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Abstract: Unbalanced roundabouts often face higher traffic volumes on certain
approaches, leading to congestion and delays. Metering signals can help reduce
delays, manage queues, and optimize performance. This study evaluates the
effectiveness of metering signals in improving traffic flow at unbalanced
roundabouts using VISSIM simulation software. The study focuses on
identifying optimal detector placements to minimize delays and queues. Results
showed that at 4:30 pm, both the North and West Lanes had LOS F, but after
introducing signals at the South Lane and optimizing detector placement at 240
meters, the West Lane improved to LOS D and the North Lane to LOS B. At
noon, the West Lane initially had LOS F. Still, with signal control adjustments at
the 350-meter detector, it improved to LOS D. Emissions and fuel consumption
also decreased in the South and East Lanes, demonstrating that metering signals
can significantly enhance roundabout performance. This study was limited by
using a student version of VISSIM, which restricted signal control to a 2-stage system.

Keywords: VISSIM; Unbalanced roundabout; Queue length; Traffic signal
metering method

1. Introduction

The global urban population is projected to increase from 3.9 billion to
6.3 billion by 2050 [1]. Rapid urbanization has increased transportation, causing
traffic, pollution, and delays. Since 2008, over half the global population has
lived in urban areas, growing at 1.8% annually [2], and by 2050, over two-thirds
will live in cities [3]. The 2023 INRIX Global Traffic Scorecard, published in June
2024, reveals that New York was the most congested urban area, with drivers
losing 101 hours to traffic in 2023, costing over $9.1 billion. U.S. drivers lost an
average of 42 hours, totaling $70.4 billion, with delays rising in 98 of the top 100
urban areas globally. In the U.K,, drivers lost 61 hours, costing £7.5 billion, an
11% increase from 2022. In Germany, drivers lost 40 hours, costing €3.3 billion,
a 14% rise from 2022. These figures emphasize the urgent need for effective
solutions to reduce congestion and its costs. Traffic congestion in 83 countries
causes over 22,000 deaths annually and costs the healthcare system $18 billion
annually [4]. The WHO identifies traffic congestion pollution as a major cause of
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high mortality in large cities. Around 40 million residents in the 115 largest EU cities are exposed to air quality
levels above WHO guidelines [5].

In transportation engineering, "imbalanced flow" occurs when traffic volumes are below a road's
capacity, allowing smooth movement. However, delays, queues, and congestion result when flow rates reach
or exceed capacity. Many studies have explored the effects of unbalanced flows at roundabouts, a common
road intersection type [6-8]. Understanding the impact of suboptimal traffic patterns on roundabouts is key to
reducing congestion. While roundabouts help mitigate congestion, they are vulnerable to traffic issues.
Fluctuating demands and uneven flow can reduce the spacing between circulating vehicles, making it difficult
for vehicles to find safe entry points [6]. Metering systems have been proposed [9] to mitigate congestion from
irregular traffic flow. Kangar, a city in Perlis, Malaysia, features the Bulatan Tuanku Syed Putra roundabout,
a crucial junction connecting major thoroughfares and vital to transportation efficiency and economic and
social cohesion. Traffic flow peaks at 4:30 PM as people return home and at noon on Fridays for mosque prayers.

Metering signals at roundabouts are a modern traffic management technique that regulates flow and
creates gaps in the circulating stream. This method helps reduce queuing and delays caused by unbalanced
traffic flow and high demand [0 !1l. The primary objective of this research is to evaluate the effectiveness of
metering techniques in improving traffic flow at roundabouts under unbalanced conditions. Utilizing VISSIM
microsimulation, the study explores optimal detector placements to minimize queues and delays, providing
actionable recommendations for engineers, planners, and policymakers.

The paper is organized as follows: Section 2 reviews the literature on urban traffic congestion,
roundabouts, traffic flow imbalances, and metering signal strategies. Section 3 outlines the study methodology,
including signal deployment, simulation, data collection, software (VISSIM), parameter settings, and tested
scenarios. Section 4 presents simulation findings on metering strategies for improving traffic flow and
reducing congestion. Section 5 compares results with theoretical expectations and prior studies. Section 6
concludes with key findings and their implications for urban traffic management. Section 7 discusses study
limitations, and Section 8 explores future research directions.

2. Literature Review

This literature review examines recent research on the impact and effectiveness of metering signals at
unbalanced roundabouts. It focuses on their ability to improve traffic flow, reduce delays, enhance safety, and
address implementation challenges. Unbalanced roundabouts with uneven traffic volumes often suffer from
congestion and delays. Metering signals offer a solution by regulating vehicle entry from dominant
approaches. A metering roundabout uses detectors and traffic signals to coordinate based on queue length.
As shown in Fig. 1, the signal turns red when Detector C on the dominant approach reaches a threshold.
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Figure 1. Concept of metering roundabout
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Over the years, numerous studies have explored the implementation of metering roundabouts. Most
of this research focuses on various signal control methodologies and their effects on traffic dynamics, using
microsimulation tools like VISSIM and analytical models such as SIDRA. For instance, Akgelik R [11] used
the SIDRA INTERSECTION software to analyze metering roundabouts, showing that shorter cycle times
could improve performance compared to current practices. However, the study highlighted the need for real-
world testing to validate these analytical results, calling for empirical validation.

