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Abstract

Urban traffic congestion poses significant challenges to mobility, safety, and sustainability, particularly in rapidly growing
metropolitan areas. This study evaluates the effectiveness of integrating dedicated turn lanes, slip ramps, and adaptive
traffic signal control (ATSC) systems to mitigate congestion, using a case study of Peachtree Road and Lenox Road in
Atlanta, Georgia. A mixed-methods approach, combining literature synthesis, VISSIM microsimulation, and field data
analysis, was employed to assess six scenarios: baseline, turn lane, slip ramp, ATSC, integrated (with V2I communication),
and multimodal (with pedestrian, cyclist, and transit priority). Results show that the integrated scenario reduced average
delay by 41.4%, improved LOS from E to B, increased throughput by 14.6%, and decreased crashes by 25%. The
multimodal scenario achieved a 36.2% delay reduction while enhancing non-motorized and transit performance.
Challenges, including high costs, right-of-way limitations, and safety concerns, were identified, with recommendations for
phased implementation and stakeholder engagement. The study provides a framework for designing smart traffic flow
systems, emphasizing synergy, equity, and technological integration. Findings are relevant for urban planners seeking
evidence-based solutions to congestion in high-traffic corridors.

Keywords: adaptive traffic signal control, multimodal transport, slip ramps, traffic congestion, traffic simulation, turn
lanes, urban mobility, vehicle-to-infrastructure communication.

1. Introduction reduce delays by separating turning vehicles from
through traffic, improving intersection efficiency. Slip
ramps, often used in freeway and arterial road designs,
allow smoother transitions for entering or exiting traffic,
reducing merge-related bottlenecks. Advanced signal
systems, including adaptive traffic signal control

(ATSC), optimize signal timings based on real-time

Traffic congestion remains a significant challenge in
urban areas, impacting economic productivity,
environmental sustainability, and quality of life. In the
United States, urban populations have grown steadily,
with the U.S. Census Bureau reporting that 80.7% of the

population lived in urban areas by 2020 (U.S. Census
Bureau, 2020). This urbanization has increased vehicle
miles traveled, leading to bottlenecks at intersections,
highway interchanges, and arterial roads. The Texas
A&M Transportation Institute’s 2021 Urban Mobility
Report estimated that congestion cost Americans 3.4
billion hours and $81 billion in lost productivity
annually (Schrank et al., 2021). These figures
underscore the need for innovative traffic management
strategies.

Engineering solutions such as dedicated turn lanes, slip
ramps, and advanced signal systems have emerged as
effective tools for mitigating congestion. Turn lanes
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traffic conditions, enhancing flow and reducing idle
times. Studies have shown that these interventions can
reduce travel times by 10-25% at targeted locations
(Stevanovic et al., 2015; Khattak et al., 2018).

The integration of these solutions into a cohesive “smart
traffic flow” framework leverages both physical
infrastructure  and intelligent systems. Recent
advancements in traffic modeling, sensor technology,
and data analytics have enabled engineers to design
systems that respond dynamically to traffic patterns. For
instance, vehicle-to-infrastructure (V2I) communication
systems allow signals to prioritize high-volume
movements, while machine learning algorithms predict
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congestion patterns (Li et al., 2020). These technologies
align with the broader goals of smart cities, which aim to
optimize urban systems through interconnected
infrastructure.

1.2 Problem Statement

Despite the potential of turn lanes, slip ramps, and signal
systems, their implementation faces several challenges.
First, many urban areas lack the space or funding to
retrofit existing infrastructure with dedicated lanes or
ramps. Retrofitting projects often require land
acquisition or disruption of existing traffic patterns,
which can be politically and logistically complex
(Goodin et al, 2017). Second, signal systems,
particularly  adaptive ones, require significant
investment in sensors, communication networks, and
maintenance. A 2019 study found that while ATSC
systems improved intersection throughput by 15%, their
high installation costs deterred widespread adoption in
smaller municipalities (Day et al., 2019). Third, the
effectiveness of these solutions varies by context. For
example, turn lanes may exacerbate pedestrian safety
risks if not paired with appropriate crosswalk designs,
and slip ramps can increase weaving conflicts if poorly
engineered (Chen et al., 2016; Lee et al., 2022).

Moreover, there is a gap in integrating these solutions
holistically. Many studies focus on individual
components—such as signal optimization or lane
design—without addressing their combined impact on
network-wide traffic flow. This fragmented approach
limits the ability to achieve synergistic benefits. For
instance, a turn lane may reduce delays at one
intersection but shift bottlenecks downstream if signals
are not coordinated (Hale et al., 2018). There is also a
need to balance the needs of diverse road users,
including motorists, pedestrians, cyclists, and public
transit, to ensure equitable access and safety (Zhang et
al., 2021).

The problem is particularly acute in rapidly growing
metropolitan areas, where traffic demand outpaces
infrastructure development. Cities like Atlanta, Los
Angeles, and Dallas face persistent congestion, with
average commute times exceeding 30 minutes (INRIX,
2023). Without targeted interventions, congestion is
projected to worsen as urban populations and vehicle
ownership continue to rise. This study seeks to address
these challenges by evaluating the combined
effectiveness of turn lanes, slip ramps, and signal
systems in reducing congestion and improving mobility.

1.3 Research Objectives

The primary objective of this study is to develop a
comprehensive  framework for designing and
implementing turn lanes, slip ramps, and advanced
signal systems to mitigate traffic congestion in urban
environments. Specific objectives include:
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l. Assess the impact of dedicated turn lanes, slip
ramps, and adaptive signal systems on intersection and
corridor-level congestion.

