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The operations of multilane roundabouts, especially three-lane roundabouts, are unique and more complicated than any other type
of roundabouts. This study aims to analyze driver behavior and estimate the critical gap at three-lane roundabouts. Video data were
collected at two roundabouts. The analysis identified a pattern of group gap acceptance, where vehicles entering the roundabout
from different lanes moved in groups during the same gap. In this case, the decision of vehicles entering from outside lanes greatly
depended on the gap acceptance decision of vehicles in the inside lane. Analysis showed that the vast majority of the vehicles accept
the gap in groups and the critical gap was estimated accordingly. The study provides a new explanation for the operation at multilane
roundabouts. The use of this simple method is reccommended when estimating critical gaps for multilane roundabouts.

1. Introduction

Roundabouts are popular in many countries, especially in the
case of lower volumes when compared to signalized intersec-
tions as they reduce queuing and delays at the approaches.
Yield-controlled entries of roundabouts oblige vehicles to
decide to either reject or accept a gap in the circulating flow.
The decision making in most cases depends on the driver’s
behavior. Roundabout capacity is greatly affected by the
gap acceptance behavior of drivers. The Highway Capacity
Manual (HCM) provides a method to calculate the capacity
of roundabouts, and it involves a number of inputs. One of
the main inputs is the critical gap [1]. This value is used in the
capacity model to estimate the capacity of existing facilities
without the need to perform field measurements, assess the
level of service, and predict the capacity at future locations.
Furthermore, this value is needed in simulation and traffic
modeling of roundabouts for design and research projects.
A gap is an opening in the circulating flow that circulates
around the island of the roundabout. As illustrated in Figure 1,
gap vehicles are the vehicles that travel in the circulating lanes
and create the gaps. The decision vehicle is the vehicle at

the entry of the roundabout that takes the decision, whether
rejecting or accepting a gap. The gap closes on the left side and
reopens on the right side as shown in Figure 1. Rejecting a gap
happens when the driver of the decision vehicle finds the gap
small enough that s/he refuses to merge with the circulating
flow and remains stopped at the entry point. Accepting a gap
is when the driver of the decision vehicle merges with the
circulating flow from the vehicle’s position at the entry of the
roundabout as soon as the gap is large enough not to cause
crashes or severe conflicts.

The critical gap is the smallest gap that a driver is assumed
to accept [2]. The critical gap is an important parameter that
affects the capacity and delay of roundabouts. Monitoring and
evaluating of capacity values at roundabouts are a difficult
matter due to the high dependence of these parameters
on the drivers’ behavior [1]. This study aims to investigate
the gap acceptance behavior and to determine the critical
gap for high-volume three-lane roundabouts. These types
of roundabouts are unique, and their operation is more
complicated than other types of roundabouts. Furthermore,
previous studies have not thoroughly addressed these types
of roundabouts to the best of our knowledge.
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FIGURE 1: Gap acceptance definition.

2. Literature Review

Numerous studies have investigated critical gaps. Raff [9]
developed the earliest and the most popular method of
evaluating the critical lag. He defined the critical lag as the
lag for which the number of accepted lags shorter than it
is similar to the number of rejected lags longer than it. A
graphical model was developed in which two cumulative
distribution curves related to the number of accepted and
rejected gaps intersect to provide the critical lag value. The
original Raft’s procedure estimated critical lags on the basis of
lags accepted and rejected. Miller corrected the Raff’s method
by including the entire gap data instead of lags only [10]. This
new method is known as the modified Raff method. As shown
in Figure 2, the modified Raff method determines the critical
gap value (t.), graphically, by finding the intersection point
between the two functions:

1-F (tr) » F (ta) > (1)

where t, and t, are accepted and rejected gap times and F(¢,)
and F(t,) are cumulative distribution functions (CDFs) of
accepted and rejected gaps.

