysis using
AutoRegressive Integrated Moving
Average models and Prophet and Long
Short-Term  Memory networks which
require historical and present-time data.
Early toll rate adjustments emerge from
time-series  forecasting which enables
predictive models to perform short-term,
medium-term and long-term traffic trend
predictions. (Wang et al., 2023).

The recurrent neural network type
LSTM establishes exceptional detection
capacity  for identifying long-term
sequential patterns to become the standard
for traffic flow prediction (Yadav et al.,
2024). LSTM networks examine previous
traffic patterns for their use in creating
predictions about future traffic conditions.
The real-time adjustments to tolls become
possible at congestion critical points
through LSTM which ensures optimal
short-term  forecasting  performance.
Traffic  volume  prediction utilizing
historical data at Shi (2006) constitutes
ARIMA as its conventional time-series
forecasting method. The successful
application of ARIMA allows both short-
term and long-term traffic pattern
forecasting while identifying recurring
behavior patterns to optimize toll rate
adjustments.  Through its Facebook
platform  Prophet enables efficient
forecasting of long periods together with
tracking seasonal patterns and event-
driven changes in traffic volumes (Seng et
al., 2023). sayesinde agencies track
repetitive time periods daily, weekly and
yearly to adjust toll rates based on major
gatherings and festivities.
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Dynamic toll pricing systems will
achieve better efficiency when toll zones
are established according to traffic density
patterns alongside registered flow routes.
The current tolling method implements
uniform fees to every vehicle entering one
station without considering local traffic
volumes or congestion levels. DBSCAN
(Density-Based  Spatial Clustering of
Applications with Noise) functions as a
geo-clustering method that analyzes areas
with  comparable  traffic  densities
according to Shahrier et al. (2024). The
geo-clustering methodology recognizes
congested areas to establish dynamic toll
zones that adjust their rates based on
congestion status within each designated
area. Geo-clustering allows tolling systems
to become locally specific based on traffic
conditions which thus enhances both
traffic  management and toll rate
optimization (Wang et al., 2023).

Using predictive models and geo-
clustering alongside dynamic toll pricing
creates a novel solution which effectively
enhances urban transport systems. Real-
time traffic forecasting combines with
spatial toll control to allow appropriate toll
assessments that respond to traffic load
conditions and congestion state. Such
systems concurrently decrease traffic
blocks while delivering optimal income to
the toll operators while optimizing urban
infrastructure utilization. The prediction of
traffic congestion along with matching toll
rates aids in lowering fuel consumption
and emissions by stopping drivers from
wasting fuel during traffic jams (Seng et
al., 2023).
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Introducing dynamic toll pricing
systems faces several hurdles for
implementation.  The  system  faces
evaluation obstacles regarding data
aggregation while researchers struggle to
build precise prediction programs and need
solutions to balance financial and social
needs. Effective function of dynamic toll
systems strictly depends on continuous
real-time data from traffic sensors and
GPS systems and weather data feeds. The
implementation of tolls may have negative
consequences on commuters from lower-
income backgrounds. Higher toll rates
targeted at peak times will negatively
impact low-income individuals in a way
that undermines social equity as per Yadav
et al. (2024). Equitable toll pricing systems
must be established because they need to
balance economic realities of commuters
against their role in maintaining traffic
efficiency.

The key target of this research
entails developing a dynamic tolling
system infrastructure based on predictive
modeling  with  geo-clustering  and
reinforcement learning systems to enhance
traffic management. LSTM operates
alongside Prophet and ARIMA machine
learning algorithms to create a toll system
that helps predict traffic conditions and
regulate congestion and enhance rates for
maximum revenue generation. Research
findings will introduce toll rates managed
by geo-clustering methods that apply
congestion patterns across traffic zones to
perform toll systems better. This solution
integrates efficient measures to handle
traffic jams and improve toll operations
through a reliable framework.
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Literature Review:

The issue of urban traffic
congestion affects every metropolis across
the globe resulting in diminished economic
output and degraded public health and
environmental conditions.  Traditional
fixed tolling methods fail to manage
growing traffic congestion which results
from increasing urban population numbers
and raising vehicle traffic levels. Dynamic
toll pricing (DTP) has developed as an
effective remedy which lets authorities
monitor traffic flow more efficiently
alongside collecting tolls. The research
examines how predictions of traffic flow
analysis  through
reinforcement learning enhance modern
toll collection systems along with their
technological integration.

1. Dynamic Toll Pricing Systems:

The active state of traffic
conditions triggers toll price adjustment
based on dynamic toll  pricing
methodology. Toll pricing methods under
dynamic systems alter their costs
according to traffic density and daily
patterns and seasonal variations and
temporal conditions (Romero et al., 2020).
Dynamic toll systems function as traffic
management tools by increasing toll prices
during congested hours to redirect
travelers through alternate routes or
different instance of travel. The toll system
performs price reduction during low-
demand times to accomplish traffic
efficiency and maximize system capacity
utilization.