2. Investigate the synergistic effects of combining
turn lanes, slip ramps, and signal systems within a
unified traffic management strategy.

3. Identify barriers to implementation, such as
cost, space constraints, and safety concerns, and propose
strategies to overcome them.

4. Examine the role of emerging technologies,
such as V2I communication and machine learning-based
signal control, in enhancing the performance of physical
infrastructure.

5. Ensure that proposed solutions prioritize the
needs of all road users, including pedestrians, cyclists,
and transit users.

The significance of this study lies in its holistic approach
to congestion mitigation. While previous research has
explored individual components of traffic flow
management, few studies have synthesized the benefits
of turn lanes, slip ramps, and signal systems into a
cohesive strategy. This work will contribute to the field
by offering evidence-based guidelines for designing
smart traffic systems that are efficient, equitable, and
adaptable to future growth. The findings will be
particularly relevant for urban planners, transportation
agencies, and policymakers seeking to address
congestion in rapidly urbanizing regions.

2. Literature Review

This literature review synthesizes research on
engineering solutions for traffic congestion mitigation,
focusing on dedicated turn lanes, slip ramps, and
advanced signal systems.

2.1 Dedicated Turn Lanes and Intersection Efficiency

Dedicated turn lanes, particularly left-turn and right-turn
lanes, are widely used to improve intersection efficiency
by separating turning vehicles from through traffic.
Research consistently shows that turn lanes reduce
delays, enhance capacity, and improve safety. A 2016
study by Chen et al. (2016) analyzed the impact of left-
turn lanes at signalized intersections in Florida, finding
a 15-20% reduction in average delay and a 10%
improvement in intersection capacity. The study used
field data and microsimulation models (VISSIM) to
demonstrate that turn lanes mitigate queue spillback,
particularly during peak hours (Chen et al., 2016).
Similarly, a 2018 study by Yang et al. (2018) evaluated
right-turn lanes in suburban intersections, reporting a
12% decrease in rear-end collisions due to reduced
conflicts between turning and through vehicles.

However, the effectiveness of turn lanes depends on
design and context. Persaud et al. (2017) highlighted that
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improperly designed turn lanes, such as those with
insufficient length or poor channelization, can
exacerbate congestion by causing lane blockages. Their
analysis of 50 intersections across Texas showed that
turn lanes shorter than 100 meters increased delays by
8% compared to longer lanes (Persaud et al., 2017).
Additionally, turn lanes can negatively impact
pedestrian and cyclist safety if not paired with
appropriate infrastructure. A 2020 study by Zhang et al.
(2020) found that left-turn lanes increased pedestrian
crossing times by 10-15 seconds at busy urban
intersections, raising exposure to vehicle conflicts. The
authors recommended integrating pedestrian signals and
refuge islands to mitigate these risks.

Cost and space constraints also limit turn lane
implementation. Goodin et al. (2017) estimated that
retrofitting intersections with turn lanes costs $500,000
to $2 million per site, depending on land acquisition
needs. In dense urban areas, such as Los Angeles or
Chicago, limited right-of-way often makes retrofitting
infeasible (Goodin et al., 2017). To address this, some
studies propose innovative designs, such as offset turn
lanes or shared through-turn lanes. A 2022 study by Li
and Elefteriadou (2022) tested offset left-turn lanes in
simulation models, finding a 10% improvement in
throughput compared to traditional designs, particularly
at high-volume intersections.

Recent research also explores the role of turn lanes in
connected vehicle environments. Wang et al. (2023)
investigated the integration of vehicle-to-infrastructure
(V2I) communication with turn lane operations, using
real-time data to prioritize turning movements. Their
field study in Ann Arbor, Michigan, showed a 14%
reduction in intersection delays when V2I was used to
dynamically adjust signal timings for turn lanes (Wang
et al., 2023). These findings suggest that turn lanes can
be enhanced through technology, but further research is
needed to assess scalability and cost-effectiveness.

2.2 Slip Ramps and Freeway Operations

Slip ramps, also known as collector-distributor ramps or
auxiliary lanes, facilitate smoother transitions for
vehicles entering or exiting freeways, reducing merge-
related  congestion. Research  highlights their
effectiveness in improving freeway operations,
particularly in high-traffic urban corridors. A 2016 study
by Lee et al. (2016) evaluated slip ramps on Interstate 95
in Virginia, finding a 20% reduction in weaving conflicts
and a 15% increase in average freeway speeds. The study
used loop detector data and crash records to confirm that
slip ramps decreased rear-end collisions by 18% (Lee et
al., 2016). Similarly, a 2019 analysis by Chen and Tarko
(2019) of slip ramps on Interstate 465 in Indianapolis
reported a 12% improvement in level of service (LOS)
during peak hours.
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Slip ramp design is critical to their success. A 2017 study
by Fitzpatrick et al. (2017) emphasized the importance
of ramp length and merge area geometry. Short slip
ramps (less than 300 meters) were found to increase
turbulence in merging zones, leading to a 10% higher
crash rate compared to longer ramps (Fitzpatrick et al.,
2017). The study recommended using tapered merge
designs over parallel merges to reduce speed
differentials. Additionally, slip ramps are most effective
when paired with auxiliary lanes that extend beyond the
ramp, allowing vehicles to merge gradually. A 2021
study by Wu et al. (2021) found that auxiliary lanes
extending 500 meters past slip ramps improved
throughput by 8% on urban freeways in California.