The intersection point between the cumulative distri-
bution curves corresponds to the critical gap value on the
horizontal axis. This value is called the critical gap because
most vehicles will more likely to accept a gap of a value larger
than them and reject a gap of a value smaller than them.
Previous studies showed that the value of ¢, is affected by the
existing traffic volumes at which this value has been evaluated
(11, 12].

Different studies estimated the critical gap values
obtained from different analysis methods and then compared
them to different international standards or other studies. A
summary of the critical gap values determined by previous
studies is shown in Table 1. The table contains the analysis
methods, location, and types of roundabouts. In summary,
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FIGURE 2: Critical gap based on Raff’s method.

most studies addressed only one- and two-lane roundabouts.
In summary, to our knowledge, limited studies investigated
or developed a methodology to study the critical gap value
for three-lane roundabouts.

Guo [7] compared three methods for the estimation of the
critical gap for roundabouts, including Ashworth’s method,
Raff’s method, and the maximum likelihood method to
calculate the critical gap at roundabouts. He provided jus-
tification for recommending some of the methods over the
others in practical applications. As per Guo, the modified
Raff’s method and the maximum likelihood method are
considered easy to use and practical. On the other hand,
Ashworth’s method will result in a larger result because it only
uses values of the accepted gap. Tupper et al. [13] compared
four methods of calculating the critical gap for unsignalized
T-intersections in terms of the ease of use and the use of data.
Raff and the cumulative acceptance methods were identified
as the most computationally simple followed closely by the
fit maximization method. The equilibrium of probabilities
method was the most computationally demanding. The Raff,
equilibrium of probabilities, and fit maximization methods
utilized both the accepted and rejected gap data, requiring
a smaller sample size. The cumulative acceptance method
utilized only the accepted gap data requiring a larger sample
size for meaningful results. It was therefore decided to use
the modified Raff’s method in this study because it is easy
to use, requires a small sample size, and produces reasonably
accurate results.

3. Methods

3.1. Group Gap Acceptance. Vehicle interactions at the round-
abouts vary depending on the number of circulating lanes. As
the number of lanes increases, the complexity of the vehicular
interactions increases. Three-lane roundabouts have com-
plicated interaction patterns. Any two-gap vehicles in the
circulating lanes regardless of the lane they are occupying
can create an acceptable gap. Therefore, there should be 14
interaction cases as illustrated in Figure 3. If the decision



Journal of Advanced Transportation 3
TABLE 1: Summary of past studies.
Author(s) Year Analysis method Crg1(ca)l Type of roundabout City, country
gap (s
Flannery and Datta [3] 2007 Maximum likelihood method 3.94 Florida and Maryland, USA
Xu and Tian [4] 2008 Maximum likelihood method 4.8 Llane California, USA
Mensah et al. [5] 2010 Raft’s method 2.55 Maryland, USA
Fitzpatrick et al. [6] 2013 Raff’s method 2.2 Massachusetts, USA
Xu and Tian [4] 2008 Maximum likelihood method 11“1174%/ California, USA
Raff’s method 2.91
i ) 2-1
Guo [7] 2010 Revised Raff’s method 2.78 ane Dalian, China
Maximum likelihood method 2.65
Ashworth method 3.2
Kusuma and Koutsopoulos [8] 2011  Maximum likelihood method 3.58 Stockholm, Sweden
Case Vehicle Interactions
1 Vehicle I with Vehicles F1 & F2
2 Vehicle I with Vehicles F1 & C2
3 Vehicle I with Vehicles F1 & N2
4 Vehicle I with Vehicles C1 & F2
5 Vehicle I with Vehicles C1 & C2
6 Vehicle I with Vehicles C1 & N2
7 Vehicle I with Vehicles N1 & F2
8 Vehicle I with Vehicles N1 & C2
9 Vehicle I with Vehicles N1 & N2
10 Vehicle M with Vehicles C1 & C2
11 Vehicle M with Vehicles C1 & N2
12 Vehicle M with Vehicles N1 & C2
13 Vehicle M with Vehicles N1 & N2
14 Vehicle O with Vehicles N1 & N2

F: Far I: Inside
C: Center M: Middle
N: Near O: Outside

FIGURE 3: Traditional interaction cases.

vehicle is in the inside lane, cases 1 through 9 are applicable
covering the path of the decision vehicle and all the possible
paths vehicles combinations in the circulating lanes. If the
gap vehicle is in the middle lane of the approach, cases 10
through 13 are applicable. For the outside lane, only one case
is applicable.

