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Abstract: The growing number of vehicles in Jordan has contributed to traffic congestion, particularly
at roundabouts. Roundabouts deflect high volumes of traffic flow. To improve the performance of
roundabouts, it is necessary to consider the impact of all components on traffic conditions, especially
delay, queue length, and level of service (LOS), to reduce congestion and enhance efficiency and sus-
tainability, etc. This study aims to (a) identify the optimal queue detector locations on all approaches
at two selected roundabouts in Amman, Jordan, using micro-simulation (VISSIM) supported by
programming (Python) software, and (b) validate the simulated models with the best LOS. Traffic
and geometric data of roundabouts (Prince Faisal Bin al-Hussein, fifth; and Prince Rashid Bin Has-
san, sixth roundabouts) were used for simulation purposes. The queue detector (across 15 distinct
scenarios at various distances) and standard (base scenario, 50 m from the stop line) locations were
assessed for optimal placement. The model validation was made based on all scenarios including
signalized and non-signalized roundabouts. The best-case scenario for queue detector location was
determined based on the highway capacity manual (HCM) criteria for measurement of effectiveness
(MOE) at roundabouts. The optimal location was measured based on the duration of traffic delay
(seconds), average queue length (m), and LOS. The optimal queue detector’s location was observed
to be 97 m from the roundabout stop line. It can reduce the traffic delay (or speed up the traffic
flow) by 85.25%. The average queue length can be reduced up to 76.76%. The LOS F status on
the selected roundabouts can be improved to LOS D. Overall, the application of adaptive signal
and queue detectors in appropriate locations at all roundabout approaches is crucial to improve
imbalanced traffic flow while reducing delays.

Keywords: signalized roundabout; detector location; VISSIM; level of service; measurement of
effectiveness; highway capacity manual

1. Introduction

Various delayed traffic conditions (e.g., traffic jams, accidents, road works, and slow
moving traffic) are common in urban areas, and their negative effects on daily life and
environmental sustainability are becoming increasingly apparent. Traffic congestion, in
particular, has emerged as a significant issue in urban areas, leading to wasted time,
decreased productivity, and compromised air quality. The economic impact of congestion
is also significant, with billions of dollars lost each year in terms of wasted fuel, lost
productivity, and increased healthcare costs associated with air pollution, which can have
an impact on environmental sustainability [1–7]. As a result, governments, policymakers,
and transportation experts worldwide are dedicating more resources and efforts to finding
innovative solutions to mitigate the negative effects of traffic congestion and improve traffic
conditions, as well as traffic sustainability, in urban areas [1–6].
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The city of Amman is a major metropolitan area in Jordan (4.642 million people in
2021) accounting for about 42% of the country’s total population. This concentration of pop-
ulation in Amman has resulted in a significant increase in the number of vehicles on the
roads, leading to a surge in traffic congestion on network roads [8–10]. This study focuses
on the analysis of traffic conditions at two major roundabouts in Amman, namely, Prince
Faisal Bin al-Hussein (fifth roundabout) and Prince Rashid Bin Hassan (sixth roundabout).
The implementation of different signalization options at all types of intersections in Jordan
may offer a potential solution to address traffic congestion with imbalanced traffic flows.
Several studies, including [9,11–14], have demonstrated that signals can modify the round-
about’s inherent priority rule, resulting in more evenly spaced delays. In transportation
system modeling, simulation is commonly used to test the effectiveness of proposed solutions
for roundabouts.

VISSIM is a highly detailed microscopic software that accurately depicts traffic dy-
namics. It is capable of simulating multimodal traffic flow with features such as speed
zones, conflict zones, and 3D modeling, making it more complex than other software (e.g.,
SIDRA and AIMSUN) [3,13–19]. Python is used as an interface in VISSIM to program signal
control with queue detectors, which provides greater accuracy compared with other macro
languages (e.g., Visual C++, JavaScript, or Visual Basic). Python is a versatile and efficient
programming language that enables easy integration and quick implementation [20,21].

This study aims to (a) identify the optimal queue detector’s location on all approaches
at the selected roundabouts in Amman, Jordan, using micro-simulation (VISSIM) supported
by programming (Python) software, and (b) to validate the simulated models with the
best level of service (LOS). These insights can assist transportation planners and decision
makers in Jordan and other countries that face similar challenges. Therefore, policymakers
can develop efficient signalization strategies to improve traffic flow, reduce congestion, and
enhance overall road safety and sustainable mobility.

2. Literature Review

In transportation engineering, imbalanced flow refers to situations where traffic flow
is less than the capacity of the road, resulting in smooth traffic movement. However, when
the flow rate reaches or exceeds capacity, significant delays, queues, and congestion can
occur. Various studies have investigated the impact of unbalanced flows on roundabouts, a
popular type of road intersection. While roundabouts are generally effective with balanced
flows, operational difficulties can arise with increased flows. Roundabouts perform well
when the flows from all approaches are balanced, with platoons present in the circulating
flow, and vehicles from each approach can enter the roundabout. This is because the yield
rule limits the approach flows to depend on the circulating flow, and the overall roundabout
performance depends on both the circulating flow and the approach flows [13–15,18,22–29].

The use of detector technology has been established, with early versions capable of
detecting the presence of vehicles as they passed over the detectors at the junctions. Traffic
signal systems have become more prevalent in recent times [30–33]. Adaptive strategies,
which are a modified version of actuated control, use available data to predict the cycle
length required for current traffic conditions. Detectors are placed on stop lines, right-turn
sensors, slip lane sensors, and advanced detection sensors, on every road in a signalized
network [16,19,28,30]. Traditional traffic light systems rely on hard-programmed delays,
with no consideration for real-time traffic flow, leading to congestion [34,35]. Previous
research has shown that fixed-time signal control or multi-period fixed-time control is
only suitable for intersections with steady traffic, while actuated signal control is more
appropriate for multi-leg roundabouts with unstable traffic [31]. However, the use of
actuated signal control has not been successful in handling traffic flow in roundabouts,
leading researchers to focus on studying roundabout capacity and adaptive signal con-
trol [18,26,32,36,37]. Moreover, the adaptive signal control system, specifically designed for
roundabouts, was developed to improve their efficiency [28,38]. Signalized roundabouts
are equipped with advanced loop detectors and traffic signals to minimize vehicle queuing
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lengths, especially on the dominant approach, when unbalanced traffic flow conditions
occur. In partially signalized roundabouts, the signal phase times are determined by the
location of detectors and changeable queuing lengths, which affect queuing length on each
approach [38]. Advanced detection detectors are installed upstream of the stop line to
measure headways or gap time, while also dismissing the traffic signal phase in advance,
under free-flow settings. These detectors activate when the approach speed is high or when
heavy vehicles dominate the traffic [29,39].

For signalized roundabouts, the queue detectors must be installed at the most ap-
propriate location because this can affect the duration of queues at each entry point. An
adaptive traffic signal is used and activated when the queue on the controlling approach
meets the detector to determine the signal’s green/red time [25,26,38]. The standard queue
detector location is determined by the Manual of Traffic Roads and Use Management [40]
which suggests installing these detectors at certain stopping distances for the 85th per-
centile approach speed, at 35 m (for a 50 km/h speed limit) to 40 m (for a 60 km/h speed
limit) upstream of the stop line.

In addition, the literature on queue detectors from international countries includes
research from the United States [18,37], Australia [25,28,38], Ghana [15], Portugal [24], Alba-
nia [36], Spain [41], and Egypt [16]. Meanwhile, one study in Jordan is related to roundabout
metering with queue detectors [13]. Some of these studies analyzed the performance of signal-
ized roundabouts using the standard value of the queue detector [18,37,41]. For example, the
author of [37] and Ma, Yi [18] found that an adaptive signal with an advanced detector was
more effective than a traditional roundabout, especially for roundabouts with unpredictable
flows, and recommended installing the queue detector at 175 feet as a standard value from the
yield line or entry point. In addition, Martin-Gasulla, Garcia [41] investigated the use of the
optimal model by placing a queue detector at 50 m as a standard value in the metering round-
abouts and found that it improved the capacity of the roundabouts up to 80% and reduced
delay (22–56%), with the most effective approach being the controlling approach and shorter
amber or blank times of 40 s to quickly improve queue conditions. Moreover, few studies have
focused on the optimal local queue detectors at congested roundabouts [25,26]. An, Yue [26]
found that using a 380 m detector for the controlling approach and a 320 m detector for the
metering approach could reduce queuing length on both approaches. Moreover, An, Liu [25]
showed that installing a detector at 210 m from the roundabout stop line in an adaptive traffic
signal system with advanced detectors could reduce the overall queuing length from 689 m to
499 m.