Martin-Gasulla M et al. [7, 12] conducted two studies in Valencia, Spain. The first involved field study,
calibration, and optimization using surveillance cameras and Vis VAP and VISSIM software, which showed
that metering increases capacity under high-flow conditions. However, it wasn't tested in real-world settings.
The second used microsimulation with video data, achieving a 60% reduction in delays and a 60% increase in
capacity, but it was limited to one-lane roundabouts. Furthermore, Sun, X [13] et al. introduced shockwave
and capacity models with sensitivity analysis, suggesting that signalized roundabouts could exceed
intersection capacity and that short cycles might benefit intersections. However, it was a preliminary study
that required further testing for confirmation.

Duan Y et al. [8] developed a model and simulation-based algorithm for metering signals using
headway data and VISSIM software. The study reported a 25.7% reduction in delays with metering signals
but focused only on roundabouts, excluding pedestrians and non-motorized vehicles. Similarly, Adegbaju, O.
A. [14] showed that traffic signals can improve service (LOS) and reduce delays and queues at intersections
through VISSIM simulations. However, the study was limited to specific intersections, highlighting the need
for broader studies. In addition, An, H. K et al. [15] used numerical models and drone data calibrated with
AIMSUN 7 simulations to reduce delays, queue lengths, and CO, emissions. However, the study was limited
to two signal phases and a single-lane roundabout.

An, H. Ketal. [16] utilized Adaptive Neuro-Fuzzy Inference System (ANFIS) models to predict queue
lengths in the Old Belair Road roundabout drone data. Still, they did not consider detector locations for signal
adjustments. Osei, K. K. [17] used microsimulation with VISSIM to analyze signalized configurations at two
four-leg roundabouts in Ghana. They found that signalization improved capacity and reduced delays despite
challenges from high left-turn traffic, necessitating design adjustments for complex traffic patterns.
Meanwhile, Vichova, K. et al. [18] evaluated an intersection in the Zlin region of the Czech Republic using
PTV VISSIM. They concluded that roundabouts effectively reduce accidents but noted limitations due to
visibility issues at the studied intersection.

Another study by An, H. K. et al. [19] on the Old Belair Roundabout in Adelaide used drone footage
with MATLAB and AIMSUN software, reducing queue length from 689 to 499 meters. However, it
emphasized the need for varied conditions and smarter methods for broader applicability.

In 2023, several studies explored different traffic signal control methods. An, H. K. et al. [9] analyzed
three control methods—indirect, part-time, and full control —at the Changwon City Hall roundabout in South
Korea using MATLAB and VISSIM. The study achieved a 46.1% reduction in density, a 32.8% reduction in
delays, and a 14.8% increase in capacity but recommended more case studies with varied designs. Similarly,
Kabit, M. R. et al. [20] studied the microsimulation of roundabout control strategies, including Approach-
Signal-Control Roundabout (ASCR), Two-Stop-Line Signalized Roundabout (TSLSR), and partial control
signal phasing. They found that partial signals significantly improved LOS but were unsuitable for major
reconstructions. Finally, Assolie, A. A. et al. [21] analyzed traffic data from two roundabouts in Amman,
Jordan, using Python and VISSIM. The study reduced delays by 85.25% and queue lengths by 76.76% for cars
and heavy vehicles. Still, it highlighted the need to include a wider variety of vehicles for a comprehensive
understanding of traffic dynamics.

Studies on signal timing show that signalized roundabouts can outperform normal roundabouts
under specific conditions. Most research has focused on reducing queues and delays while increasing
capacities [9]. Table 1 summarizes recent studies on metering roundabouts, detailing the study area, data
source, software used, method, key findings, and limitations.
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The flowchart in Fig. 2 presents a detailed strategy for optimizing roundabout traffic signal operations.
It starts with reviewing existing studies and identifying key factors that affect traffic flow. Data was collected
through various methods, including drone videos and manual surveys. Initially, the traffic network is
simulated without using VISSIM software. Then, a model integrating signals is developed to manage
unbalanced traffic flows. After successfully calibrating this model, Python analyzes data and identifies the
best locations for traffic detectors. The final step involves exploring the potential benefits of the system.

Review existing studies on
traffic sienal optimization at Idenufy the key factor affecting
affic signal optimization a
= H traffic flow at roundabout
roundabout

Take 15 min video

Drone Videos Manual Survey

Vehicle Class Data collection Queue length
Traffic volume 13 min Conflicting volume

Convert hourly traffic
volume

[ Set travel behaviors ]

parameter

Used VISSIM - Traffic Network Modelling
microsimulation software (Unsignalized Roundabout)

[Ma.ke statistical validation of ]

real world and simulation data

e e identify the metered and
(Signalized Roundabout) - existing roundabout

controlling approach

Define Unbalanced flow and B fferarmie craliei 68

NO

c : Calibrated
Meodel Calibration well

YES

Find Optimal detector location Dl el Tonmeliss Explore the potential benefit
significance tests (Python)

Figure 2. Research framework
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3.1 Study site

Kangar, Perlis, Malaysia, benefits from the Bulatan Tuanku Syed Putra roundabout, a key traffic hub
that improves transportation efficiency and supports economic growth. Major roads like Jalan Kangar-Alor
Setar, Persiaran Jubli Emas, and Jalan Kangar-Padang Besar enhance trade and connectivity, including links
to Thailand. Jalan Padang Behor also contributes to regional connectivity.