Vehicles were observed to accept gaps in groups. The
group gap acceptance behavior is based on the actual
mechanics of accepting or rejecting gaps observed in the field
at the two study locations. Vehicles in the middle and outside
lanes, follow vehicles, take advantage of the gap for the inside
vehicle to enter the roundabout. As shown in Figure 4, seven
cases were observed (A to G) in the field. Cases A, B, and C are
based on the vehicle in the inside lane accepting a gap. Case
A occurs when all lanes are occupied. In this case, the vehicle
in the inside lane accepts the gap. At the same time, the follow
vehicles in middle and outside lanes accept the same gap by
following the vehicle in the inside lane. Case B occurs if the

vehicle in the outside lane does not accept the gap with the
follow vehicle in the middle lane. Case C occurs when the
vehicle in the middle lane rejects a gap whereas the vehicles
in the inside and outside lanes accept it. Case D occurs in
case of no vehicles in the inside lane. In this case, the vehicle
in the middle lane accepts a gap, and the follow vehicle in
the outside lane accepts the same gap. The remaining cases
involve only one decision vehicle. Cases E, F, and G occur if
the decision vehicles accept the gap individually.

3.2. Data Collection. Video footage was used to collect the
data at two high-volume three-lane roundabouts in the city of
Doha, Qatar. The first roundabout is located at the intersec-
tion of Al Gharrafa Road and Al Maszhabiya Street. The sec-
ond roundabout is located at the intersection of Haloul Street
and Mesaimeer Road. The two selected roundabouts are
similar in geometry. Both represent the typical configuration
of three-lane roundabouts in the city of Doha. The circulation
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@ Decision vehicle accepting the gap with follow vehicles
@B Follow vehicle accepting the same gap of the decision vehicle
@ Decision vehicle accepting the gap individually

FIGURE 4: Interaction cases based on group gap acceptance.

inside the roundabouts is counterclockwise in Qatar. Vehicles
traveling in the circulating lanes around the middle circular
island have the right-of-way, where the vehicles at the yield-
controlled entrances have to find a gap in order to merge
with the circulating flow. Both roundabouts were selected
because of the heavy traffic volumes and consistent entry
flow to ensure a large sample size. Cameras were installed

strategically at different angles at the studied approach to
ensure a clear view without the obstruction of large-sized
vehicles. Data were collected for the northbound approaches
at both intersections as shown in Figure 5. A total of 15 hours
of footage was captured covering the peak and oft-peak hours.
Data collection was performed from 6:00 a.m. to 9:00 p.m. in
clear weather conditions.
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FIGURE 5: Aerial photo for roundabouts and camera locations.

3.3. Gap Measurement. The video data were analyzed frame
by frame with an accuracy of 0.03 s based on a frame rate of 30
frames per second using Forevid analysis software to deter-
mine the time of each accepted and rejected gap. In Raft’s
method, the critical gap is estimated by either considering
only gaps [12] or by combining gaps and lags together [14, 15].
This study considered only gaps and did not consider any lags
similar to Brilon et al. [15]. In this study, only decision vehicles
that come to a full stop at the yield line were considered. This
condition was not a problem because of the relatively large
circulating volumes. The majority of the vehicles entering the
roundabout stopped first before proceeding. A gap is formed
in the circulating lanes by having two-gap vehicles following
each other in the same or a different lane with enough gap that
can fita decision vehicle. The gap is considered accepted when
the decision vehicle’s driver takes the decision to proceed into
a gap in the circulating flow moving from the state of full
stop at the approach. On the other hand, a gap is considered
rejected when the driver of the decision vehicle decides not to
proceed in the case of a gap in the circulation flow regardless
ofits size. For the vehicles entering the roundabout, direction,
vehicle type, and departure time were recorded. For the
vehicles circulating in the roundabout, the passing time at
specified lines across the road and direction were recorded.
This information was used to identify the different interaction
cases and to determine the accepted and rejected gaps for the
vehicles.