However, some studies failed to analyze how the optimal queue detector affects the
performance of roundabouts [36,42]. For example, Afezolli and Shehu [36] investigated the
effectiveness of adaptive signals equipped with advanced detectors at roundabouts and
concluded that the length of queues and duration of delays on the controlling approach can
be reduced by 20 to 40% at the standard location of a queue detector 50 to 120 m away from
the roundabout. Furthermore, Martin [42] compared the capacity of a metering system
with a queue detector at 50 m and unmetered roundabouts and discovered that using a
metering system could result in a group of vehicles approaching the roundabout with a
longer acceptable gap between them. On the other hand, some studies [13,19,23,38,43–46]
limited the optimal location of queue detectors in their studies.

Therefore, the novelty of this research is that it investigates the optimal location of
queue detectors at congested roundabouts. To improve the efficiency of roundabouts, it
is crucial to determine the optimal position for detectors, particularly those that measure
queues. Although there are currently no established guidelines, investigating the impact
of optimal detector placement at all approaches to roundabout performance could yield
valuable insights. Furthermore, addressing congestion at the most heavily congested
roundabouts in Amman, specifically, the Prince Rashid bin Hassan and Prince Faisal bin
al-Hussein Square roundabouts, is crucial for urban planners.

As a case study, Amman, Jordan’s capital city, is a hub of business activities. Zahran
Street is a significant street that connects major business districts in the city, resulting in high
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traffic volumes and severe congestion, particularly during the morning rush hour. This
street comprises eight roundabouts, which are among the most congested roundabouts in
Amman. The sixth roundabout, Prince Rashid Bin Hassan, and the fifth roundabout, Prince
Faisal Bin al-Hussein Square, are the most congested. The Greater Amman Municipality
(GAM) has estimated that the traffic volume growth rate at these roundabouts is 3% per
year, based on historical data. Therefore, this study offers a viable solution to improve the
overall performance of roundabouts and mitigate traffic congestion, particularly in the
two most heavily congested roundabouts in Amman. These roundabouts are located in a
bustling commercial district, replete with numerous restaurants, cafes, and entertainment
venues, as well as banks, insurance companies, and hotels. Additionally, the surrounding
area is renowned as one of the most affluent neighborhoods in Amman city. Despite their
location, both roundabouts suffer from long queues and high delays on all approaches,
particularly during peak periods. These issues are a result of unbalanced traffic flow and
high demand, leading to traffic jams, accidents, and decreased entry capacities of the
roundabout approaches as more vehicles enter the circulating lane, creating a bottleneck at
the roundabout entrance.

This study has an important contribution to the field of traffic congestion at signalized
roundabouts, which is currently among the most concerning research topics in traffic
engineering. This study can provide valuable insights into traffic management strategies
that can reduce queuing and improve traffic flow, leading to sustainability benefits such as
reduced fuel consumption and emissions, and encouraging more sustainable transportation
options. Additionally, optimizing queue detector placement can enhance the efficiency of
transportation systems, leading to significant economic benefits. The primary objective
of this research is to investigate the utilization of VISSIM, a traffic simulation software,
to determine the optimal placement of queue detectors on all approaches at signalized
roundabouts. Calibrated parameters such as travel time and validated parameters such as
queue length were used in the simulated model outputs. The outputs include delay, queue
length, and LOS, which were evaluated in this study. This approach ensures the accuracy
and validity of the findings, which can inform traffic management strategies to reduce
congestion, improve traffic flow, and promote sustainable mobility. Table 1 summarizes
the literature on queue detectors at roundabouts from international countries, including
Jordan, compared with the current study.

Table 1. The literature on queue detectors at roundabouts from international countries, including
Jordan, compared with the current study.

No. Country
(Ref.) Outcomes Measure Interventions

Traffic
Simula-

tion
Software

Programming
Software

Traffic
Signal

Control

Location
of Queue
Detector

Findings

1. Jordan
[13]

Improving the
capacity and LOS at

the roundabout

Placing adaptive
signals on the
roundabout,

which connects
traffic signals
with ground

detectors placed
at a certain
distances.

VISSIM C++ Adaptive N.A.
A 90 s cycle length
giving a D value of

the LOS.
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Table 1. Cont.

No. Country
(Ref.) Outcomes Measure Interventions

Traffic
Simula-

tion
Software

Programming
Software

Traffic
Signal

Control

Location
of Queue
Detector

Findings

2. Australia
[25]

• Optimal
distance of the
queue detector
from the
stop line

• The queuing
lengths on the
controlling
and metered
approaches

• The total queue
length at the
intersection

Distance of
queue detectors

from the stop
line of the

roundabout

AIMUSN N.A. Adaptive Different
scenarios

The total queue
length (control-

ling + metered) is
minimized from

689 to 499 m when
the detector is

relocated to 210 m
from the

roundabout
stop line.

3.
United
States
[18]

• Delays
• Queues

An adaptive
metering system

for circular
intersections

VISSIM C ++ Adaptive 175 ft

Signal metering
can significantly

reduce delays and
queues at a
traffic circle.

4. Australia
[38] Queuing length

An adaptive
neuro-fuzzy

inference system
model for
predicting

queuing length
at metering

roundabouts

MATLAB N.A. Adaptive (50–120) m

An adaptive
neuro-fuzzy

inference system
model was

developed to
predict queuing

length at metering
roundabouts.
The model is

expected to help
practitioners in

determining
optimal detector

locations.

5. Egypt
[16]

Capacity
LOS -

VISSIM
and

SYNCHRO
N.A. Actuated N.A.

The roundabout is
not able to handle

the increasing
number of vehicles.

The LOS at the
roundabout

is inadequate.

6. Ghana
[15]

• Capacity
• Delay
• Queue length

A simulation of
various

configurations of
signalized

roundabouts

VISSIM N.A Adaptive N.A

Increases the
capacity by as

much as 50% in
some cases.

7. Portugal
[24]

• Traffic
performance

• Energy
• Environmental
• Exposure

impacts

A partial
metering
system

VISSIM N.A. Fixed N.A.

Reduces
traffic-related costs
in a corridor by up

to 13%.
The efficiency of

the proposed
system increases as
entering traffic at

the metered
approaches
increases.

8. Australia
[28]

• Total entry
delay

• Metering signal
thresholds

• Operational
performance

• Delay
reduction

A metering
signal-based

strategy
VISSIM N.A. Actuated N.A.

Reduces the total
entry delay by up

to 25.7%.
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Table 1. Cont.

No. Country
(Ref.) Outcomes Measure Interventions

Traffic
Simula-

tion
Software

Programming
Software

Traffic
Signal

Control

Location
of Queue
Detector

Findings

9.
United
States
[37]

• Delays
• Queues

An adaptive
metering system VISSIM C ++ Adaptive 175 ft

Adaptive metering
represents a
significant

advancement
compared with

roundabout
metering and is

suitable for
roundabouts that

experience
unpredictable

traffic patterns.

10. Albania
[36]

• Capacity
• Performance

Use of metering
signals at

roundabouts
SIDRA N.A N.A. (50–120) m

Metering signals
are used to

alleviate excessive
delays and queues

at roundabouts
during peak
demand flow

periods.

11. Australia
[26]

Queuing lengths on
the

controlling and
metered approaches

Location of
detectors at the

metering
roundabout

AIMUSN N.A. Adaptive Different
scenarios

The numerical
model predicted
queuing of the

locations of 380 m
(for C) and 320 m

(for M) and
reduced the

queuing length on
both approaches.

12. Spain
[41]

• Average delay
• Capacity

Metering signals
and queue

detector
VISSIM N.A. Adaptive 50 m

The optimal model
presented the

lowest average
delay (22–56%) and

a capacity
improvement of up

to 80 %.

13.
Jordan

(Current
Study)

Delay
queue length

LOS
Optimal location of

queue detector

Location of
queue detector at

the signalized
roundabout

VISSIM Python Adaptive 97 m

Reduces the delay
by 85.25%, reduces

the avg. queue
length by 76.76%,

and improves LOS
from F to D when
placing the queue
detector at 97 m

from the stop line.

N.A: Not available.

3. Methodology

The methodology employed in this study analyzed various characteristics and data
related to roundabouts by utilizing both primary and secondary sources. Primary sources
included data collected in 2018 comprising queue length and travel time during rush hour
while secondary sources included traffic volume and geometric data obtained from the
Greater Amman Municipality in the AM peak traffic hour (7:30–8:30). This study employed
modeling and simulation techniques using VISSIM, microscopic software that offers a
detailed representation of traffic dynamics.