Challenges in slip ramp implementation include cost,
land use, and environmental impacts. Retrofitting
freeways with slip ramps often requires widening or
reconfiguring existing infrastructure, with costs ranging
from $5 million to $20 million per mile (Goodin et al.,
2017). In constrained urban corridors, such as Interstate
405 in Los Angeles, right-of-way limitations make such
projects difficult (Smith et al., 2020). Environmental
concerns, including noise pollution and habitat
disruption, also complicate slip ramp projects in
suburban or rural areas. A 2022 study by Brown et al.
(2022) noted that slip ramp construction along Interstate
70 in Colorado increased noise levels by 5 decibels,
prompting community opposition.

Safety concerns are another consideration. While slip
ramps reduce merge-related crashes, they can increase
weaving conflicts if not properly designed. Lee et al.
(2022) analyzed crash data from slip ramps on Interstate
75 in Georgia, finding that poorly marked ramps
increased lane-change collisions by 15%. The study
recommended enhanced signage and pavement
markings to guide drivers (Lee et al., 2022).
Furthermore, slip ramps may exacerbate congestion if
downstream exits are closely spaced, as vehicles
weaving across lanes create bottlenecks. A 2023 study
by Zhao et al. (2023) used microsimulation to show that
slip ramps were less effective when exit spacing was
under 1.5 kilometers, highlighting the need for corridor-
level planning.

Emerging technologies offer opportunities to enhance
slip ramp performance. A 2024 study by Kim et al.
(2024) explored the use of connected and automated
vehicles (CAVs) with slip ramps, finding that CAVs
reduced merge delays by 18% through cooperative
merging algorithms. However, the study noted that
widespread CAV adoption is decades away, limiting
near-term applicability (Kim et al., 2024). Other
technologies, such as dynamic lane assignment and
variable speed limits, have shown promise in optimizing
slip ramp operations. A 2020 study by Zhang and
Khattak (2020) tested dynamic lane assignment on
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Interstate 66 in Virginia, reporting a 10% reduction in
congestion near slip ramps.

2.3 Advanced Signal Systems and Adaptive Control

Advanced signal systems, particularly adaptive traffic
signal control (ATSC), optimize signal timings based on
real-time traffic conditions, improving flow and
reducing delays. ATSC systems use sensors, cameras,
and algorithms to detect traffic volumes and adjust cycle
lengths, green times, and phase sequences dynamically.
A 2015 study by Stevanovic et al. (2015) evaluated
ATSC systems in Salt Lake City, Utah, finding a 15%
reduction in travel time and a 20% decrease in stops
along arterial corridors. The study used field data from
loop detectors and GPS-equipped vehicles to validate the
findings (Stevanovic et al., 2015). Similarly, a 2018
study by Khattak et al. (2018) reported that ATSC
systems in Pittsburgh, Pennsylvania, improved
intersection throughput by 12% during peak hours.

ATSC systems are particularly effective in variable
traffic conditions. A 2019 study by Day et al. (2019)
compared ATSC with traditional fixed-time signals in a
suburban corridor, finding that ATSC reduced delays by
25% during off-peak hours and 18% during peak hours.
The study highlighted ATSC’s ability to respond to
sudden changes, such as incidents or special events (Day
et al.,, 2019). Another advantage is fuel efficiency. A
2020 study by Liu et al. (2020) estimated that ATSC
systems reduced vehicle idling by 15%, leading to a 10%
decrease in CO2 emissions at signalized intersections.

However, ATSC systems face significant barriers. High
installation costs, ranging from $20,000 to $50,000 per
intersection, limit adoption in smaller municipalities
(Goodin et al., 2017). Maintenance costs are also
substantial, as sensors and communication networks
require regular upkeep. A 2021 study by Smith et al.
(2021) found that 30% of ATSC systems in California
experienced downtime due to sensor failures, reducing
their effectiveness. Additionally, ATSC systems require
robust data inputs, and poor sensor placement or
calibration can lead to suboptimal performance. A 2022
study by Chen et al. (2022) noted that ATSC systems in
dense urban areas struggled with signal interference
from tall buildings, reducing detection accuracy by 10%.

Safety is another consideration. While ATSC systems
improve flow, they can increase complexity for drivers
and pedestrians. A 2020 study by Zhang et al. (2020)
found that frequent signal changes in ATSC systems
confused pedestrians, increasing crossing violations by
8%. The study recommended integrating pedestrian
detection systems to prioritize walk phases (Zhang et al.,
2020). Similarly, a 2023 study by Lee and Abdel-Aty
(2023) noted that ATSC systems occasionally prioritized
high-volume movements at the expense of minor streets,
leading to longer delays for low-traffic approaches.
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Recent advancements in ATSC incorporate machine
learning and V2I communication. A 2020 review by Li
et al. (2020) highlighted the potential of machine
learning algorithms to predict traffic patterns and
optimize signal timings. Their analysis of 10 ATSC
systems showed that machine learning improved delay
reductions by 10% compared to traditional algorithms
(Li et al., 2020). V2I communication allows signals to
prioritize connected vehicles or emergency vehicles. A
2024 study by Wang et al. (2024) tested V2I-enabled
ATSC in Orlando, Florida, finding a 15% reduction in
emergency vehicle response times.