3.4. Vehicle Types. In this study, vehicles were classified under
three categories: passenger vehicles, medium vehicles, and
heavy vehicles. Each of the used classes is basically a group
of vehicles that are approximately similar in dimensions and
performance. The passenger vehicles group includes sedans,
sport-utility vehicles, pickup trucks, and vans. Medium
vehicles group includes single-unit two-axle trucks, small
recreational vehicles, minibuses, and ambulances. Heavy
vehicles group includes large buses, trailers of all sizes, and
dump trucks. The summary of the collected data is presented
in Table 2. Most of the vehicles in the sample (95.47%) were
passenger vehicles.

3.5. Interaction Cases. 'The vehicular interaction cases are not
similar amongst the different types of roundabouts because

the number of lanes in each type of the roundabouts dictates
the complexity of the interaction cases. Three-lane round-
abouts have complex interaction cases, as explained earlier,
and, due to that, new interaction cases were developed in a
way that reflects the driver decision-taking more accurately.
Some of the cases rarely occurred such that there are not
enough data points to perform the analysis. Only the cases
that have an abundance of data points have been analyzed.
The total number of observed interactions exceeded 4,500
interactions over the duration of the data collection for both
locations. As indicated in Table 2, case A was the most
occurring case with 74.98% of all cases.

4. Results

4.1. Overall Critical Gap. Using the modified Raft’s method,
the overall critical gap, defined as the intersection between
the CDFs of the rejected and accepted gaps at which the
probability of rejecting or accepting, was estimated for all
the data points. This value was estimated by equalizing the
sigmodal functions of the cumulative distribution plots. The
overall critical gap for the two roundabouts was 2.40 seconds.
Figure 6 shows the CDFs that yielded the critical gap value of
the two three-lane roundabouts.

4.2. Critical Gap for the Interaction Cases. Most of the
interaction cases observed were case A, where the vehicles
at the roundabout entry proceed together. The critical gap
value for case A was 2.45 s, which is close to the overall critical
gap value. A summary of the overall critical gap, the critical
gaps of the different interaction cases, and vehicle types are
listed in Table 3. Figure 7 shows the graphical representation
of the data based on the modified Raff’s definition to obtain
the critical gap for each vehicular interaction case.

4.3. Critical Gap for the Vehicle Types. It was found that
the critical gap values for passenger, medium, and heavy
vehicles are in an ascending order. The passenger vehicles had
a critical gap value of 2.39 s compared to 2.53 s and 3.03 s for
medium and heavy vehicles, respectively. The number of data
points for medium and heavy vehicles shows that more data
points are required to obtain more accurate results. Figure 7
shows the graphical representation of modified Raft’s method
for the different vehicle types.
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TABLE 2: Summary of data collected.
Location Al Gharrafa St. roundabout Haloul St. roundabout Combined
Classification Type Count Percentage Count Percentage Count Percentage
Gap Accepted 1025 44.55% 1112 46.66% 2137 45.62%
Rejected 1276 55.45% 1271 53.34% 2547 54.38%
Passenger vehicle 2210 96.05% 2262 94.92% 4472 95.47%
Vehicle type Medium vehicle 62 2.69% 63 2.64% 125 2.67%
Heavy vehicle 29 1.26% 58 2.43% 87 1.86%
A 1860 80.83% 1652 69.32% 3512 74.98%
B 118 5.13% 302 12.67% 420 8.97%
Group gap
C 205 8.91% 180 7.55% 385 8.22%
D 23 1.00% 4 0.17% 27 0.58%
E 87 3.78% 239 10.03% 326 6.96%
Individual gap F 6 0.26% 5 0.21% 11 0.23%
G 2 0.09% 1 0.04% 3 0.06%
Total 2301 100% 2383 100% 4684 100%
100 -
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FIGURE 6: Overall critical gap.