VISSIM is more complex than other modeling software and includes a range of features
such as reduced speed zones, conflict zones, and 3D modeling. This study evaluated the outputs
of the simulated model, including delay, queue length, and LOS. It is necessary to calibrate the
model by adjusting its parameters and then validate it by comparing the results with real-world
data obtained from sensors or cameras to address traffic congestion [3,13,15,16].
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The travel time was used as the calibrated parameter, and the model was developed
to reflect real-world conditions at the site. The validation of the VISSIM model was carried
out using the queue length as the validated parameter to assess its ability to accurately
represent a real-life scenario. Furthermore, model validation is directly related to the
model calibration process, as calibration adjustments are necessary to enhance the model’s
ability to replicate traffic dynamics observed in the field. In addition, model validation
is crucial for selecting and identifying critical calibration parameters and determining
acceptable variations for each parameter throughout the microscopic simulation model.
Calibration aims to ensure that the simulation model accurately represents the local traffic
conditions. Therefore, system performance was conducted using the GEH value to evaluate
the performance of the simulation model. The GEH statistic was used to validate the queue
length, which is a formula commonly used in traffic engineering [15–17,28,47]. The formula
is also useful for modeling and forecasting traffic, as well as comparing sets of traffic queues.
The observed value was compared with the simulated value at the node of the VISSIM
model. The model was run 15 times to validate its accuracy.

The Geoffrey E. Havers (GEH) method was used as in the following equation:

GEH =

√√√√2x(Ysim −Yobserved)

(Ysim + Yobserved)

2

(1)

where:

Ysim is the simulation VALUE.
Yobserved is the observed VALUE.

In VISSIM, connectors are used extensively when modeling intersections and round-
abouts. They function much like links, but they are defined in the model by the lane change
distance and emergency stop distance values. The speed parameter of a connector is based
on an empirical curve that can be customized by the user to match field data or studies.
The posted speed limit can also be utilized, and each vehicle oscillates around its desired
speed until speed zones or roadway geometry necessitate a change in speed. This results in
behavior that mimics reality, allowing users to force vehicles to slow down before turning or
move slower in areas where the speed limit is lower in reality [3,13–16,19,48–50]. Moreover,
VISSIM’s newer approach to conflict zones is simpler to define in the model by using gap
acceptance, including rear and front gaps, to create more intelligent vehicle behavior. In
addition, coding priority rules in VISSIM provide high flexibility and enable traffic to be
simulated more closely to real-world conditions. Priority rules comprise a stop line and
one or more conflict markers associated with the stop line, which must be defined in the
model by minimum headway distance and minimum gap time. These features have been
discussed in studies by [3,13–16,19,48–50].

The VISSIM model, interfaced with Python, was utilized to simulate both un-signalized
and signalized cases with different signalized scenarios (15 scenarios). The objective was to
identify the optimal delay, queue length, and LOS. The validation of the VISSIM model
was conducted on the fifth roundabout, and the best-case scenario was used to evaluate the
appropriate location of the queue detector for various roundabouts. To validate the study,
the sensitivity of the model was evaluated by selecting the best scenario from all possibili-
ties at the sixth roundabout and applying the simulation model to the fifth roundabout in
Amman. The validation model was simulated by using VISSIM in two cases to assess the
optimal values of delay, queue length, and LOS of the fifth roundabout. In the first case,
three detectors were placed at the detector’s location in scenario 1, which presented the
standard values of the detectors without any replacement. In the second case, the detector
locations were placed in the best scenario. The differences in outcomes between the two
cases were compared to determine the effectiveness of the model in improving the LOS of
the roundabout. This step is crucial to validate the results of the study area by assessing
the roundabout’s performance based on delay, queue length, and LOS. Figure 1 depicts
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a summary of the methodology employed in this study including (a) modeling of queue
detector location at a signalized roundabout via VISSIM micro-simulation software and (b)
the Python flow chart for stages 1 and 2.
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Figure 1. Research methodology (a) modeling of queue detector location and (b) the Python flow
chart for stages 1–2.

3.1. Research Location

The city of Amman, like many modern urban areas, has experienced rapid growth in
both size and population. This growth has negatively impacted the city’s transportation
system, particularly on Zahran Street which connects major business districts. During the
morning rush hour, high traffic volumes create significant congestion at the two selected
roundabouts. According to historical statistics from the Greater Amman Municipality,
the traffic volume growth at these roundabouts is estimated to be approximately 3% per
year as shown in Figure 2. Figure 2 presents the average annual daily traffic (AADT,
1000 vehicles/day) for the selected roundabouts between 2015–2018. The sixth roundabout,
Prince Rashid bin Hassan roundabout (N 35◦51′40.997′′, E 50◦56′31.001′′), was selected
as the main site because it is known for being one of the most congested in Amman due
to its location in a commercial area with numerous restaurants, cafes, and entertainment
venues. The fifth roundabout, Prince Faisal bin al-Hussein Roundabout (N 35◦52′49.001′′,
E 47◦57′30.999′′), was chosen as a secondary site because it is similarly congested and has
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a similar geometric design to the sixth roundabout. This roundabout serves a busy hotel
district with six major hotels within a 1 km2 area. Figure 3 shows the aerial photography of
Amman city with the selected roundabouts along Zahran Street.
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3.2. Geometric Data

According to the Greater Amman Municipality (GAM) in 2018, geometric data include
important information about the design of junctions, such as the number of approaches,
number of lanes, lane widths, and size of roundabouts. The sixth roundabout, also known
as the Prince Rashid bin Hassan roundabout, has four legs that cross a one-lane circulating
roadway. It has a central island diameter of 37 m and an inscribed circle diameter of 50 m.
The circulating width is 6 m, and the entry width is 6 m with one lane entry. The path
radius is 48 m, and the splitter radius is 54 m. It has a 32-degree entry angle, and there are
no pedestrian crossings or police patrols. In addition, the fifth roundabout, also known as
the Prince Faisal bin al-Hussein Roundabout, has four legs that cross a one-lane circulating
roadway. It has a central island diameter of 27 m and an inscribed circle diameter of 39 m.
The circulating width is 6 m, and the entry width is 3 m with one lane entry. The path
radius is 35 m, and the splitter radius is 42 m. It has a 36-degree entry angle, and there are
no pedestrian crossings or police patrols. Figure 3 and Appendix A show the geometric
design of the roundabouts and the direction of traffic flow.

3.3. Traffic Data Collection

The traffic data include information about the characteristics of the traffic flow, such as
the volume of traffic. The traffic volume refers to the number of vehicles passing through
each stop line within a certain period. To determine the traffic volume during the peak
traffic hour in the study area, traffic count data from the Greater Amman Municipality and
data records from ground sensors at the sixth and fifth roundabouts provided by the central
traffic department were collected. The data were recorded during the morning rush hour in
2018 between 7:30–8:30 a.m. The aim of conducting a site visit was to gather an inventory
of the site and to observe driver behavior, conflicts, and queue lengths that typically occur.
During congested periods, the travel time of vehicles making left turns from the site was
recorded on the congested routes and subsequently checked from video footage. Queue
values were determined from the site and video footage at the north approach of the sixth
roundabout and the south approach of the fifth roundabout in 2018. To record the travel
time values, a vehicle passing the endpoint of the study segment was tested, and the travel
time was measured using a stopwatch for a specified distance. The distances between fixed
starting points and the fixed end point of the total route were obtained from the vehicle’s
odometer. This process was repeated until the required number of sample runs (six in
total) was obtained, and the average travel time was computed to determine the average
travel time for that study segment. The average queue length values were determined
from the field in the selected direction, every five minutes during the AM peak traffic
hour. This measure was used to compare with the output of the VISSIM model and assess
its effectiveness. Observers at a selected approach counted the number of vehicles in the
stopping or slowly moving queue and measured the distance between the entry points
to the end of the vehicle queue. One observer recorded the queue length values while
another checked them from video footage to ensure accuracy during the peak traffic hour
(see Appendix B).

3.4. Model Development

To select appropriate software for a traffic model, it is important to understand the
two main categories of traffic flow models: macroscopic and microscopic. A microscopic
model simulates individual vehicles and their dynamic variables such as position and
velocity, while a macroscopic model links traffic flow characteristics such as flow, density,
and mean speed through mathematical models. A study examined simulation results from
several software packages for an unbalanced single-lane roundabout and found that SIDRA
and VISSIM performed well in addressing the roundabout approach volume imbalance
base on previous studies. SIDRA is a micro-analytical traffic evaluation tool that estimates
intersection capacity and performance characteristics with lane-by-lane and vehicle drive-
cycle models [41,51–55]. Meanwhile, VISSIM is more intricate software that simulates
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multimodal traffic flow at a small scale and allows for the modification of driver behavior
and signal control through its built-in API. VISSIM can mimic various highway classes and
construct multimodal infrastructures, and its design provides maximum adaptability and
resolution [3,13–19].