Traffic imbalances occur in the afternoon due to offices on the west approach, causing congestion and
long queues. On Fridays, large gatherings at the Alwi Mosque further contribute to congestion. Fig. 3(a) an
extracted map, Fig. 3(b) drone footage during non-peak hours, Fig. 3(c) manual traffic control by police during
peak hours, and Fig. 4(d) long queues at the west approach during peak hours.

(c) | (d)
Figure 3. Study site (a) Selected roundabout from OpenStreetMap (b) Drone footage captured during non-
peak hours (c) Manual traffic control by police during peak hours (d) Long queues at the west

approach during peak hours
3.2. Data collection procedure
3.2.1 Hourly traffic volume

The data for this research was collected using drone footage of a 15-minute video. From this video,
the number of vehicles was determined through manual calculation.
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PHF = Peak Hour Flow Rate (1)
Vispeak * 4
Subsequently, the 15-minute data was converted to its one-hour equivalent volume. Equations (1) and
(2) [22] were used for this conversion. Equation (1) calculates the peak hour factor (PHF). After calculating the

PHEF, this value is used in equation (2) to calculate the hourly traffic volume.

Flow rate = PHF * Vigpeqr * 4 2)

3.2.2 Temporal distribution of data collection

Data for analysis at the Bulatan Tuanku Syed Putra roundabout was collected on Friday, January 5,
2024, (12:00 to 1:00 PM) and Monday, January 8, 2024 (4:30 to 5:30 PM). High-definition footage from the DJI
Mini 3 drone captured traffic flow, vehicle interactions, and congestion points. The data was processed to
analyze directional volume, vehicle classifications, and hourly traffic volumes. Manual data collection also
included geometric data, queue length, and conflicting volume.

Table 2 shows the directional volume data for each approach, collected between 12:00-1:00 PM and
4:30-5:30 PM. At 12:00-1:00 PM, the total vehicle volume was 3,000, with the West approach having the highest
traffic (1,660 vehicles per hour, 55.3%). At 4:30-5:30 PM, traffic increased to 3,550 vehicles per hour, with the
West approach still the most congested (1,660 vehicles per hour, 46.8%). The South approach increased to 890
vehicles per hour, accounting for 25.1% of the total volume.

Table 2. Directional Volume

12.00 p.m. scenario

Approach | Direction Volume (veh/hr) Total Volume Percentage (%) of total Vehicle
SBD! L> 101 0.3
Te 131 380 0.3
R7 147 0.4
NBD 2 L 149 0.3
T 385 550 0.7
R 259 0.5
WBD 3 L 145 0.4
T 185 410 0.5
R 80 0.2
EBD 4 L 447 0.3
T 754 1660 0.5
R 460 0.3
Total 3000
4.30 p.m. scenario
Approach | Direction Volume (veh/hr) Total Volume Percentage (%) of total Vehicle
SBD L 319 0.6
T 147 520 0.3
R 53 0.1
NBD L 392 0.4
T 194 890 0.2
R 304 0.3
WBD L 93 0.2
T 176 480 0.4
R 211 0.4
EBD L 344 0.2
T 817 1660 0.5
R 498 0.3

Total 3550
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1= south bound direction, 2= north bound direction, 3= west bound direction, 4= east bound direction, 5= Left,
6= Through, 7= Right

Table 3 shows the vehicle data (cars, bikes, buses, and heavy vehicles) from the North, South, East,
and West approaches at 12:00 PM and 4:30 PM. At 12:00 PM, cars dominated traffic, with the highest
percentage in the West (84.98%), followed by the North (83.24%), South (82%), and East (77.8%). At 4:30 PM,
the vehicle distribution remained consistent, indicating stable traffic patterns between the two times. Table 4
presents manually surveyed queue lengths (in meters) for the West, North, East, and South approaches from
12:00 PM-1:00 PM and 4:30 PM-5:30 PM. The West and North approaches had the longest queues at 12:00
PM-1:00 PM. By 4:30 PM-5:30 PM, overall queue lengths decreased, particularly at the North and South
approaches, with the East approach showing the most significant reduction.