The global trend involves dynamic
toll pricing as an effective urban strategy

and  geo-cluster
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for maximizing road efficiency through

solutions targeting supply-demand

equilibrium and traffic-based problems.

The integration of smart technology which

connects dynamic toll systems with

crowdsource platforms and rideshare
programs promotes traffic optimization by
using real-time demand data according to

Seng et al. (2023). The current generation

of traffic management relies on IoT

technology along with Al and big data
analytics systems to execute instant traffic

flow adaptations. (Seng et al., 2023).

2. Predictive Traffic Models for

Dynamic Toll Pricing:

Predicting traffic volume and
congestion patterns is essential for
optimizing toll rates in a dynamic system.
Predictive traffic models help forecast
future traffic conditions based on historical
data and real-time inputs. Several models
have been employed to forecast traffic
flow, including Long Short-Term Memory
(LSTM) networks, AutoRegressive
Integrated Moving Average (ARIMA)
models, and Prophet.

e LSTM Networks: LSTM, a type of
recurrent neural network (RNN),
has been widely used in traffic
prediction due to its ability to capture
long-term dependencies in sequential
data (Yadav et al, 2024). LSTM
networks are particularly effective in
forecasting
conditions by learning from past
patterns and trends. Romero et al.
(2020) The researchers applied long
short-term memory networks to
predict brief traffic jams in suburban

short-term traffic

toll expressways which confirmed
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their predictive capabilities regarding
variable toll rate settings. LSTM
demonstrates high effectiveness in
managing substantial time-series data
thus becoming an appropriate solution
for modern dynamic toll pricing
operations which demand continuous
real-time adjustments.

e ARIMA Models: The statistical
ARIMA serves as a popular model for
performing time-series forecasting
purposes (Shi, 2006). The model
shows reliable efficiency when
predicting traffic  volume data
throughout ~ medium-length  time
periods from one week to one day.
ARIMA functions by analyzing
historical traffic patterns to generate
future  value  predictions. The
researchers at Wang et al. (2023)
utilized ARIMA statistics to examine
expressway use patterns then use
predictions for toll adjustments.
ARIMA proved capable of effectively
forecasting  medium-range traffic
congestion which enabled
organizations to modifying toll rates
before high-traffic periods.

e Prophet Model: Facebook developed
Prophet as a model solution which
assists in predicting time-series data
that follows seasonal patterns. The
prediction capabilities of Prophet
extend to long-term traffic patterns
while monitoring yearly and daily
changes to predict season-driven
traffic surges during events and
holidays or public gatherings (Seng et
al., 2023). The dynamic toll pricing
system utilizes Prophet's forecasts
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about extended traffic patterns to
make suitable multivariable
adjustments in toll rates beforehand.
Shahrier et al. (2024) demonstrated
that Prophet technology excelled at
traffic condition predictions when
there were public holidays or major
events because it allowed toll systems
to prepare for unexpected traffic
increase.

e These predictive models need full
integration into dynamic toll pricing
systems to enable adjustments using
both short-term movement shifts and
established long-term patterns. By
employing LSTM with ARIMA and
Prophet models toll systems can
perform multi-horizon forecasting that
enables them to optimize their rates
through their current situation and
medium-term patterns and long-term
projections. (Romero et al., 2020).

Geo-Clustering and  Toll  Zone
Definition:

One of the challenges of dynamic
toll pricing is the need to define toll zones
based on traffic congestion. In traditional
tolling systems, toll rates are applied
uniformly across a region, regardless of
traffic conditions. However, in dynamic
systems, toll rates must vary according to
the level of congestion in different zones.

DBSCAN  represents a geo-
clustering  technique  that  allows
researchers to establish clusters from
traffic density and congestion levels
through Density-Based Spatial Clustering
of Applications with Noise (Shahrier et al.,
2024). The DBSCAN machine learning
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algorithm uses its clustering functionality
to organize between similar groups of
territory by placing each group into
distinct sections. Such implementation
generates dynamic toll zones because rates
are adjusted according to the specific
traffic conditions in each zone. Geo-
clustering produces more accurate and
equitable toll rates due to its ability to
generate traffic condition-aligned tolling
costs that operate at a local level (Seng et
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Under the toll rate system
congested high-density areas receive
higher fees while low-density trafficed
regions receive lower fees. The addition of
geo-clustering tools toll
management systems to create better
traffic control mechanisms that generate
higher profit rates between different traffic
regions while avoiding congested areas.
(Wang et al., 2023).

allows

al., 2023).