In this study, it is recommended to run the model 15 times to produce accurate results.
To develop the model network, the study area is imported and properly scaled, and then
links and connectors are drawn over the map. The characteristics of the road change at
specific spots. Hence, a connector is used to connect two links and continue the network
development of the study area. The sixth roundabout is constructed and the connectors are
drawn to join the opposite legs for the turning movement and connect them back to the
main throughflow. Figure 4a depicts the connector used for the links at intersections. The
peak traffic hour volumes were entered into the model. According to the traffic department
in Jordan (2018), 98% of the vehicle volume is made up of passenger vehicles, with 2%
being buses and trucks. After the vehicle volume at the selected roundabout is entered,
the next modeling stage is to define the vehicle routes via static routing decisions at the
sixth roundabout. Then, the percentages of vehicles flowing in different directions of
the roundabout are assigned using the attribute of relative flow in static routes. Using
this network in assigning the traffic volume generates more reliable calibration results for
several vehicles moving in each direction near actual field traffic conditions (see Figure 4b).
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However, the model will not be appropriately calibrated if an additional routing
decision is defined before the end of the previous route. In the study area, circulating
vehicles have the right of way over entering vehicles, and the vehicle speeds inside the
circulatory roadway of the roundabout as observed from videos were less than the speeds
on approach depending upon the design. The selected roundabout does not include
crosswalks for pedestrians and this roundabout is controlled by a give-way sign and a
give-way road marking in front of each roundabout entrance to force drivers to slow down
before traversing the roundabout. Hence, before the entry point of each approach at the
sixth roundabout, a reduced speed zone was also set up where the speeds were seen to
be approximately 25 km per hour. The circulating speed was determined as between
25 and 30 km per hour, and the value limit of 50 km/h per hour was used as the speed
limit for vehicles traveling on the approach (Greater Amman Municipality, 2018). Figure 4c
shows the speed area for circulating speed, entry speed, and posted speed, presented in
yellow color. VISSIM identifies conflict areas in the network where two links or connectors
overlap. These areas can occur at various locations, such as the entry point of a roundabout,
depending on the roundabout’s design. The user decides which areas to prioritize, and
in the case of roundabouts, circulating traffic is given priority. Vehicles entering the
roundabout look downstream as they approach the conflict area and if a circulating vehicle
is nearing or in the conflict area, the entering vehicle will slow down or stop to allow
space for the circulating vehicle to move once the entering vehicle meets the required gap
conditions, such as the front gap, rear gap, safety distance, and other parameters. Figure 4d
illustrates an example of a conflict area at the entry point of a roundabout.

Adaptive Traffic Signal Control

In this VISSIM model, three detectors were utilized to calculate the entry flow, queue
length, and arrival flow rate, as shown in Figure 4e. The details are as follows:

1. Entry flow detector (E): this detector computes the number of vehicles coming into
the circulating route or the roundabout;

2. The queue detector (Q): this detector computes the queue length of vehicles at a
selected roundabout;

3. Arrival flow or demand detector (D): this detector computes the arrival flow rate at
the roundabout.

The simulation was categorized into different cases based on the replacement of the
position of detectors at about 6.7 m in each scenario (according to the length of the standard
vehicle) and the simulated models were controlled by a queue detector, as described below:

• Standard scenario (base): scenario with standard queue detector (S1) as shown in
Figure 4f;

• Different scenarios: all scenarios have a difference value of 6.7 m between the scenario
and the following scenario as in Table 2 (see Appendix C).

Table 2. Description of different scenarios (15 scenarios) at the sixth roundabout.

Number of Scenarios Description

S1 (Standard scenario) Entry detector at 2 m, queue detector at 50 m, and demand detector at 150 m from the stop line
S2 Entry detector at 8.7 m, queue detector at 56.7 m, and demand detector at 156.7 m from the stop line
S3 Entry detector at 15.4 m, queue detector at 63.4 m, and demand detector at 163.4 m from the stop line
S4 Entry detector at 22.1 m, queue detector at 70.1 m, and demand detector at 170.1 m from the stop line
S5 Entry detector at 28.8 m, queue detector at 76.8 m, and demand detector at 176.8 m from the stop line
S6 Entry detector at 35.5 m, queue detector at 83.5 m, and demand detector at 183.5 m from the stop line
S7 Entry detector at 42.2 m, queue detector at 90.2 m, and demand detector at 190.2 m from the stop line
S8 Entry detector at 48.9 m, queue detector at 96.9 m, and demand detector at 196.9 m from the stop line
S9 Entry detector at 55.6 m, queue detector at 103.6 m, and demand detector at 203.6 m from the stop line
S10 Entry detector at 62.3 m, queue detector at 110.3 m, and demand detector at 210.3 m from the stop line
S11 Entry detector at 69 m, queue detector at 117 m, and demand detector at 217 m from the stop line
S12 Entry detector at 75.7 m, queue detector at 123.6 m, and demand detector at 223.7 m from the stop line
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Table 2. Cont.

Number of Scenarios Description

S13 Entry detector at 82.4 m, queue detector at 130.4 m, and demand detector at 230.4 m from the stop line
S14 Entry detector at 89.1 m, queue detector at 137.1 m, and demand detector at 237.1 m from the stop line
S15 Entry detector at 95.8 m, queue detector at 143.8 m, and demand detector at 243.8 m from the stop line

The purpose of the adaptive control strategy signal is to improve the performance
of the roundabout metered approach. It was designed to manage all approaches using
real-time data to simulate the model and balance queues, particularly in scenarios with
large flows or lengthy queues. Unlike traditional traffic controllers, adaptive traffic signal
controls were created to minimize traffic congestion and respond to vehicles in real-time at
the roundabouts.

The signal was programmed using Python and implemented in the VISSIM micro-
scopic simulation model with a high level of accuracy compared with other programming
languages such as Visual C++, JavaScript, and Visual Basic. Python’s quick implementation
and easy integration make it a preferred language [20,21]. The signal was positioned at
the sixth roundabout, and its operation was controlled using a control approach without
a fixed cycle time. The yellow timing was fixed at 3 s, and all red timing was fixed at 2 s,
following the traffic department’s recommendations in Jordan (2018). The priority rule
is determined based on the detection of traffic queues at each approach. First, queues on
each approach are checked. If there is only one approach, it is automatically selected as the
controlling approach. If there are multiple approaches with queues, the approach with the
highest arrival rate is chosen as the controlling approach, and the green light is activated
for this approach. Then, the upstream approach is selected as the metered approach, and
the signal is metered or turned red when the queue is detected on the metered approach.
The signal flashes yellow for 3 s as a warning before turning red for 10–15 s to prevent
vehicles from approaching. However, if the queue appears on the metered approach, a
new controlling approach is selected and this procedure completes all stages at the selected
roundabout. In the final stage of the simulation modeling process, the VISSIM simulation
was applied for every scenario with different values of detectors at the 6th roundabout to
compare the outputs of the simulation model in all 15 scenarios in different locations. This
study investigates the appropriate location of queue detectors to minimize congestion at
roundabouts. The location of the queue detector is essential in detecting excessive delays
and long queues. When there is a high volume of traffic or lengthy queues on one or more
approaches to a roundabout, the queue detector sends a message to balance all queues by
adjusting the phase time, thereby enhancing the performance of the roundabout. Real-time
response of a fully adaptive traffic signal at the appropriate location of the queue detector
helps minimize traffic congestion, unlike most traffic controllers that respond slower to
vehicles moving in roundabouts.

4. Results

This study analyzed the results of the simulation model, as well as the performance
and LOS under un-signalized and signalized conditions, such as delays and queue lengths,
with 15 scenarios. Furthermore, the study validated the proposed model to identify the
optimal scenario for queue detectors at different roundabouts based on the fifth roundabout.

Calibration aims to ensure that the simulation model accurately represents the local
traffic conditions. The parameters used depend on the calibration model of travel time;
system performance calibration was conducted using the simulated and observed values
of travel time at selected roundabouts. The observed vehicular demand is likely to be
unevenly distributed due to varying vehicle entry into the network. The analysis showed
poor performance of the roundabout due to congestion. The travel time was used as
calibrated parameter and the results of the model’s travel time were compared with the
actual travel time of the site, with the travel times on congested approaches for left-turning
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movements measured from fixed starting and end points, and the simulated travel time
reflected the travel time from the site at selected roundabouts (see Appendix D). The av-
erage speeds were analyzed based on three types of speeds: limited speed of 50 km/h,
25–30 km/h for circulating speed, and 25 km/h for entry speed based on the Greater
Amman Municipality. The parameters of vehicle acceleration and deceleration were disre-
garded since the same vehicle types, classes, and models are used in both the site and the
VISSIM model. The safety distance factor was taken from other studies [3,13–16,19,48–50],
while the other parameters, including emergency stopping distance, lane change distance,
standstill distance, minimum headway, and waiting time before diffusion, were based on
studies on the selected roundabouts [13,14]. The VISSIM model’s conflict area parameters
were adjusted to reflect the traffic conditions at the site, including visibility, the front gap,
the rear gap, and the safety distance factor (see Table 3b).