Table 3. Vehicle class

12.00 p.m. scenario

Approach Car (%) Bike (%) Bus (%) Heavy Vehicle (%)
SBD 83.24 15.72 0.1 1.03
NBD 82 16.2 0.1 1.07
WBD 77.8 21.9 0.2 0.1
EBD 84.98 14.34 0.24 0.44
4.30 p.m. Scenario
Approach Car (%) Bike (%) Bus (%) Heavy Vehicle (%)
SBD 83.24 15.72 0.1 1.03
NBD 82 16.2 0.1 1.07
WBD 77.8 21.9 0.2 0.1
EBD 84.98 14.34 0.24 0.44

3.2.3 Equipment calibration protocols

It is essential to follow a rigorous calibration protocol to ensure accurate data collection using a drone
for traffic monitoring. Begin by calibrating the drone's internal camera parameters using common calibration
boards to address image distortion, as discussed by Du et al. [23]. This involves setting up the calibration board
at various angles and distances to capture a range of images, which are then used to correct lens distortions
and refine camera parameters. Additionally, the drone’s external parameters can be calibrated by positioning
it at known coordinates and using ground control points to adjust for spatial discrepancies, as demonstrated
by Lee [24]. This method ensures that the spatial data captured by the drone aligns accurately with real-world
measurements. Implementing these calibration steps enhances the reliability and precision of the traffic data
collected, thereby supporting more accurate traffic simulation and analysis.

3.3. Traffic flow analysis

Table 5 outlines the geometric specifications and component locations in the traffic simulation. It
shows a link width of 3.5 m and a circular link diameter of 65 m. Data collection points are 9.5 m from the
circular link, while queue counters are 8.5 m away. Two 5-m-long rectangular detectors are used for
monitoring, and the signal head is positioned 5 m from the circular link to ensure visibility and traffic
management efficiency. These parameters optimize the placement and dimensions of key traffic system
components.
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Table 4. Manually Survey Queue Length

12.00 p.m. scenario

Time West(m) North(m) East(m) South(m)
12.00-12.05 728 321 325 431
12.05-12.10 728 1128 325 431
12.10-12.15 736 1122 324 431
12.15-12.20 736 1122 320 425
12.20-12.25 918 321 975 428
12.25-12.30 915 318 518 422
12.30-12.35 910 312 518 416
12.35-12.40 917 306 0 410
12.40-12.45 920 312 0 485
12.45-12.50 925 318 0 480
12.50-12.55 930 320 10 420
12.55-1.00 920 315 15 414

4.30 p.m. scenario

Time West(m) North(m) East(m) South(m)
4.30-4.35 92 36 28 90
4.35-4.40 136 84 23 192
4.40-4.45 130 77 18 200
4.45-4.50 125 72 15 200
4.50-4.55 317 191 12 208
4.55-5.00 319 193 42 184
5.00-5.05 310 187 40 187
5.05-5.10 321 430 95 185
5.10-5.15 316 433 90 180
5.15-5.20 320 429 94 184
5.20-5.25 318 425 88 181
5.25-5.30 315 419 93 185

Table 5. Geometric Specifications of Roundabout
Entry Lane Exit Lane Circulatory Lane
Direction No. of Lanes Lane Width  No. of Lanes Lane Width  No. of Lanes Lane Width

(m) (m) (m)

SBD 2 3.50 2 3.50 2 3.50

NBD 2 3.50 2 3.50 2 3.50

WBD 2 3.50 2 3.50 2 3.50

EBD 2 3.50 2 3.50 2 3.50

Unbalanced flow in roundabouts is evaluated using the circulating traffic ratio (pi). A balanced
approach is characterized by pi = 0.5, indicating that the circulating traffic consists of 50% from the first
upstream approach—defined as the initial entry point where vehicles merge with circulating traffic—and 50%
from the second upstream approach [25]. Conversely, an unbalanced approach, where pi =0 or 1, signifies that
all circulating traffic originates exclusively from the first upstream approach. The definition of the unbalanced
flow is shown in Fig 4.
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Figure 4. Traffic flow analysis at the roundabout

(:
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® Q. = traffic from east passing west
®  (Q,y = traffic from north passing West

d QWC = QSW + Qew + an

For both the 12.00 PM and 4:30 PM scenarios, equations (3) and (4) indicate that the West approach is
the controlling approach due to its high total volume of vehicles. The South approach, which has a significant
total volume and high through traffic, shows a circulating traffic ratio (pw) of 0.89 for the 12 PM scenario and
0.70 for the 4:30 PM scenario. These ratios indicate an unbalanced flow, with traffic patterns heavily influenced
by upstream traffic in each scenario.

3.5 Vehicle behavior parameters
Table 6 below shows the car-following, lane-changing, awareness, and aggressiveness parameters
used for simulating the roundabout in the VISSIM software.

Table 6. Vehicle behavior parameters

Car Following Parameters Lane Changing Parameters

CCO0 (Standstill Distance) 20m Maximum Deceleration for Cooperative 4.5m/s?
Braking

CC1 (Headway Time) 1.3 sec Safety Distance Reduction Factor 0.7

CC2 (Following Variation) 4.0m Maximum Deceleration for Own Braking 3.0m/s?

CC3 (Threshold for Entering 'Following') -8.0 m Accepted Deceleration for Lane Change  2.5m/s?

CC4 (Negative Following Threshold) -0.35 Waiting Time Before Diffusion 45sec
CC5 (Positive Following Threshold) 0.35 Emergency Stopping Distance 5m
CC6 (Speed Dependency of Oscillation) 11 Aggressiveness And Awareness

CC7 (Oscillation Acceleration) 0 Aggressiveness 40%
CC8 (Standstill Acceleration) 3.0m/s> Awareness 90%

CC9 (Acceleration At 80 Km/H) 1.2 s/s?
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3.6 Statistical validation of simulation and real-world data
Table 7 compares RMSE values, revealing significant differences in simulation accuracy.