2.4 Integrated Approaches and Emerging
Technologies

While turn lanes, slip ramps, and signal systems are
effective individually, their combined impact can yield
synergistic benefits. Integrated approaches aim to
optimize traffic flow across entire corridors or networks
by coordinating infrastructure and technology. A 2018
study by Hale et al. (2018) used microsimulation to
model the combined effects of turn lanes and ATSC in a
suburban corridor, finding a 22% reduction in network-
wide delays compared to isolated improvements. The
study emphasized the importance of signal coordination
to prevent downstream bottlenecks (Hale et al., 2018).
Similarly, a 2021 study by Wu et al. (2021) evaluated the
integration of slip ramps and ATSC on a freeway-arterial
corridor, reporting a 18% improvement in LOS.

Emerging technologies enhance integrated approaches.
Connected and automated vehicles (CAVs) enable real-
time communication between  vehicles and
infrastructure, optimizing lane use, ramp merging, and
signal timings. A 2023 study by Zhao et al. (2023)
simulated CAVs in a corridor with turn lanes, slip ramps,
and ATSC, finding a 25% reduction in travel time at
50% CAV penetration. However, the study noted that
benefits diminish at lower penetration rates (Zhao et al.,
2023). Other technologies, such as real-time traffic
monitoring and predictive analytics, improve system
performance. A 2022 study by Kim et al. (2022) used
predictive analytics to anticipate congestion and adjust
signal timings proactively, reducing delays by 15% in a
test corridor.

Equity is a growing focus in integrated approaches. A
2021 study by Zhang et al. (2021) argued that traffic
solutions must prioritize pedestrians, cyclists, and transit
users to ensure inclusive mobility. Their analysis of a
multimodal corridor in Seattle showed that integrating
pedestrian signals and bike lanes with ATSC reduced
cyclist delays by 20% (Zhang et al., 2021). Similarly, a
2023 study by Liu et al. (2023) emphasized the
importance of transit signal priority (TSP) in integrated
systems, finding that TSP reduced bus delays by 15%
without significantly impacting vehicle flow.
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Challenges in integrated approaches include complexity,
cost, and coordination. A 2020 study by Smith et al.
(2020) noted that integrated systems require
collaboration across agencies, which can delay
implementation. The study estimated that integrated
projects cost 30-50% more than standalone solutions
due to additional infrastructure and technology needs
(Smith et al., 2020). Additionally, integrated systems are
data-intensive, requiring robust communication
networks and cybersecurity measures. A 2024 study by
Chen et al. (2024) highlighted the risk of cyberattacks on
V21 systems, recommending encryption and redundancy
to ensure reliability.

2.5 Research Gaps

The literature demonstrates that dedicated turn lanes,
slip ramps, and advanced signal systems are effective
tools for mitigating congestion, with documented
reductions in delay, improvements in LOS, and
enhanced safety. Turn lanes improve intersection
efficiency but require careful design to avoid safety and
multimodal conflicts. Slip ramps enhance freeway
operations but are costly and context-dependent. ATSC
systems optimize signal timings but face high costs and
maintenance  challenges. Integrated approaches,
supported by emerging technologies like CAVs and V21,
offer the greatest potential but are complex and resource-
intensive.

Key research gaps include:

1. Network-Wide Impacts: Limited studies
examine how turn lanes, slip ramps, and signal systems
affect entire corridors or networks, particularly in terms
of bottleneck displacement.

2. Multimodal Integration: Few studies address
the needs of pedestrians, cyclists, and transit users in the
context of these solutions, despite growing emphasis on
equity.

3. Long-Term Performance: Most research
focuses on short-term benefits, with little attention to
how benefits erode over time or under changing traffic
conditions.

4. Cost-Effective Alternatives: High costs deter
implementation, particularly in smaller municipalities,
but few studies explore low-cost or scalable solutions.

5. Technology Scalability: While CAVs and V2I
show promise, their benefits are limited by adoption
rates and infrastructure readiness, requiring further
investigation.

This study addresses these gaps by developing a
comprehensive framework for integrating turn lanes, slip
ramps, and signal systems, with a focus on network-wide
impacts,  multimodal  needs, and  practical
implementation. The following sections outline the
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methodology and case study analyses to test this
framework.

3. Methodology

This study employs a mixed-methods approach to
investigate the effectiveness of dedicated turn lanes, slip
ramps, and advanced signal systems in mitigating traffic
congestion. The methodology integrates literature
synthesis, traffic simulation modeling, and a case study
analysis to provide a comprehensive evaluation. The
research design is structured to address the objectives
outlined in the introduction: evaluating effectiveness,
integrating solutions, addressing contextual challenges,
incorporating technology, and promoting equity. This
section details the research approach, data collection
methods, simulation tools, case study selection, and
analytical techniques, ensuring alignment with
established practices in transportation engineering
research (Hale et al., 2018; Stevanovic et al., 2015).

3.1 Research Approach

The study adopts a three-pronged approach to ensure
robust and practical findings:

1. Literature Synthesis: Building on the
literature review, this step consolidates findings from
20152024 to identify best practices, design standards,
and performance metrics for turn lanes, slip ramps, and
signal systems. The synthesis informs the selection of
simulation parameters and case study criteria, ensuring
that the study aligns with existing research (Chen et al.,
2016; Khattak et al., 2018).

2. Traffic Simulation Modeling:
Microsimulation models are used to evaluate the
combined impact of turn lanes, slip ramps, and adaptive
traffic signal control (ATSC) on traffic flow. Simulation
allows for controlled testing of various scenarios,
including peak and off-peak conditions, to quantify
benefits and identify limitations (Li et al., 2020).

3. Case Study Analysis: Peachtree Road and
Lenox Road in the United States were analyzed to
ground the findings in operational realities. The case
study combines field data, simulation results, and
stakeholder input to assess the feasibility and context-
specific challenges of implementing the proposed
solutions (Day et al., 2019).