Table 3. The (a) criteria of the GEH method, (b) value of parameters in the VISSIM, (c) HCM control delay
and LOS criteria for un-signalized intersections, and (d) MOE values for the un-signalized roundabout.

(a) Criteria of the GEH Method GEH Statistic

A good match <5
An investigation may be required From 5 to 10
Possible model error or bad data >10

(b) The Parameters in VISSIM The Parameter Values

Emergency stopping distance 5 m
Lane change distance 150 m

Standstill distance 5 m
Headway distance 3 m

Front gap 0.5 s
Rear gap 0.5 s

Safety distance factor 1
Visibility distance 100 m
Posted limit speed 50 km/h

Entry speed 25 km /h
Circulating speed (25–20) km/h

(c) HCM Control Delay for Vehicles (Seconds) LOS General Description

0–10 A Free flow
>10–15 B Stable flow (slight delays)
>15–25 C Stable flow (acceptable delays)
>25–35 D Approaching unstable flow
>35–50 E Unstable flow

>50 F Forced flow

(d) MOE Values for Un-Signalized Roundabout

Name of Route Average Queue
Length (m)

Max. of Queue
Length (m)

Vehicle Delay
(sec)

Stopped Delay
(sec)

From east of Zahran Street to K. Faisal ben Abdul
Aziz Street 148.62 365.77 142.30 122.80

From east of Zahran Street to west of Zahran Street 133.10 327.59 216.46 186.79
From east of Zahran Street to Prs. Alia Street 201.90 496.90 221.83 191.43
From K. Faisal Ben Abdul Aziz Street to the west of
Zahran Street 178.54 439.42 182.39 157.39

From K. Faisal Ben Abdul Aziz Street to Prs.
Alia Street 306.46 754.25 615.51 531.16

From K. Faisal Ben Abdul Aziz Street to East of
Zahran Street 418.63 1030.33 397.74 343.23

From west of Zahran Street to Prs. Alia Street 121.35 298.66 69.74 60.18
From west of Zahran Street to east of Zahran Street 155.15 381.84 256.79 221.59
From west of Zahran Street to K. Faisal ben Abdul
Aziz Street 258.40 635.97 170.73 147.33
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Table 3. Cont.

(d) MOE Values for Un-Signalized Roundabout

Name of Route Average Queue
Length (m)

Max. of Queue
Length (m)

Vehicle Delay
(sec)

Stopped Delay
(sec)

From west of Zahran Street to west of Zahran Street 131.34 323.26 113.42 97.88
From Prs. Alia Street to East of Zahran Street 274.41 675.36 289.42 249.75
From Prs. Alia Street to K. Faisal Ben Abdul
Aziz Street 274.18 674.80 336.42 290.31

From Prs. Alia Street to west of Zahran Street 260.52 641.18 350.90 302.81

All 207.34 510.30 247.75 211.68
LOS F

Results are presented in mean and standard deviation equals 0.5.

In this study, a validation method was employed to evaluate the accuracy of real
and simulated models of queue length at a specific roundabout. The visual validation
method utilized a graphical representation of the data from the model to visually compare
and contrast their differences. The statistical validation method, on the other hand, used
goodness of fit measures, confidence intervals, and statistical tests to determine the degree
of similarity between the real and simulated models. To validate the base model in this
study, the statistical method utilized the GEH method and the queue length as the validation
parameter. The model was run 15 times during the AM peak traffic hour simulation
duration to ensure comprehensive validation. The resulting GEH values of 1.74 for the
sixth roundabout and 2.04 for the fifth roundabout, as presented in Appendix E, indicate
a good match between the simulated and observed values. Based on the GEH criteria,
the validation model is deemed acceptable for evaluating the outputs of the selected
roundabouts (see Table 3).

4.1. Performance and LOS at Un-Signalized Roundabout

This study analyzed and evaluated the performance and LOS at an un-signalized
roundabout using the current traffic volume data. The methodology for conducting the
LOS analysis procedure was previously explained, which involves selecting the link and
roundabout capacity evaluation criteria based on the HCM procedure. The objective of
the analysis was to obtain an acceptable LOS, which is a qualitative measure of various
factors such as speed, travel time, traffic interruptions, driver comfort, safety, convenience,
freedom of maneuvering, and costs incurred for operating a vehicle. For roadway LOS
analyses, the HCM provides six LOS levels ranging from free flow to forced flow, denoted
by the letters A through F. In contrast, for un-signalized roundabouts, the LOS criteria are
based on the average vehicle delay on the stop-controlled approach, with varied threshold
values reflecting drivers’ expectations of different highway facilities. The six LOS levels for
un-signalized roundabouts are denoted by the letters A through F, with increasing average
vehicle delays ranging from 10 s or less to more than 50 s as shown in Table 3b. The LOS
analyses for the roadways and intersections were performed using appropriate software
such as VISSIM (PTV) to ensure accurate and reliable results.

By determining the LOS, this study provides valuable insights into the performance of
the un-signalized roundabout, which can assist in making informed decisions for improving
the traffic flow and safety at the intersection. Based on the findings in Table 3d, the sixth
roundabout’s priority control system has a LOS of F, indicating poor performance. The
average delay was recorded at 247.75 s, with a stopped delay of 211.68 s, an average queue
length of 207.34 m, and a maximum queue length of 510.30 m. The poor performance is
attributable to the roundabout’s location in a neighborhood area near prominent hotels
and high-rise buildings that attract a significant number of trips, leading to high traffic
volumes at all entries of the roundabout. Furthermore, all entries appeared to be fully
utilized, as evidenced by the high values of average delay and maximum queue length. For



Sustainability 2023, 15, 8451 16 of 33

instance, the highest average delay recorded was 418.63 s, with a maximum queue length
of 1030.33 m and a LOS of F from north to east, while the lowest average delay was 121.35 s,
with a maximum queue length of 298.66 m and a LOS of F from west to south. These values
are considerably higher than the HCM-recommended thresholds.

4.2. The Performance and LOS of a Signalized Roundabout with 15 Scenarios

The LOS of a signalized roundabout was evaluated based on the average delay per
vehicle. The HCM has established six levels of service, ranging from a LOS of A to a LOS of F,
each representing a different average vehicle delay as shown in Table 4a. Four performance
measurement effectiveness characteristics were used to evaluate the roundabout operation:
vehicle delay, stopped delay, queue length, and maximum queue length. The output data
from the table were compared to determine the optimal scenario that yields the best results.
The results indicate that the base circumstances operating (scenario 1) at a LOS of E are
extremely crowded, resulting in delays and lengthy queues experienced by all approaches.
However, when the distance of the queue detector is changed from scenario 2 to scenario 15,
a LOS of E becomes a LOS of D (see Table 4b).

Table 4. The (a) HCM delay LOS criteria for signalized intersections based on control delay; (b) the
four measure parameters (MOE) for all scenarios (15 scenarios); and (c) the measure of effectiveness
(MOE) of the best scenario at the signalized roundabout (scenario 8).

(a) HCM Control Delay for the Vehicle (Seconds) LOS General Description

0–10 A Free flow
>10–20 B Stable flow (slight delays)
>20–35 C Stable flow (acceptable delays)
>35–55 D Approaching unstable Flow
>55–80 E Unstable flow

>80 F Forced flow

(b) MOE for All Scenarios (15 Scenarios)

Num. of Scenario Queue Length
(m)

Max. Queue
Length (m)

Vehicle Delay
(s)

Stopped
Delay(s) LOS

1 76.23 510.21 55.64 40.60 E
2 73.90 510.15 52.41 38.12 D
3 70.90 510.10 49.27 35.11 D
4 62.84 510.02 43.55 30.08 D
5 54.87 509.51 40.24 28.47 D
6 50.63 509.25 38.89 26.14 D
7 48.76 509.19 37.36 25.30 D
8 48.17 509.14 36.45 25.21 D
9 48.14 509.12 36.42 25.19 D

10 48.12 509.11 36.41 25.18 D
11 48.12 509.11 36.41 25.18 D
12 48.12 509.11 36.41 25.18 D
13 48.12 509.11 36.41 25.18 D
14 48.12 509.11 36.41 25.18 D
15 48.12 509.11 36.41 25.18 D

(c) MOE of the Best Scenario at the Signalized Roundabout (Scenario 8)

Name of Route Avg. of Queue
Length (m)

Max. of Queue
Length (m)

Vehicle Delay
(sec)

Stopped Delay
(sec)

From east of Zahran Street to K. Faisal Ben Abdul
Aziz Street 33.3 351.94 19.02 13.15

From east of Zahran Street to west of Zahran Street 29.82 315.21 34.45 23.83
From east of Zahran Street to Prs. Alia Street 45.23 478.12 32.95 22.79
From K. Faisal Ben Abdul Aziz Street to the west of
Zahran Street 40.00 422.81 27.49 19.02

From K. Faisal Ben Abdul Aziz Street to Prs. Alia Street 68.66 725.74 95.19 65.83
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Table 4. Cont.