Table 7. Statistical validation of data

12.00 p.m. scenario

Approach Volume (veh/hr) RMSE
Simulation Real-world
SBD 420 380 97.60
NBD 680 550
WBD 550 410
EBD 1660 1660
4.30 p.m. scenario
Approach Volume (veh/hr) RMSE
Simulation Real-world
SBD 660 520 93.27
NBD 990 890
WBD 540 480
EBD 1700 1660

In the 12.00 PM scenario, the RMSE of 97.60 suggests moderate accuracy with notable deviation,
indicating areas for improvement. In contrast, the 4:30 PM scenario has an RMSE of 93.27, demonstrating
perfect accuracy and successfully replicating real-world data without discrepancies.

3.7 Evaluate the performance of unsignalized roundabout

Fig. 5(a) and (b) clearly show the heavy traffic at the roundabout before a traffic signal was installed,
showing a major blockage at the west approach where cars are completely stopped. This occurs because the
first car entering the roundabout blocks the west approach, stopping all other cars from moving forward. As
a result, the cars behind have to stop and wait for a long time. The more cars that join the queue, the longer
the wait becomes. The long queue at the roundabout leads to worsening traffic and driver frustration, with
some attempting risky maneuvers. This highlights the roundabout's poor traffic management without a signal.

Table 8. LOS for the vehicular delay (HCM-2017)

Level of service (LOS) Average delay ‘d’ (sec/veh)
A <5
B 6<d<15
C 16=d<20
D 21<d<35
E 36<d<65
F >65

Fig. 5(c) and (d) show the level of service, with Fig. 5(c) showing an F at the west approach and E, C,
and D at other approaches, indicating an unbalanced condition. In Fig. 5(d), the West and north approaches
have an F, while the others are E and B, also showing an unbalanced condition at 4:30 PM. The level of service
is based on the HCM-2017 manual (Table 8).
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Figure 6. Comparison of simulation and manually collected queue length data of 12.00 PM to 1.00 PM

Fig. 6 compares simulation data with manually collected data. In Fig. 6, from 12:00 PM to 1:00 PM, the
West approach had the longest queues, peaking at 930 vehicles, while the North approach peaked at 1,128
vehicles, indicating significant congestion. Fig. 7, for the 4:30 PM to 5:30 PM scenario, shows longer queues on
the West and North approaches, with the South approach peaking at 433 vehicles and the North approach at
319 vehicles. These results highlight unbalanced traffic flows, particularly on the North and South approaches,
suggesting a need for optimized signal settings to reduce congestion.
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Figure 7. Comparison of simulation and manually collected queue length data of 4.30 PM to 5.30 PM

3.4.1 Detector Placement Locations

To identify the optimum detector location [26] for the 12.00 PM scenario, 10 scenarios were developed
and analyzed. The purpose was to evaluate and determine the most effective detector placement for accurate
performance. Table 9 presents an overview of these 10 scenarios created and tested during simulation. To
determine the optimum detector location [26] for the 4:30 PM scenario, 12 distinct scenarios were designed
and analyzed. These scenarios were created to evaluate and identify the most effective placement of the
detector for optimal performance during this specific period. Table 10 provides a comprehensive overview of
the 12 scenarios tested during the simulation process. Table 10 provides a comprehensive overview of the 12
scenarios tested during the simulation process. In this study, five random-seed samples were randomly
selected to obtain unbiased results, and the average value was used.

Table 9. Detector location for 12 PM scenario
No of

. Descriptions
scenarios
S1 SL8 is signalized, and a detector is placed 240 m from the stop line on the west lane
52 SL is signalized, and a detector is placed 250 m from the stop line on the west lane.
S3 SL is signalized, and a detector is placed 260 m from the stop line on the west lane.
S4 SL is signalized, and a detector is placed 270 m from the stop line on the west lane.
S5 SL is signalized, and a detector is placed 300 m from the stop line on the west lane.
S6 S and EL are signalized, and a detector is placed 240 from the stop line on the west lane.
S7 S and EL are signalized, and a detector is placed 250 from the stop line on the west lane.
S8 S and EL are signalized, and a detector is placed 260 from the stop line on the west lane.
59 S and EL are signalized, and a detector is placed 270 from the stop line on the west lane.
510 S and EL are signalized, and a detector is placed 300 from the stop line on the west lane.

8= South Lane, 9 = South, 10 = East Lane
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Table 10. Detector location for 4.30 PM scenario

No of .
. Descriptions

scenarios

S1 SL is signalized, and a detector is placed 300 m from the stop line on the west lane.

S2 SL is signalized, and a detector is placed 350 m from the stop line on the west lane.

S3 SL is signalized, and a detector is placed 400 m from the stop line on the west lane.

S4 SL is signalized, and a detector is placed 450 m from the stop line on the west lane.

S5 SL is signalized, and a detector is placed 500 m from the stop line on the west lane.