Table 1: Comparison of Literature study

Author(s) | Year | Research Focus | Methodology | Models/Techniques | Key Findings
Used
Romero 2020 | Demand Data analysis | None  (simulation- | Impact of toll
etal. management in | and simulation | based) highways on
suburban  areas | for  assessing travel choices and
with toll | demand congestion
highways management management
Seng et al. | 2023 | Ridesharing and | Literature Ridesharing, Integrating
crowdsourcing review, case | Crowdsourcing, ridesharing and
for smart cities studies Smart Cities | crowdsourcing
Technologies with tolling
systems improves
urban mobility
Shahrier | 2024 | Review of | Literature Toll collection | Comprehensive
et al. electronic toll | review and | systems (ETC) review on the
collection system evolution of toll
systems classification collection systems
Shi (J.) 2006 | Privatization and | Case  study, | Privatization Analysis of
toll road projects | literature strategies in  road | privatization
analysis sector forms in toll road
projects
Shi (S.) 2006 | Toll road | Conceptual Concessionaire Discussion on
privatization and | analysis involvement privatization
concessionaire forms and roles of
roles concessionaires in
toll road projects
Thomas 2007 | Value-added Case study and | Value-added services | Exploration of
J.) services in toll | conceptual in toll road | additional
road corridors analysis operations services in toll
road corridors to
improve
functionality
Valerie 2016 | Public-private Case studies, | PPPs (Public-Private | Role of PPPs in
(M.) partnerships  in | policy review | Partnerships) strengthening
toll road infrastructure and
development tolling systems
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Wang et | 2023 | Expressway Data analysis, | Toll gate data | Identification of
al. usage pattern | toll gate usage | analysis usage patterns to
analysis patterns inform toll rate
determination
Weisbrod | 2003 | Transportation Economic Economic  analysis | Transportation
& Gupta infrastructure analysis, case | tools infrastructure
impact on | studies significantly
economy impacts regional
economic
development
Yadav et | 2024 | Review on | Literature Automatic Toll | Overview of
al. automatic toll | review and | Collection Systems | ATCS and their
collection case study (ATCS) efficiency in toll
systems collection
Yong et | 2013 | Competitiveness | Survey-based Key competitiveness | Identification of
al. in the Hong Kong | study indicators competitiveness
construction indicators for
industry contractors in toll
road construction
Zhao et | 2022 | Earth observation | Literature Satellite data, Earth | Application  of
al. satellite data | review, observation satellite data in
applications satellite  data | techniques transportation
analysis research and
urban planning
PennDOT | 2018 | Tolling  system | Policy and | Toll road design | Guidelines for
design guidelines | design manual | principles designing
effective  tolling
systems and
infrastructure
Persad et | 2006 | Toll  collection | Case study, | Toll collection | Identification of
al. technology and | technology technologies best practices in
best practices analysis toll collection
systems
Phadke 2015 | Toll revenue | Case study and | National Highways | Analysis of toll
P.) trends in India data analysis Authority of India | revenue  trends
(NHAI) and NHAI
projects
Key Observations: collection systems and economic

e Models and Techniques:

Several

analyses presented in older studies.

studies, such as by Romero et al. .

(2020) and. In contrast, Seng et al.
(2023) and Shahrier et al. (2024)
apply technology integration with
focus on smart cities and electronic
tolling systems. Additionally, the
LSTM, ARIMA, and Prophet models
used in this study can be contrasted
like toll

with traditional methods

Focus Areas: Seng et al. (2023)
created research that unites dynamic
toll pricing systems with ridesharing
and crowdsourcing aspects to reach
modern research questions above
previous work  focusing on
infrastructure ~ development  and
economic analysis. Toll revenue
growth as a
economic development according to

exhibits result of
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the research by Weisbrod & Gupta
(2003).

e Economic Impact and Policy
Development: The author Valerie
(2016)  examines  Public-Private
Partnerships (PPPs) in toll road
development because these
partnerships determine toll system
financing options. Dynamic pricing
systems require the findings from Shi
(S.) (2006) and Yadav et al. (2024)
which analyze automatic toll system
privatization and efficiency elements.

e Technological Advancements: The
works by Shahrier et al. (2024) and
Zhao et al. (2022) confirm the
technological progress discussed in
this paper that includes geo-clustering
and predictive traffic modeling using
LSTM and ARIMA and Prophet
methods.

Conclusion:

The analysis investigates dynamic
toll pricing through research into
predictive models that combine LSTM and
ARIMA and Prophet to achieve maximum
revenue streams and improve traffic flow
by adjusting toll rates for congestion
reduction. The research group executed
validity tests that illustrated dynamic toll
pricing's superiority over fixed tolling
through performance
involving traffic forecasting and spatial

examinations

data clustering on current traffic data. The
research proves that using reinforcement
algorithms with machine learning needs
active implementation to achieve peak
operational performance levels through
specialized toll rate optimization. Flexible
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tolling practices reveal that they create
tangible economic benefits and
environmental improvements together with
social advantages which create superior
sustainable transportation systems.
Through its findings the research delivers
fundamental procedures for future traffic
management development during smart
city deployments of dynamic toll
management systems.
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