(c) MOE of the Best Scenario at the Signalized Roundabout (Scenario 8)

Name of Route Avg. of Queue
Length (m)

Max. of Queue
Length (m)

Vehicle Delay
(sec)

Stopped Delay
(sec)

From K. Faisal Ben Abdul Aziz Street to East of
Zahran Street 93.80 991.38 63.11 43.65

From west of Zahran Street to Prs. Alia Street 27.19 287.37 9.98 6.90
From west of Zahran Street to East of Zahran Street 34.76 367.41 39.93 27.62
From west of Zahran Street to K. Faisal Ben Abdul
Aziz Street 57.90 611.93 26.75 18.50

From west of Zahran Street to west of Zahran Street 29.43 311.04 16.51 11.42
From Prs. Alia Street to east of Zahran Street 61.48 649.83 46.24 31.98
From Prs. Alia Street to K. Faisal Ben Abdul Aziz Street 61.43 649.29 51.51 35.63
From Prs. Alia Street to west of Zahran Street 58.37 616.95 51.63 35.71

All 48.17 509.14 36.45 25.21
LOS D

Results are presented in mean and standard deviation equals 0.5.

4.2.1. Comparison of Simulated Outputs for All Scenarios (15 Scenarios)

To evaluate the LOS of the roundabout, the average total vehicle delay was utilized as
a metric. The LOS criteria include the typical delay for each vehicle during specific periods,
such as peak traffic hours. Vehicle delay is a complex measure that depends on a variety
of factors, including signal phasing, traffic volume, and the flow of vehicles through the
intersection, all of which relate to the intersection’s capacity. The data analysis indicated
that increasing the distance of the queue detector resulted in a reduction in the average
delay of vehicles. Figure 5 illustrates the correlation between the queue detector distance
and the delay value. The base/standard scenario (scenario 1) revealed a delay of 55.4 s,
which indicates a LOS of E. However, by placing the queue detector at 6.7 m in the second
scenario, the delay decreased to 52.41 s, indicating a LOS of D. Further scenarios were
tested to improve the delay reduction and LOS, but it was observed that the ideal queue
detector distance for controlling delay was 96.9 m, as no significant reduction in delay
was observed beyond this distance. An increase in the queue detector will result in a
decrease in stop delay (Figure 5). Scenario 1 (standard scenario) exhibited a stopped delay
of 55.64 s, which falls under a LOS of E where a LOS of E must be equal to or greater than
60 s. Following HCM, a LOS of D in stopped delay should be less than 44 s, which was
achieved by placing the queue detector at 83.5 m in the scenario 6, resulting in a stopped
delay of 38.89 s. Additional scenarios were tested to further improve delay reduction and
LOS, but it was observed that the optimum queue detector distance for controlling stopped
delay was 96.9 m, beyond which no significant reduction in delay was observed. The most
efficient location for the detector is where the queuing time is minimized when control
methods are implemented. The average queue length of the approaches was 73.90 m at
56.7 m of detector distance (scenario 2). It showed that the 56.7 m detector site was the least
favorable distance. However, the combined average queue length was 54.87 m when the
detector was placed at a distance of 76.8 m (scenario 5). Moreover, in scenario 8, during
peak traffic hours at 96.9 m, the queue length could be shortened by approximately 48.17 m,
while the maximum queue length was reduced from 510.21 to 509.14 m, as demonstrated
in Figure 5 and Table 4b.
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Therefore, the optimal position for the queue detector was determined by evaluating
all possible scenarios, and a VISSIM model was utilized to accurately assess the adaptive
metering method with four parameters: the length and maximum length of the queue, as
well as the delay per car and the stopped delay. The experiment was run for 15 scenarios,
and the results showed significant improvements in vehicle delay, stopped delay, and
queue length. Between scenario 2 and scenario 5, the controlled approach experienced a
reduction of 12.17 s in vehicle delay (from 52.41 to 40.24 s), a decrease of 5.65 s in stopped
delay (from 38.12 to 28.47 s), and a decrease of 19.03 m in queue length (from 73.90 to
54.87 m). From scenario 5 to the scenario 8, the control delay was reduced by 6.19 s (from
40.24 s to 36.45 s), the stopped delay decreased by 3.35 s (from 28.47 to 25.12 s), and the
queue length was reduced by 6.70 m (from 54.87 to 48.17 m). The optimization of the queue
detector for all scenarios was determined to be 96.9 m in scenario 8, as shown in Figure 5.
No further changes were observed after scenario 8, as the values of vehicle delay, stopped
delay, and queue length remained consistent. Overall, the signalized sixth roundabout
performed better than the conventional roundabout, with a LOS of D, an average delay of
36.45 s, and a maximum queue exceeding 509.14 m. As demonstrated in Figure 4, there
were significant improvements in LOS, average delay, and maximum queue length, and the
details of simulated outputs of scenario 8 are shown in Table 4c. Figure 6 presents the best
scenario from the simulation video in VISSIM: (a) indicates long queues at the north, west,
and east directions and the green light activated in the longest queue at the north direction;
(b) indicates long queues at the west and east directions and the green light activated in
the longest queue in the west direction; and (c) indicates long queues at the west, east, and
north directions and the green light activated in the longest queue in the east direction.
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4.2.2. Comparisons between Scenario 1 (Base/Standard Scenario) and Scenario 8
(Best Scenario)

A simulation of the best detector under various traffic scenarios was conducted using
VISSIM software at a selected roundabout. The best scenario (scenario 8) was compared
with the base condition at the standard value of queue detectors (scenario 1) using four
parameters (MOE), two based on the delay of the entire intersection and two based on
queue length. The new model was compared with both the base scenario and the best
scenario, and the percent change is shown in Table 5a. The model demonstrated good
improvement over the base scenario (at 50 m), with the best improvement shown in
scenario 8, which was located 96.9 m from the stop. All four measures of effectiveness
demonstrated improvement, with the maximum queue length showing the best change
from 76.23 m to 48.71 m, denoting a 28% change. However, the maximum queue length
did not show significant improvement from 510.21 m to 509.14 m, representing a 1.07%
change. The average delay per vehicle and the stopped delay time at the roundabout
showed significant improvement, with a 19.19% improvement in vehicle delay from 55.64 s
to 36.45 s and a 15.485% improvement in stopped delay from 40.60 s to 25.12 s (see Figure 7).
These improvements demonstrate the effectiveness of the adaptive signal strategy and
highlight the importance of selecting an optimal queue detector location based on all
relevant parameters.
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Table 5. The (a) percentage change base condition and best scenario at the sixth roundabout and
(b) the comparison between the un-signalized case and the signalized case (best scenario) at the
sixth roundabout.

(a) Percentage Change Base Condition and Best Scenario at the Sixth Roundabout.

Scenario 1
(Standard Values)

Scenario 8
(Best Scenario) Change %

Vehicle delay (s) 55.64 36.45 19.19
Stopped delay (s) 40.60 25.21 15.48

Avg. queue length (m) 76.23 48.17 28.06
Max queue length (m) 510.21 509.14 1.07

LOS E D One level

(b) Comparison between Un-Signalized Case and Signalized Case (Best Scenario) at the Sixth Roundabout.

Un-Signalized
Case

Signalized Case
(Best Scenario) Improvement %

Vehicle delay (s) 247.75 36.45 85.28%
Stopped delay (s) 211.68 25.21 88.09%

Avg. queue length (m) 207.34 48.17 76.76%
Max queue length (m) 510.30 509.14 0.23%

LOS F D Two level

Results are presented in mean and standard deviation equals 0.5.
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Figure 7. Comparison between the standard scenario (scenario 1) and the best scenario (scenario 8) at
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4.3. A Comparison of LOS at Signalized and Un-Signalized Roundabouts

The study simulated models for un-signalized and signalized conditions and com-
pared them with the best scenario, showing good improvement over un-signalized condi-
tions. The best improvement was seen when the roundabout was converted to a signalized
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condition with a queue detector in the optimal location, resulting in the highest LOS. All
four measures of effectiveness (MOE) showed significant improvement. Queue length
showed a positive change of 76.76%, from 207.34 to 48.17 m, while the average delay per
vehicle at the roundabout improved by 85.28%, from 247.75 to 36.45 s, and it was improved
by 88.09%, from 211.68 s to 25.21 s. The results indicate that converting un-signalized
roundabouts to signalized ones by installing a queue detector at the best location can
significantly improve traffic conditions and reduce congestion as shown in Table 5b and
Figure 7.