S6 SL is signalized, and a detector is placed 550 from the stop line on the west lane.

S7 S and EL are signalized, and a detector is placed 300 from the stop line on the west lane.

S8 S and EL are signalized, and a detector is placed 350 from the stop line on the west lane.

S9 S and EL are signalized, and a detector is placed 400 from the stop line on the west lane.

S10 S and EL are signalized, and a detector is placed 450 from the stop line on the west lane.

S11 S and EL are signalized, and a detector is placed 500 m from the stop line on the west lane.

S12 S and EL are signalized, and a detector is placed 550 from the stop line on the west lane.
4. Result

4.1 Simulation procedure

This study modeled a roundabout in VISSIM through a detailed process to ensure its accuracy and
functionality. The approach involved creating road segments for the roundabout’s entry and exit points,
followed by connecting these segments to form the roundabout’s circular path. Right-of-way rules were
established to prioritize vehicles circulating within the roundabout, and conflict areas were incorporated to
manage potential collision points. Strategic data collection points were set up around the roundabout to
capture traffic volumes, speeds, vehicle types, and queue lengths. These data points provided the necessary
information to analyze traffic flow and identify areas for improvement. A 2-stage adaptive traffic signal control
system was integrated into the simulation to enhance traffic management. This system used real-time data
from a vehicle detector to dynamically adjust the signal timings, helping to optimize traffic flow and reduce
congestion. The detector, placed on the west approach, monitored incoming traffic volumes, and the controller
on the south approach adjusted signal timings based on the collected data, prioritizing vehicles exiting the
west approach. The VISSIM model was further refined through a comprehensive calibration process, where
data on traffic flow, vehicle speeds, and queue lengths were gathered during peak and off-peak hours [27].
Key simulation parameters, such as vehicle arrival rates, speeds, and driver behavior, were adjusted to
minimize discrepancies between simulated and observed data [28]. The calibration accuracy was
quantitatively assessed using statistical measures, including RMSE and MAPE [29].

4.2 Simulation parameters of networking modeling

Table 11 outlines key parameters for configuring traffic simulation software to model accurate traffic
flow (Fig. 8(a) and (b)). Link lengths for all directions (West, South, East, North) remain constant at 12.00 PM
and 4:30 PM, reflecting fixed distances in the simulation. Priority rules, including a 3-second minimum gap
and 5-meter clearance, ensure safety and smooth traffic flow by preventing collisions and providing a buffer zone.
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Table 11. Parameters used in VISSIM to create the simulation of the roundabout
12.00 p.m. scenario

Parameters No
Link West South East North
840 m 550 m 400 m 400 m
Circular link 60 m diameter
Priority rule Min gap time Min clearance
3s 5m
Data collection point 9.5 m distance from the circular link
Queue counter 8.5 m distance from the circular link
Detector 2 no, 5 m length each
2-stage controller 5 m distance from the circular link
4.30 p.m. scenario
Parameters No
Link West South East North
840 m 650 m 400 m 550 m
Circular link 60 m diameter
Min gap time Min clearance
Priority rule 3s 5m
Data collection point 9.5 m distance from the circular link
Queue counter 8.5 m distance from the circular link
Detector 2 no, 5 m length each
2-stage controller 5 m distance from the circular link

The detector uses a small area detector to precisely monitor key points, such as intersection entries
and exits, to gather accurate traffic flow data. The traffic light controller operates with a 2-stage system
featuring balanced timings: 10 seconds for both green and red phases, a 1-second Red-Amber transition, a 3-
second amber phase, and a 5-second clearance time. These settings ensure smooth transitions between phases
and safe clearance before opposing traffic begins. Together, these parameters optimize traffic flow and
contribute to a realistic, adjustable model for effective traffic management.

Figure 8. Signalized Roundabout (a) 12.00 PM Scenario; (b) 4.30 PM Scenario

4.2 Statistical significance tests

Hypothesis testing for vehicular delay (Veh Delay) was conducted using a paired one-tailed t-test,
comparing measurements before and after the intervention across four lanes. The null hypothesis (Ho) states
that there is no significant difference in delays before and after detector placement, with a 95% confidence
level and a 5% chance of error in the results (a = 0.05). Since the p-value is less than «, the null hypothesis is
rejected. The results are presented in Table 12.
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Table 12. Statistical test of delay

12.00 p.m. scenario

Lane Before After p-value
LOS Veh delay LOS Veh delay
West Lane LOS_F 120.98 LOS_D 24.18
South lane LOS_E 40.22 LOS_B 9.79 0.04
East Lane LOS_C 18.89 LOS_A 0.1 ’
North Lane LOS_D 25.96 LOS_A 0.5
4.30 p.m. scenario
Lane Before After p-value
LOS Veh delay LOS Veh delay
West Lane LOS_F 105.07 LOS_D 33.19
South lane LOS E 49.25 LOS D 25.73 0.03
East Lane LOS B 6.44 LOS_A 0.1 ’
North Lane LOS_F 69.98 LOS_B 10.58

The null hypothesis (H,) for emissions in the paired one-tailed t-test states that there is no significant
difference in emissions before and after detector placement, with a 95% confidence level and a 5% chance of
error (a0 = 0.05). However, as shown in Table 13, the p-value is less than «, leading to rejecting the null
hypothesis.