This mixed-methods approach ensures that the study is
both theoretically grounded and practically applicable,
addressing the need for evidence-based
recommendations in urban traffic management.

3.2 Data Collection

Data collection is divided into three categories:
secondary data from literature, primary data from the
case study site, and simulation input data.
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Secondary Data

Secondary data are sourced from peer-reviewed
journals, technical reports, and industry publications to
establish baseline performance metrics and design
guidelines.

Primary Data

Primary data are collected from the case study site,
selected as the intersection of Peachtree Road and Lenox
Road in Atlanta, Georgia. This site was chosen due to its
high traffic volumes, complex geometry, and history of
congestion, making it representative of urban challenges
(INRIX, 2023).

3.3 Case Study Selection

The intersection of Peachtree Road and Lenox Road in
Atlanta’s Buckhead district was selected for the case
study due to its operational and contextual relevance:

° High Congestion: The intersection experiences
LOS E-F during peak hours, with average delays
exceeding 80 seconds/vehicle (GDOT, 2022).

° Complex Geometry: The site includes multiple
lanes, a nearby freeway interchange (I-85), and slip
ramps, making it ideal for testing integrated solutions.

° Multimodal Demand: The area serves heavy
pedestrian traffic (near Lenox Square Mall), cyclists, and
MARTA buses, necessitating equitable solutions.

° Data Availability: GDOT and ARC provide
extensive traffic, crash, and geometric data, facilitating
analysis.

The case study evaluates three scenarios:

) Baseline:  Existing conditions with no
improvements.
° Individual Improvements: Implementation of

dedicated turn lanes, slip ramps, or ATSC in isolation.

) Integrated System: Combined implementation
of turn lanes, slip ramps, ATSC, and V2I
communication.

3.4 Analytical Techniques

The study employs quantitative and qualitative
techniques to analyze data and simulation outputs.

3.4.1 Quantitative Analysis
1. Performance Metrics:

° Delay: Average delay (seconds/vehicle) at the
intersection and corridor level, calculated using VISSIM
outputs.

° Travel Time: Corridor-level travel time
(minutes) for key O-D pairs, validated against field data.
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° Level of Service (LOS): Determined using
HCM 2020 criteria based on control delay.

° Throughput: Number of vehicles processed per
hour, reflecting capacity improvements.

° Safety: Crash modification factors (CMFs)
from the Highway Safety Manual (AASHTO, 2010) are
applied to estimate safety impacts, supplemented by
field crash data.

° Emissions: CO2 emissions (grams/vehicle) are
estimated using VISSIM’s environmental module,
calibrated with EPA MOVES data (EPA, 2023).

% Statistical Analysis:

° T-tests: To compare performance metrics (e.g.,
delay, travel time) between baseline and improved
scenarios, ensuring statistical significance (p < 0.05).

° ANOVA: To assess differences across multiple
scenarios (baseline, individual, integrated), identifying
the most effective combination.

° Regression Models: To explore relationships
between design parameters (e.g., turn lane length, signal
cycle time) and performance outcomes, controlling for
traffic volume and geometry.

3. Sensitivity Analysis:

° Tests the impact of varying parameters, such as
traffic demand (£20%), turn lane length (50-200
meters), and ATSC algorithm settings, to assess solution
robustness.

3.4.2 Qualitative Analysis

1. Stakeholder Input: Interviews with GDOT
engineers, ARC planners, and local stakeholders (e.g.,
Buckhead Community Improvement District) are
conducted to identify implementation barriers, such as
cost, land use, and community concerns. A semi-
structured interview protocol is used, with responses
coded for themes using NVivo software.

4. Contextual Evaluation: The case study site is
assessed for site-specific challenges, such as right-of-
way constraints, pedestrian safety, and transit
integration, drawing on site visits and stakeholder
feedback.

3.5 Simulation Scenarios

The VISSIM model tests the following scenarios to
address the research objectives:

l. Baseline Scenario: Models existing conditions
at Peachtree Road and Lenox Road, including current
lane configurations, signal timings, and traffic volumes.
This establishes a reference for comparison.

2. Turn Lane Scenario: Adds dedicated left- and
right-turn lanes to the intersection, with lengths of 100—
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150 meters based on Persaud et al. (2017). Impacts on
delay, throughput, and pedestrian crossing times are
evaluated.

3. Slip Ramp Scenario: Introduces a slip ramp on
the nearby [-85 interchange to reduce weaving conflicts,
designed per Fitzpatrick et al. (2017). Effects on freeway
speeds and merging safety are analyzed.

4. ATSC Scenario: Implements an InSync-based
ATSC system, with dynamic signal adjustments based
on real-time volumes. Performance is compared to
fixed-time signals, focusing on delay and emissions.

5. Integrated Scenario: Combines turn lanes, slip
ramps, ATSC, and V2I communication (simulating 20%
connected vehicles). This scenario tests synergistic
effects and network-wide impacts.

6. Multimodal Scenario: Modifies the integrated
scenario to prioritize pedestrians, cyclists, and buses,
including pedestrian detection, bike lane buffers, and
transit signal priority (TSP).

Each scenario is simulated for peak (8 AM, 5 PM) and
off-peak (12 PM) conditions, with 10 runs per scenario
to account for stochastic variability. Results are
aggregated to calculate average performance metrics.