4.4. Model Validation at Fifth Roundabout

To validate the model, the study assessed the sensitivity of the model by selecting the
best scenario from all possibilities at the sixth roundabout and applying the simulation
to the fifth roundabout in Amman, which operates at a LOS of F [14]. The VISSIM model
was used to simulate the queue detector at a distance of 96.9 m from the signal line to
evaluate the effectiveness of the detector using four measures. The comparison between
the base scenario (1) and the best scenario (8) is shown in Table 6, revealing that the model
exhibits a significant improvement over the base scenario. Scenario 8 showed the highest
improvement at the distance of 96.9 m from the stop line, where all four measures of
effectiveness exhibited substantial improvement. The maximum queue length showed the
most significant positive change of 25.66%, which was reduced from 71.55 m to 45.89 m
compared with all scenarios. However, the maximum queue length did not exhibit as
much improvement, with only a 0.47% reduction from 510.21 m to 509.8 m, as illustrated
in Figure 8. The average delay per vehicle and stop delay time at the roundabout also
improved significantly. The percentage of improvement was 16.52% in vehicle delay,
reducing from 51.68 s to 35.16 s, and 13.83% in stop delay, reducing from 38.64 s to 24.81 s,
as shown in Figure 8. The results showed that the LOS improved from a LOS of E to a LOS
of D based on the HCM.

Table 6. Validation of the best scenarios at the fifth roundabout by comparing the MOE between the
base scenario (scenario 1) and best scenario (scenario 8).

Scenario Queue Length (m) Max. Queue
Length (m)

Vehicle Delay
(sec) Stopped Delay (s) LOS

Base scenario 71.55 510.21 51.78 38.64 E
Best scenario 45.89 509.08 35.16 24.81 D
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Figure 8. Validation of the best scenario at the fifth roundabout by comparing the MOE between the
base scenario (scenario 1) and the best scenario (scenario 8): (a) queue length (m) and (b) delay (sec).
Results are presented with an error bar equal to 0.5.
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5. Research Limitations

This section presents an explanation of the limitations of the study, as well as the
significance of the study

5.1. Limitations of the Study

This study has a few limitations that need to be considered when interpreting the findings.
Firstly, the study focuses only on a four-legged roundabout and does not take into account
pedestrians or bicycles based on the data from the traffic department in Jordan. This is due
to the roundabout being designed without pedestrian facilities, and pedestrian traffic was
not included in the study. Additionally, the simulation did not factor in bicycles because the
majority of vehicles in Jordan are passenger cars and heavy vehicles. This could potentially
affect the results, as pedestrian traffic and bicycles can impact a roundabout’s performance.

Secondly, the study used heavy vehicles which represent only 2% of the total traffic
volume, according to the traffic department in Jordan. While this may be an accurate
representation of the traffic flow in Jordan, it is important to note that heavy vehicles have
different operating characteristics than passenger cars, which could impact the round-
about’s performance.

Finally, the study primarily focuses on effectiveness measures such as queue length,
delay, and level of service, while emissions and fuel consumption are not considered
in the discussion of simulation results. The results may not provide a comprehensive
understanding of the roundabout’s impact on the environment and sustainability. Therefore,
it is important to consider the limitations of the study when interpreting the findings.

5.2. Significance of the Study

This study focused on improving the performance of roundabouts in terms of traffic condi-
tions, specifically delays and queue lengths. The sixth roundabout (main site) was found to have
serious congestion problems and the finding was consistent with previous studies conducted
on the same roundabout without a traffic signal [13,14]. To evaluate this roundabout, queue
length, average control delay, and LOS were measured. Under un-signalized conditions, the
roundabout became very crowded, with high delays and long queues. However, when the
roundabout was converted to a signalized roundabout, the performance improved. Maximum
throughput was significantly higher, and queue lengths and approach delays were reduced,
corroborating the findings of many prior studies [13–15,17,44,56]. On the other hand, the pre-
vious studies indicated that a queue detector has a significant effect on the performance of
signalized roundabouts without focusing on the optimal locations from the stop line [18,37].
Meanwhile, the optimal location of the queue detector improved the performance of signalized
roundabouts [25,26,41]. This finding is less highlighted in previous studies because most of
the studies focus on the improvement of the performance of roundabouts by selecting the best
scenario of the roundabout construction, the optimization of cycle length, the optimization of ca-
pacity, and choosing the optimization of different geometric elements at signalized roundabouts,
and limited studies focus on the optimal location of queue detectors [13,19,23,43–46,57–60].

In this study, the method (modeling the optimal location of a queue detector at a
roundabout by using VISSIM and Python) was based on analyzing both the geometric and
traffic characteristics of the roundabout. The geometric characteristics of the roundabout
(e.g., central island diameter, inscribed diameter, number of entry and exit points, number
of lanes, number of approaches, and curvature) are significant parameters that affect
the performance of the queue detector. Traffic volume, congestion patterns, and vehicle
types also need to be considered in this analysis. Therefore, this study evaluated the
optimal placement of queue detectors across 15 different scenarios at varying distances,
as well as the standard base scenario of 50 m from the stop line. The best location for the
queue detector was determined based on the highway capacity manual (HCM) criteria for
measurement of effectiveness (MOE) at roundabouts. The optimal location was assessed
based on traffic delay duration, average queue length, and level of service (LOS).
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The modeling method described in this study can be applied to traffic systems world-
wide, as long as the geometric designs of the roundabouts are suitable and similar char-
acteristics exist. For example, the Old Belair Road roundabout in Australia has similar
geometric characteristics that can be applied using the same approach (parameters: number
of legs, lanes, circulating lanes, and circulating lane width). However, traffic volume and
other conditions may differ and require adjustments to the model. Specific traffic data
can be gathered to modify the model parameters. In this study, the maximum observed
queue length during the peak traffic hour on the congested approach was 941 m, which is
similar to the 910 m queue length observed in the Old Belair Road roundabout [25,26]. This
study suggests that the optimal location of the queue detector (when installing a queue
detector on two approaches at a distance of 380 m for the controlling approach and 320 m
for metered approach) can slightly reduce the queue length [26]. Another study of the
Old Belair Road roundabout found that the optimal location of a queue detector (when
installing a queue detector on only one approach at a distance of 210 m) can reduce the
queue length by about 25% on the roundabout [25]. Meanwhile, in this study, the optimal
location of queue detectors when installing queue detectors on all approaches and using
adaptive traffic signals based on the highest queue length at the roundabout reduced the
queue length by 76.76%.

On the other side, in the United States and Spain, queue detectors have been used to
reduce delays and queue lengths on congested roundabouts. To simulate the performance
of the queue detectors, both the geometric and traffic characteristics of the roundabout
were analyzed using VISSIM modeling. In the U.S., queue detectors were placed at a
standard distance of 175 ft (53 m) on all approaches of congested roundabouts, resulting in
a reduction in delays of 27% [37] and over 30% [18], and an average queue length reduction
of 36% [37] and over 40% [18] during the highest PM peak hour traffic volume when
queue detectors were installed on all approaches and adaptive traffic signals were used. In
Spain, queue detectors were placed at a standard distance of 50 m, and the optimal model
presented the lowest average delay (22–56%) when applying the queue detector on one
approach and using semi-actuated signals in VISSIM [41]. However, this study evaluated
the optimal placement of queue detectors in 15 different scenarios with varying distances,
including the standard placement of 50 m from the stop line. The optimal location of the
queue detector reduced the delay time by 85.25% when queue detectors were installed at
97 m on all approaches and adaptive traffic signals were used based on the highest queue
length at the roundabout.

The results of this study can be used as a guide for implementing queue detectors
on all approaches and using adaptive traffic signals based on the highest queue length at
roundabouts. This study provides best practices for designing and operating signalized
roundabouts and can be applied to different regions with varying traffic characteristics,
technology and infrastructure availability, and compliance with local regulations. The
effectiveness of the modeling method was validated by testing it on another roundabout,
and improvements were made based on the performance of the queue detector including
the maximum queue length, average queue length, average delay per vehicle, and stop
delay time. The findings confirm the sensitivity of the model, indicating that it can be
effectively applied to other roundabouts. In conclusion, the described modeling method can
be a useful tool for optimizing the location of queue detectors at roundabouts in different
cities, as long as the specific traffic and geometric conditions of each roundabout are taken
into account.

6. Conclusions and Future Research

This study presents an innovative approach to improve traffic flow at circular junctions.
An adaptive, fully signalized system was developed and implemented at a real-world
traffic roundabout that experienced uneven flows, using three detectors to monitor queue,
demand, and entry. In the absence of queue detection, huge queues were observed on
multiple approaches during rush hour in the un-signalized roundabout. In addition, the
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installation of traffic signals with one detector at selected intersections was not effective
in reducing the congestion; the problem persisted, and the LOS remained at F. The main
points of the findings of this study are presented below:

• The selected roundabouts face numerous challenges due to high traffic volumes, which
result in unbalanced flow, high capacity, traffic congestion, and unrelenting traffic. The
simulation results demonstrated that the sixth roundabout’s priority control system
has a LOS of F, indicating poor performance. The average delay was recorded at
247.75 s, with a stopped delay of 211.68 s, an average queue length of 207.34 m, and a
maximum queue length of 510.30 m.