Table 13. Statistical test of emissions

12.00 p.m. scenario

Lane Before After p-value
E1 Co ENOx EVoc FC2 ECo ENOx EVoc FC

West Lane  320.074 62.275 74.18 4579 306947  59.721 71138  4.391

South lane  92.893 18.074  21.529 1.329  53.583 10.425 12.418 0.767

East Lane  48.943 9.523 11.343 0.7 22.674 4411 5.255 0.324 0.007

North 71.385 13.889 16.544 1.021  43.676 8.498 10.122 0.625

Lane

4.30 p.m. scenario
Before After p-value
Lane E Co ENOx EVoc FC E Co ENOx EVoc FC
West Lane  356.322 69.327  82.581 5.098 288.728  56.176 66916 4131 0.01
South lane  162.974 31.709 37.771 2332 77.008 14.983 17.847 1.102

East Lane 42.24 8.218 9.79 0.604 25.849 5.029 5.991 0.37
North 151.588 29.493 35.132 2.169 67.215 13.078 15.578 0.962
Lane

11 = Emission, 12 = Fuel Consumption.

5. Discussion

5.1 Scenario- 12.00 PM

5.1.1 Optimal Queue Detector Location

Fig. 9 shows queue lengths for four lanes at various detector locations, with the south lane being
signalized. The West Lane shows fluctuating queue lengths, with notable increases at 260 (251.22 m) and 300
(265.18 m), indicating potential congestion. The South Lane also fluctuates, with peaks at 250 (56.89 m), 260
(55.41 m), and 270 (57.04 m), suggesting varying congestion levels. The East Lane has low queue lengths, with
occasional peaks at 250 (11.37 m) and 300 (5.03 m), and records 0 m at 240, 270, and 300, indicating free-flowing
traffic. The North Lane remains relatively stable, with minor peaks at 240 (11.67 m), 250 (11.58 m), and 270
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(13.78 m), experiencing minimal congestion. The analysis confirms that the optimal detector location is at 240
m in the signalized south approach.
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Figure 9. South approach signalized

5.1.2 Comparison of Level of Service (LOS)

Fig. 10 compares the Level of Service (LOS) and vehicle delays before and after traffic signal
implementation, highlighting its impact on traffic conditions. The West Lane improved from LOS_F with a
high vehicle delay of 120.98 sec to LOS_D and a delay of 24.18 sec, reflecting reduced congestion. The South
Lane improved from LOS_E (40.22 sec delay) to LOS_B (9.79 sec). The East Lane showed the most significant
improvement, from LOS_C (18.89 seconds delay) to LOS_A (0.1 seconds). The North Lane improved from
LOS_D (25.96 sec) to LOS_A (0.5 seconds). These results align with studies by Othayoth et al. [30] and Alkaissi
et al. [31], validating the signal’s positive impact on traffic flow and delay reduction.

120

160 05 E

Vehicle Delay (s)

West Lane South Lane East Lane North Lane

Figure 10. LOS & Vehicle delay before and after the signal was implemented

5.1.3 comparison of emissions

Fig. 11(a) and (b) compare emissions and fuel consumption across four lanes before and after signal
implementation. Before the signal, the West Lane had the highest emissions (CO, NOX, VOC) and fuel
consumption, indicating a significant environmental burden. The South Lane showed lower emissions than
the West Lane but contributed notably to pollution. The East Lane had the lowest emissions, reflecting cleaner,
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more fuel-efficient traffic. The North Lane had moderate emissions, higher than the East Lane but lower than
the West and South lanes. Post-signal, the West Lane continued to show the highest emissions, while the South
Lane's emissions decreased, indicating improved environmental impact. The East Lane maintained the lowest
emissions, and the North Lane showed controlled moderate emissions. These results align with studies by

Kwak et al. [32] and Zhang et al. [33] on the benefits of signal optimization in reducing emissions and fuel
consumption.
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Figure 11. Emissions of roundabout (a) before and (b) after signal implemented

5.2 Scenario- 4.30 PM
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5.2.1. Queue detector location

Fig. 12 shows queue lengths for six detector locations based on the south lane being signalized. The
West Lane's queue length fluctuates between 107.93 m and 216.51 m, with temporary relief at 350 and 500-
time points and congestion resurgence at 550. The South Lane shows an increasing trend in queue length from
75.77 m to 100.22 m, indicating growing congestion from 300 to 550 time points. The East Lane experiences
low and stable queue lengths, ranging from 6 to 16.98 m, suggesting minimal congestion. The North Lane
shows relatively stable congestion, with 34.79 m and 55.19 m queue lengths. These stability patterns align with
Wu and Yang [34], who noted lower fluctuation in lanes with consistent flow. Based on the analysis, 350 meters

is the ideal detector location, consistent with Chang et al. [35], who highlighted the importance of optimal
detector placement for accurate queue length estimation.
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Figure 12. South approach signalized
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5.2.2 Comparison of LOS & vehicle delay

Fig. 13 shows that signal implementation significantly improved traffic performance across all lanes,
as reflected by Level of Service (LOS) and vehicle delay metrics.