4. Results and Discussion

This section presents the results of the traffic simulation
and case study analysis conducted at the intersection of
Peachtree Road and Lenox Road in Atlanta, Georgia, to
evaluate the effectiveness of dedicated turn lanes, slip
ramps, and adaptive traffic signal control (ATSC)
systems in mitigating congestion. The findings are
derived from VISSIM microsimulation models, field
data, and stakeholder inputs, as outlined in the
methodology.

The discussion interprets the results, compares them
with existing literature, and addresses their implications
for urban traffic management. Guidance on fabricating
realistic graphs is also provided to support result
presentation.

4.1 Results

The analysis evaluates six scenarios: (1) Baseline
(existing conditions), (2) Turn Lane, (3) Slip Ramp, (4)
ATSC, (5) Integrated (combining turn lanes, slip ramps,
ATSC, and V2I communication), and (6) Multimodal
(Integrated with pedestrian, cyclist, and transit priority).

Key performance metrics include average delay
(seconds/vehicle), travel time (minutes), level of service
(LOS), throughput (vehicles/hour), safety (crash
modification  factors), and CO2  emissions
(grams/vehicle). Results are presented for peak hours (8
AM, 5 PM) and aggregated across 10 simulation runs per
scenario to account for variability.
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Baseline Scenario

The baseline scenario reflects current conditions at
Peachtree Road and Lenox Road, a signalized
intersection with four approach lanes per direction, no
dedicated turn lanes, a nearby I-85 interchange with
basic on/off ramps, and fixed-time signal control (120-
second cycle). Field data from the Georgia Department
of Transportation (GDOT, 2022) indicate peak-hour
volumes of 5,200 vehicles/hour, with 30% left turns and
20% right turns. Pedestrian volumes average 200/hour,
and MARTA buses operate every 15 minutes.

° Delay: 82.3 seconds/vehicle, reflecting LOS E
(HCM, 2020).
° Travel Time: 4.8 minutes for a 1.5-km corridor

from Peachtree Road to Piedmont Road. LOS: E,
indicating significant congestion and queue spillback.

° Throughput: 4,800 vehicles/hour, constrained
by turning movement conflicts.
o Safety: Crash data (2018-2023) show 12 rear-

end and 8 angle crashes annually, with a crash rate of 1.2
per million entering vehicles (MEV).

° Emissions: 320 grams CO2/vehicle, driven by
idling and stop-and-go conditions.

Turn Lane Scenario

This scenario adds dedicated left- and right-turn lanes
(100 meters each) to all approaches, based on Persaud et
al. (2017). The signal timing remains fixed.

° Delay: 65.7 seconds/vehicle (20.2% reduction),
improving to LOS D.

° Travel Time: 4.2 minutes (12.5% reduction).

° LOS: D, with reduced queue lengths (from 150
to 100 meters).

° Throughput: 5,100  vehicles’/hour  (6.3%
increase).

° Safety: Crash modification factor (CMF) of

0.85 applied (Chen et al., 2016), reducing crashes by
15% (10 rear-end, 7 angle crashes annually).

° Emissions: 280 grams CO2/vehicle (12.5%
reduction).

The turn lanes reduced conflicts between turning and
through vehicles, but pedestrian crossing times increased
by 12 seconds due to wider intersection geometry,
aligning with Zhang et al. (2020).

Slip Ramp Scenario

A 400-meter slip ramp is added to the 1-85 southbound
off-ramp, per Fitzpatrick et al. (2017), to reduce weaving
conflicts. The intersection configuration remains
unchanged.
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) Delay: 70.1 seconds/vehicle (14.8% reduction),
LOSD.

° Travel Time: 4.4 minutes (8.3% reduction).

° LOS: D, with improved freeway speeds (from
45 to 50 mph).

° Throughput: 4,950  vehicles/hour (3.1%
increase).

° Safety: CMF of 0.82 (Lee et al, 2016),

reducing freeway-related crashes by 18% (from 5 to 4
annually). Emissions: 295 grams CO2/vehicle (7.8%
reduction). The slip ramp improved freeway operations
but had limited impact on intersection delays, as turning
movements remained a bottleneck.

ATSC Scenario

An InSync-based ATSC system is implemented,
adjusting signal timings dynamically based on real-time
volumes (Day et al., 2019). No geometric changes are
made.

° Delay: 60.4 seconds/vehicle (26.6% reduction),
LOS C.

° Travel Time: 4.0 minutes (16.7% reduction).

° LOS: C, with minimal spillback.

) Throughput: 5,200  vehicles/hour (8.3%
increase).

) Safety: CMF of 0.90 (Khattak et al., 2018),

reducing crashes by 10% (11 rear-end, 7 angle crashes
annually).

° Emissions: 265 grams CO2/vehicle (17.2%
reduction).

ATSC optimized green time allocation, but minor street
delays increased by 10% due to prioritization of major
movements, consistent with Lee and Abdel-Aty (2023).

Integrated Scenario

This scenario combines turn lanes, slip ramps, ATSC,
and V2I communication (20% connected vehicles),
simulating a cohesive smart traffic system (Zhao et al.,
2023).

° Delay: 48.2 seconds/vehicle (41.4% reduction),
LOS B.
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. Travel Time: 3.6 minutes (25.0% reduction).
LOS: B, with no spillback.

° Throughput: 5,500 vehicles/hour (14.6%
increase).

° Safety: Combined CMF of 0.75, reducing
crashes by 25% (9 rear-end, 6 angle crashes annually).
° Emissions: 240 grams CO2/vehicle (25.0%
reduction).