• Installing a traffic signal at the roundabout and placing a queue detector at the stop
line negatively affected its performance, resulting in a crowded situation with a LOS of
E, based on the HCM. During peak traffic hours, standard values showed that vehicle
delay was 55.64 s, stopped delay was 40.60 s, and queue length was 76.23 m.

• This research employed 15 scenarios using the VISSIM model, with 4 adaptive sig-
nalized system parameters: queue length, maximum queue length, vehicle delay per
car, and stopped delay. The findings showed that optimal results were achieved when
placing the queue detector at 97 m from the stop line.

• The study measured the effectiveness of converting un-signalized roundabouts to
signalized ones by installing a queue detector. Four different measures of effectiveness
were used, and all of them showed significant improvement. The queue length
decreased by 76.76%, from 207.34 m to 48.17 m. The average delay per vehicle at the
roundabout decreased by 85.28%, from 247.75 s to 36.45 s, and the maximum delay
decreased by 88.09%, from 211.68 s to 25.21 s. These results suggest that the conversion
of un-signalized roundabouts to signalized ones with queue detectors can greatly
enhance traffic conditions and decrease congestion.

• The validation model for Amman’s fifth roundabout was compared with the base
(standard) condition and the best-case scenario, with the percentage change displayed.
Scenario 8 at 97 m showed the most significant improvement, with a 25.66% de-
crease in queue length from 71.55 to 45.89 m, a 16.52% decrease in vehicle delay from
51.68 to 35.16 s, and a 13.83% decrease in stopped delay from 38.64 to 24.81 s. The
only effectiveness indicator that did not improve was maximum queue length, with a
less-than-ideal 0.47% change from 510.21 to 509.8 m. Overall, the new model improved
the LOS from LOS E to LOS D, according to the HCM.

• The results of this research could inform the development of new guidelines and best
practices for signalized roundabout design and operation which could be useful for
improving traffic flow in other regions. The findings confirm the sensitivity of the
model, indicating that it can be effectively applied to other roundabouts.

• Future research, as a continuation of this paper, should be focused on developing a
simulation model for determining the optimal location of queue detectors at round-
abouts and measuring emissions parameters and their impact on traffic sustainability.
The research could lead to the creation of new, innovative approaches for multi-criteria
decision making in traffic management. By gaining a deeper understanding of how
emissions impact traffic sustainability, researchers may be able to devise effective
strategies for reducing emissions and improving environmental health. The simula-
tion model will be an indispensable tool for precisely measuring the effects of these
strategies and making informed decisions regarding traffic management in the future.
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Table A1. Traffic Data for the sixth and fifth roundabouts during the peak traffic hour (7:30–8:30): (A)
traffic volume (veh/h); (B) queue length (m); and (C) travel time (s).

(A) Traffic Volume at the Sixth and Fifth Roundabouts (Greater Amman Municipality, 2018)

Roundabout Street Name

Volumes of
Vehicles in the

Circulating
Roadway (veh/h)

Volumes of
Left-Turning

Vehicles in the
Subject Entry

(veh/h)

Volumes of
Right-Turning

Vehicles (veh/h)

Volumes of
U-Turning

Vehicles (veh/h)

Sixth
round-
about

Prs. Alia Street (South) 704 1373 874 0
K. Faysal Ben Abdul Aziz Str. (North) 2383 1152 316 0

Zahran Street (East) 4231 1147 340 0
Zahran Street (West) 43 3450 0 548

Fifth
round-
about

Ali Mohammad Junah Street (South) 3132 135 86 0
Kindi Street (North) 636 1122 515 269
Zahran Street (East) 947 240 1410 0
Zahran Street (West) 156 710 0 1159

(B) Avg. Observed Queue Length (m)

Time Sixth Roundabout (North
Approach)

Fifth Roundabout (South
Approach)

7:30–7:35 635 413
7:35–7:40 851 723
7:40–7:45 407 593
7:45–7:50 941 638
7:50–7:55 505 403
7:55–8:00 326 810
8:00–8:05 541 509
8:05–8:10 399 412
8:10–8:15 435 449
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Table A1. Cont.

(B) Avg. Observed Queue Length (m)

Time Sixth Roundabout (North
Approach)

Fifth Roundabout (South
Approach)

8:15–8:20 358 286
8:20–8:25 242 250
8:25–8:30 179 185

(C) Average Observed Travel Time at Sixth and Fifth Roundabouts (s)

Roundabout Approach Distance
(m)

The
Avg.
(sec)

Obs. 1 Obs. 2 Obs.3 Obs.4 Obs. 5 Obs.6

From east of Zahran Street to Prs. Alia Street 206.06 148.28 144.45 143.26 153.6 154.49 144.95 148.93
Sixth

round-
about

From K.Faysal Ben Abdul Aziz Street to east
of Zahran Street 212.94 217.01 207.43 209.48 223.9 241.21 204.69 208.72

From west of Zahran Street to K.Faysal Ben
Abdul Aziz Street 201.56 96.17 102.06 77.43 103.2 114.6 91.41 88.33

From Prs. Alia Street to west of Zahran Street 204.2 191.53 196.81 192.01 186.66 195.97 191.13 186.61

From east of Zahran Street to Ali
Mohammad Junah Street 271.56 105.93 125.31 82.85 97.35 135.67 80.78 113.64

Fifth
round-
about

From Kindi Street to east of Zahran Street 272.5 203.09 178.54 186.28 220.19 268.46 187.32 177.76

From west of Zahran Street to Kindi Street 253.74 77.13 74.82 80.54 68.23 74 85.76 78.73
From Ali Mohammad Junah Street to west of
Zahran Street 244.95 96.84 101.65 95.43 86.49 83.21 123.18 91.09
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Appendix D

Table A2. Comparison of Average travel time and simulated travel time of the un-signalized sixth
and fifth roundabouts during the peak traffic hour (7:30–8:30) (2018).

Approach

D
is

ta
nc

e
(m

)

Average
Observed

Travel Time (s)

Average
Simulated

Travel Time (s) V
ar

ia
ti

on (80–120)
% of Field

Value

Sixth
roundabout

From east of Zahran Street to
prs. Alia Street 206.06 148.28 145.48 1.89 YES

From K. Faysal Ben Abdul Aziz
Street to east of Zahran Street 212.94 217.01 219.01 −0.92 YES

From west of Zahran Street to K.
Faysal Ben Abdul Aziz Street 201.56 96.17 93.51 2.76 YES

From prs. Alia Street to the west
of Zahran Street 204.2 191.53 202.73 −5.85 YES

Fifth
roundabout

From east of Zahran Street to Ali
Mohammad Junah Street 271.56 105.93 118.32 −11.69 YES

From Kindi Street to east of
Zahran Street 272.5 203.09 188.75 7.06 YES

From west of Zahran Street to
Kindi Street 253.74 77.13 83.32 −8.03 YES

From Ali Mohammad Junah
Street to the west of
Zahran Street

244.95 96.84 88.54 8.57 YES

Appendix E

Table A3. Calculation of validation model of the average queue length at the sixth and fifth round-
abouts during the peak traffic hour (7:30–8:30) (2018).

N
um

be
r

of
R

un
s

Observed Average
Queue Length (m)

VISSIM Simulated Average
Queue Length (m) GEH=

√
2x(Qsim−Qobserved)

(Qsim+Qobserved)

2

Sixth
Roundabout

Fifth
Roundabout

Sixth
Roundabout

Fifth
Roundabout

Sixth
Roundabout

Fifth
Roundabout

Run 1 484.84 472.54 510 500.41 1.1279 1.2636
Run 2 484.84 472.54 475.84 443.11 0.4106 1.3754
Run 3 484.84 472.54 549 526.22 2.8218 2.4021
Run 4 484.84 472.54 478 443.32 0.3118 1.3655
Run 5 484.84 472.54 440.7 528.06 2.052 2.4822
Run 6 484.84 472.54 542.84 415.19 2.5586 2.7221
Run 7 484.84 472.54 513.5 518.08 1.2826 2.0462
Run 8 484.84 472.54 453 395.15 1.4705 3.7155
Run 9 484.84 472.54 540.5 549.4 2.458 3.4002
Run 10 484.84 472.54 460 447.01 1.14299 1.1906
Run 11 484.84 472.54 502.84 536.71 0.8099 2.8566
Run 12 484.84 472.54 429 428.67 2.6124 2.0667
Run 13 484.84 472.54 470 507.75 0.6793 1.5904
Run 14 484.84 472.54 540 443.38 2.4366 1.3625
Run 15 484.84 472.54 401.5 490.88 3.9589 0.8358

The avg. value of GEH: 1.7423 2.04502
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