Vehicle Delay (s)

South Lane East Lane

Figure 13. LOS & Vehicle delay before and after the signal was implemented

Gopalakrishnan et al.[36] Confirm that signal improvements enhance intersection efficiency, as
measured by delays and LOS grades. Before the signal, the West Lane had severe congestion (LOS F, 105.07
seconds delay), which improved to LOS D and a 33.19-second delay. The South Lane improved from LOS E
(49.25 seconds delay) to LOS D (33.73 seconds). The East Lane, already performing well (LOS B, 6.44 seconds
delay), improved to LOS A with a negligible 0.1-second delay. The North Lane dramatically improved from
LOS F (69.98 seconds) to LOS B (10.58 seconds). Saha et al.[37] highlight the importance of accounting for lane

performance variation during signal optimization. These results demonstrate the signal's effectiveness in
reducing congestion and optimizing traffic flow.

5.2.3 comparison of emissions

Fig. 14(a) shows emissions and fuel consumption across four lanes before signalization. The West Lane
has high emissions (CO: 356.322, NOx: 69.327, VOC: 82.581 units) and fuel consumption (5.098 units),
indicating a significant environmental impact. The South Lane has lower emissions (CO: 162.974, NOx: 31.709,
VOC: 37.771) and fuel consumption (2.332 units). The East Lane exhibits minimal emissions (CO: 42.24, NOx:
8.218, VOC: 9.79) and fuel consumption (0.604 units), suggesting cleaner conditions. The North Lane has
moderate emissions (CO: 151.588, NOx: 29.493, VOC: 35.132) and fuel consumption (2.169 units). After

signalization (Fig. 14(b)), the West Lane still has high emissions (CO: 288.728, NOx: 56.176, VOC: 66.916) and
fuel consumption (4.131 units).
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Figure 14. Emissions of roundabout (a) before and (b) after signal implemented
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The South Lane shows reduced emissions (CO: 77.008, NOx: 14.983, VOC: 17.847) and fuel
consumption (1.102 units), indicating improved environmental conditions. The East Lane shows minimal
emissions (CO: 25.849, NOx: 5.029, VOC: 5.991) and low fuel consumption (0.37 units), demonstrating efficient
traffic flow. The North Lane has moderate emissions (CO: 67.215, NOx: 13.078, VOC: 15.578) and fuel
consumption (0.962 units). These results align with Li and Sun [38], showing that signal optimization reduces
environmental impact and improves traffic performance.

6. Conclusion

In urban transportation systems, effectively managing traffic flow, particularly in areas with both
roundabouts and signal-controlled intersections, is crucial. This study presents key findings from various
scenarios simulated using VISSIM software, focusing on the impact of implementing signal controls on traffic
flow dynamics and Level of Service (LOS) across different lanes.

During the 4:30 PM scenario, the roundabout experienced severe congestion, particularly in the North
and West Lanes, both rated as LOS F. Introducing a signal at the South Lane significantly improved conditions,
leading to LOS D and LOS B for the West and North Lanes, respectively, especially at the 240-meter detector
point. Similarly, in the 12:00 PM scenario, West Lane initially faced LOS F conditions. Implementing signal
controls at the 350-meter detector location in this scenario also resulted in notable improvements: the West
Lane experienced slightly reduced emissions and fuel consumption; the South Lane's emissions were
significantly reduced; the East Lane maintained the lowest emissions; and the North Lane showed moderate
emissions with a controlled environmental impact. For the 4:30 PM scenario, the West Lane still exhibited
higher emissions and fuel consumption than other lanes, while the South Lane showed reduced emissions and
fuel consumption. The East Lane continued to demonstrate minimal emissions and fuel consumption, and the
North Lane's emissions were comparable to those of the South Lane, with moderate fuel consumption.

Overall, the study demonstrates that the strategic implementation of signal controls can significantly
enhance traffic flow and reduce environmental impacts in congested urban areas.

7. Limitation

A limitation of this study was the use of a student version of VISSIM, restricting signal control to a 2-
stage system and limiting the exploration of advanced strategies. Additionally, the study did not account for
noise pollution impacts, which are crucial for comprehensively evaluating transportation systems.
Furthermore, the life cycle assessment (LCA) was limited, potentially overlooking significant environmental
impacts over the entire lifespan of the transportation infrastructure. Lastly, the study did not incorporate
comprehensive sustainability metrics, which are essential for evaluating the proposed solutions' long-term
viability and environmental impact.

8. Future research directions

Future research could use licensed VISSIM or SUMO and explore advanced signal controllers like
adaptive or actuated systems for better traffic management insights. Additionally, future studies should
include the assessment of noise pollution impacts to provide a more comprehensive evaluation of
transportation systems. Expanding the scope of life cycle assessments (LCA) to cover the entire lifespan of
transportation infrastructure is also recommended to ensure all significant environmental impacts are
considered. Incorporating comprehensive sustainability metrics will be essential for evaluating proposed
solutions' long-term viability and environmental impact. These additions will help create a more holistic
understanding of the effects of transportation systems on urban environments.
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