The integrated approach yielded synergistic benefits,
with V21 enabling dynamic lane prioritization and signal
adjustments. However, pedestrian crossing violations
increased by 8%, reflecting Zhang et al. (2020).

Multimodal Scenario

The integrated scenario is modified to include pedestrian
detection, bike lane buffers, and transit signal priority
(TSP) for MARTA buses (Zhang et al., 2021).

° Delay: 52.5 seconds/vehicle (36.2% reduction),
LOS C.

° Travel Time: 3.8 minutes (20.8% reduction).
LOS: C, with balanced flow across modes.

° Throughput: 5,400 vehicles/hour (12.5%
increase).

° Safety: CMF of 0.78, reducing crashes by 22%
(9 rear-end, 6 angle crashes annually).

° Emissions: 250 grams CO2/vehicle (21.9%
reduction).

° Multimodal Metrics:

o Pedestrian delay: Reduced from 30 to 20
seconds.

o Cyclist delay: Reduced from 25 to 18 seconds.
o Bus delay: Reduced from 40 to 25 seconds with
TSP.

This scenario balanced vehicle efficiency with
multimodal needs, though vehicle delays slightly
increased compared to the integrated scenario due to
prioritized non-motorized phases.
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Average Delay by Scenario

This bar chart compares average delay (seconds/vehicle) across the six scenarios, highlighting the integrated scenario’s

superior performance.
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Intersection Delay by Scenario at Peachtree Rd & Lenox Rd
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Figure 1: Average delay by scenario

Congestion Patterns

A heatmap illustrates queue lengths across the intersection approaches, with colors indicating congestion levels (red for

high, green for low).
Queue Length Heatmap by Scenario
Approach Baseline Integrated

North - 80 90
South 140 75 85
East 85 90
West 80 88

Figure 2: Congestion patterns

Statistical Analysis

The study employed T-tests, ANOVA, and Regression
to analyze the significance of delay reductions and the
influence of design parameters. Results are presented in
tables below, followed by detailed explanations.
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Multimodal

Yellow 100

T-tests: Comparing Scenarios to Baseline

T-tests were conducted to compare the average delay of
each improved scenario against the baseline, with 10
simulation runs per scenario (n=10). The null hypothesis
(HO) assumes no difference in delays, while the
alternative (H1) assumes a significant reduction. A
significance level of a = 0.05 was used.
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Scenari Baseline Scenario Mean Significant (

Ccem al(')i I Delay Delay Di?f ren t-value p-value < % 05)c p
ompariso (s/veh) (s/veh) erence :

Bascline vs. Turn ¢ 65.7 16.6 532 0.0001 Yes

Lane

Bascline vs. Slip ¢, 4 70.1 12.2 4.15 0.0004 Yes

Ramp

Baseline VS.

ATSC 82.3 60.4 21.9 7.08 <0.0001 Yes

Baseline VS 823 48.2 34.1 10.95 <0.0001 Yes

Integrated

Baseline VS.

Maltime dal 82.3 525 29.8 9.62 <0.0001 Yes

The T-tests confirm that all improved scenarios significantly reduced average delay compared to the baseline (p < 0.0001
for all comparisons). The largest reduction was observed in the integrated scenario (mean difference 34.1
seconds/vehicle, t = 10.95), followed by the multimodal scenario (29.8 seconds/vehicle, t = 9.62). These results reject the
null hypothesis, indicating that each intervention—turn lanes, slip ramps, ATSC, and their combinations—had a
statistically significant impact on delay reduction. The ATSC scenario (21.9 seconds/vehicle reduction) outperformed turn
lanes (16.6 seconds) and slip ramps (12.2 seconds), likely due to its ability to dynamically adjust to real-time traffic
conditions (Day et al., 2019). The integrated scenario’s superior performance aligns with the study’s hypothesis that
combining solutions yields synergistic benefits (Hale et al., 2018).

ANOVA: Differences Across Scenarios

ANOVA was used to assess whether there are significant differences in average delay across all six scenarios. The null
hypothesis (HO) assumes no difference in means, while the alternative (H1) assumes at least one scenario differs

significantly.

Mean Significant
Source Sum of Squares  df ST F-value p-value (p < 0.05)
Between 12845.6 5 2569.12 423 <0.001 Yes
Groups
Within Groups  3278.4 54 60.71
Total 16124.0 59

The ANOVA results (F(5,54) =42.3, p < 0.001) indicate
significant differences in average delay across the six
scenarios, rejecting the null hypothesis. The high F-
value suggests substantial variability between scenarios,
with the integrated scenario achieving the lowest delay
(48.2 seconds/vehicle) and the baseline the highest (82.3
seconds/vehicle). Post-hoc tests (e.g., Tukey’s HSD)
would likely show that the integrated scenario differs
significantly from all others, supporting its effectiveness
as a holistic solution. This aligns with literature
emphasizing the importance of network-wide
coordination (Hale et al., 2018). The within-group
variability (mean square = 60.71) reflects stochastic
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differences in simulation runs, but the between-group
effect is dominant, confirming the robustness of the
findings.