5. Conclusions

The presented method, group gap acceptance, was used to
analyze driver behavior and estimate the critical gap for three-
lane roundabouts. Data were collected at two roundabouts in
the city of Doha, Qatar. More than 4,500 interactions were
recorded. Data were classified based on the vehicle type and
interaction between vehicles. Field results indicated that the
gap acceptance decision for vehicles entering from the inside
lane affects the decision of vehicles entering from the outside
lanes. In this behavior, named group gap acceptance, the
vehicles in the outside lanes follow the vehicle in the inside
lane and enter the roundabout during the same gap.

The overall critical gap value was 2.40s. The critical
gap for passenger vehicles was the lowest (2.39 s) compared
to medium (2.53s) and heavy vehicles (3.03 s). Nine driver

interaction cases were identified (A-G). Most of the inter-
actions (92.75%) involved more than one vehicle entering
the roundabout and moving together in groups. Case A,
three vehicles in a group, was the dominant interaction
case, accounting for more than 74.98% of the data points
collected from two locations, with a critical gap value of
2.45s.

The presented method, group gap acceptance, was used
to analyze driver behavior and estimate the critical gap
for three-lane roundabouts. The critical gap for three-lane
roundabouts, but the value of the overall critical gap, seems
to be much lower than that obtained for one- and two-lane
roundabouts [3-8]. Considering that driver behavior is a
major contributor to the operational performance of round-
abouts, the results may be an indication of aggressive driver
behavior, which was identified in prior studies conducted
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TABLE 3: Summary of critical gap values.

Classification Type Critical gap (s)

Overall 2.40
Passenger vehicle 2.39
Vehicle types Medium vehicle 2.53
Heavy vehicle 3.03
A 2.45
B 222
C 2.33
Interaction cases D 247
E 2.11

F Not enough data

G Not enough data

in Qatar [16-18]. Such behavior may be caused by drivers
becoming frustrated at heavily congested roundabouts and
entering the roundabout when there is an insufficient gap.

The values obtained in this study can be used as a baseline
for critical gap values of three-lane roundabouts in Qatar
and other countries in the region, such as Saudi Arabia,
United Arab Emirates, Bahrain, Kuwait, and Oman. These
values can be used in numerous applications. For example,
they can be input in capacity-prediction models and used
in the simulation of traffic flow at multilane roundabouts to
replicate real-life conditions. The method developed in this
study can also be employed to estimate critical gap values for
different types of multilane roundabouts in other regions.

The current study has a number of limitations. It did
not consider the effect of pedestrians or cyclists on critical
gap values because no pedestrians or cyclists were observed
at the study locations, as expected throughout this region
[19]. Furthermore, this study did not consider the effects of
the geometry of the roundabout. Some roundabouts have
an elliptical shape, whereas others have a steep slope, with
circulating lanes, three legs, or slip ramps. In the current
study, both roundabouts were circular, flat, and had four legs.
Furthermore, the approaches to the roundabout did not fea-
ture slip ramps. In addition, the vehicular interaction cases in
the study were based on allowable legal movements. Driving
behaviors considered illegal, such as a vehicle entering the far
circulating lane from the outside lane, were not included, as
such behaviors, besides being careless, high-risk maneuvers,
are in violation of traffic law and do not depict acceptable gap
acceptance maneuvers.
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