Regression: Predictors of Delay Reduction

Multiple regression analysis was conducted to explore
the relationship between design parameters (turn lane
length, ATSC cycle time, slip ramp length) and delay
reduction, controlling for traffic volume (5,200
vehicles/hour). The model predicts delay (dependent
variable) based on these predictors.
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. . Standard Significant (p
Predictor Coefficient (B) Error t-value p-value <0.05)
TumnLane Length ) 5, 0.09 -3.56 0.001 Yes
(m)

ATSC Cycle Time (s) -0.28 0.11 -2.55 0.014 Yes
Slip Ramp  Length ;5 0.08 -1.88 0.066 No
(m)

Traffic Volume 0.05 0.03 1.67 0.101 No

Model Summary: R? = 0.72, Adjusted R = 0.69, F(4, 55) =35.6, p <0.001

The regression model (R? = 0.72) explains 72% of the
variance in delay reduction, indicating a strong fit. Turn
lane length (B =-0.32, p =0.001) and ATSC cycle time
(B=-0.28, p = 0.014) are significant predictors of delay
reduction. For every 1-meter increase in turn lane length,
delay decreases by 0.32 seconds/vehicle, consistent with
Persaud et al. (2017), who found that longer turn lanes
reduce queue blockages. Similarly, a 1-second reduction
in ATSC cycle time decreases delay by 0.28
seconds/vehicle, supporting the effectiveness of
dynamic signal adjustments (Day et al., 2019). Slip ramp
length (B =-0.15, p=0.066) is not significant at the 0.05
level, suggesting its impact is less pronounced in this
context, possibly due to downstream intersection
constraints (Lee et al., 2016). Traffic volume (§ = 0.05,
p = 0.101) is also non-significant, indicating that the
interventions mitigate congestion effectively across the
tested volume range.

Sensitivity Analysis

Varying traffic demand (+20%) showed that the
integrated scenario remained effective (LOS B—C) up to
6,200 vehicles/hour. Turn lane lengths of 150 meters
reduced delays by an additional 5% compared to 100
meters. ATSC performance degraded by 10% under
poor sensor calibration, highlighting maintenance needs.

4.2 Discussion

The results demonstrate that dedicated turn lanes, slip
ramps, and ATSC systems significantly improve traffic
flow, with the integrated scenario achieving the greatest
benefits (41.4% delay reduction, LOS B). These findings
align with literature, which reports 15-25% delay
reductions for individual interventions (Chen et al.,
2016; Stevanovic et al., 2015; Lee et al., 2016). The
synergistic effect of combining solutions, enhanced by
V2I, supports Hale et al. (2018), who found that
integrated systems outperform isolated improvements by
10-15%.

Effectiveness

° Turn Lanes: The 20.2% delay reduction is
consistent with Chen et al. (2016), who reported 15-20%
improvements. However, increased pedestrian crossing
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times highlight the need for refuge islands, as suggested
by Zhang et al. (2020).

° Slip Ramps: The 14.8% delay reduction and
18% crash reduction align with Lee et al. (2016).
Limited intersection-level benefits indicate that slip
ramps are most effective when paired with intersection
improvements.

° ATSC: The 26.6% delay reduction exceeds
Day et al. (2019)’s 15-20%, likely due to high traffic
variability at the site. Minor street delays underscore the
need for balanced phase allocation (Lee & Abdel-Aty,
2023).

° Integrated System: The 41.4% delay reduction
and 25% crash reduction reflect the synergy of physical
and technological solutions, supporting Zhao et al.
(2023). V2I's role in prioritizing connected vehicles
suggests scalability as adoption grows.

5. Conclusion

This study investigated the effectiveness of dedicated
turn lanes, slip ramps, and adaptive traffic signal control
(ATSC) systems in mitigating urban traffic congestion,
with a focus on the intersection of Peachtree Road and
Lenox Road in Atlanta, Georgia. Through a mixed-
methods approach combining literature synthesis,
VISSIM microsimulation, and case study analysis, the
research demonstrated that integrating these solutions
yields significant improvements in traffic flow, safety,
and environmental outcomes. The integrated scenario,
which combined turn lanes, slip ramps, ATSC, and
vehicle-to-infrastructure (V2D communication,
achieved a 41.4% reduction in average delay, improved
level of service (LOS) from E to B, increased throughput
by 14.6%, and reduced crashes by 25%. The multimodal
scenario, incorporating pedestrian detection, bike lane
buffers, and transit signal priority, balanced efficiency
with equity, reducing vehicle delays by 36.2% while
cutting pedestrian, cyclist, and bus delays by 33—-37%.

The findings highlight the synergistic benefits of
combining physical infrastructure (turn lanes, slip
ramps) with intelligent systems, addressing network-
wide congestion more effectively than isolated
interventions. However, implementation challenges,
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including high costs ($1-3 million for retrofits, $50,000
per intersection for ATSC), right-of-way constraints,
and safety concerns for non-motorized users, require
context-sensitive strategies. Stakeholder engagement, as
evidenced by interviews with GDOT and the Buckhead
Community Improvement District, is critical to
overcoming community resistance and ensuring project
feasibility.

For cities like Atlanta, the study recommends a phased
approach: prioritize ATSC for immediate benefits,
followed by turn lanes and slip ramps as funding and
space allow. Low-cost alternatives, such as dynamic lane
markings or temporary signals, can bridge resource gaps.
The multimodal scenario is particularly relevant for
urban corridors with high pedestrian and transit activity,
ensuring inclusive mobility. Emerging technologies,
such as machine learning-based signal control and V21,
offer scalability but require investment in sensors and
cybersecurity.

The study contributes to transportation engineering by
providing a comprehensive framework for smart traffic
flow systems, grounded in real-world data and validated
against literature benchmarks. Future research should
explore network-wide impacts in diverse contexts, long-
term performance under traffic growth, and cost-
effective solutions for smaller municipalities. By
addressing these gaps, transportation planners can
design resilient, equitable, and efficient urban mobility
systems.
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