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Throughout the world, research into the various aspects and
types of roundabouts has spanned many decades. During
this long period the number of vehicles, their sizes, and
performance characteristics, including speeds, have radically
changed. Similar changes are also noted for the drivers’
experiences. These changes have had a strong influence on
the evolution of modern roundabouts. The primary aspects
of the layout of modern roundabouts in relation to capacity
and traffic safety are now known.

However, there are still areas that merit further evaluation
and research and they are addressed as part of the aims and
the scope of this special issue.

The paper by K. Shaaban and H. Hamad presents a
method to analyze driver behavior and estimate the critical
gap for three-lane roundabouts. The operations of multilane
roundabouts, especially three-lane roundabouts, are unique
and more complicated than any other type of roundabouts.
Analysis showed that the vast majority of the vehicles accept
the gap in groups and the critical gap was estimated accord-
ingly.The study provides a new explanation for the operation
at multilane roundabouts.

The paper by R. Lattarulo et al. developed a complete
framework of motion planning for automated vehicles while
considering different constraints with parametric curves for
lateral and longitudinal planners. Parametric Bézier curves
are used as the core approach for trajectory design in
intersections, roundabouts, and lane change maneuvers.
Additionally, a speed planner algorithm is presented using

the same parametric curve approach, considering comfort
and safety. The planning method was tested in simulation
conditions andwith the real platform in automated mode and
showed good results.

The paper by O. Giuffrè et al. presented a microsimu-
lation-based approach for roundabout safety performance
evaluation and developed a crash prediction model from
simulated peak hour conflicts. A generalized linear model
framework was used to estimate the prediction model based
on field collected crash data for 26 roundabouts. The crash
prediction model was based on the assumption that the
crashes per year are a function of peak hour conflicts, the ratio
of peak hour traffic volume to average daily traffic volume,
and the roundabout outer diameter.

The paper by D. Lee et al. investigates gap acceptance
behaviors at roundabouts based on field observations during
both good weather and rainy conditions. The critical gaps
were estimated in 4 conventional roundabouts, and a logit
model for gap acceptance using various roundabout variables
was developed to investigate gap acceptance maneuvering
at roundabouts. Analysis showed that rain conditions influ-
enced the accepted gaps.Drivers need about 10 percent longer
gap entry into roundabouts during rainy conditions, and gap
acceptance probabilities are 10 to 20 percent lower for the
same given gap time during rainy conditions compared to
good weather conditions.

The paper by A. V. Goncharenko investigates theoreti-
cally the possible directions of some specified methods for
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the alternative roundabouts effectiveness on modeling and
optimization. The study provides a prototypic approach used
upon the issues related to the support of the alternative
roundabouts worthiness (vehicle worthiness, riding worthi-
ness, transportation worthiness, etc.). More in particular, the
prototypic approach is adopted from the aircraft airworthi-
ness supportmeasures concepts of developed from subjective
analysis on the basis of Jaynes’ principle in the framework of
the calculus of variations theory.

The paper by G. Tesoriere et al. performed an analy-
sis through a comparison of two nonconventional double-
lane roundabout schemes defined as elliptical and turbo to
define the safest solution considering direct and surrogate
parameters. The comparison of their geometry and technical
elements was done by VISSIM microsimulator and SSAM
tools, assuming that turbo roundabout due to its physical
separating traffic lanes in the central circulatory carriageway
will enable potentially better traffic safety conditions. This
comparative analysis allows for reducing possible security
and economic impacts for the community.

The paper by M. Park et al. presents the analyses of the
effects of the geometric and traffic flow conditions on traffic
accident frequency at roundabouts. This study was con-
tributed to the understanding of which factors realistically
affect traffic accident occurrence and random parameters
were applied. This study tried to make up for the weakness
of the fixed parameters model, which constrains estimated
parameters to be fixed across all observations. A total of
eight variables were determined to be the main influencing
factors on traffic accident frequency and more safe round-
about design, and more efficient roundabout operations are
expected based on this study results.
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Circulating vehicles have priority at modern roundabouts. Entrance vehicles can enter the roundabout when there is a time gap
larger than the critical gap; otherwise, the vehicles need to wait until there is a large enough gap.The gap acceptance theory was used
to analyze the entrance capacity of roundabouts, which can be derived by queuing theory involving two vehicle streams.The paper
introduces the main styles of headway distribution, which are named as bunched exponential distribution or M3 distribution. The
calculationmodel of free stream ratio is also introduced.The entrance capacitymodels can be classified by different entrance vehicle
types, which are piecewise function or linear function, or by different critical gap types, which are constant or stochastic function.
For each form, the typical capacity expressions are given. The calculation values show a very small difference between these kinds
of models. The capacity value based on the critical gap of stochastic function is more realistic and more complex in function style.
Some conclusions were derived that drivers’ nonhomogeneous and inconsistent character is more realistic than the fixed critical
gap and following gap.The calculation results of capacity are similar to the field capacity under the assumption of homogeneity and
continuance, with only a minor percent deviation. Finally, the paper points out additional problems and the suggested research in
capacity of roundabouts.

1. Introduction

Modern roundabouts have some obvious characteristics such
as small diameter of the central island, entrance vehicles
yield to circulating vehicles, deviation of entrance vehicles,
and split island between entrance and exit. The bottleneck
appears at the entrance of the roundabout because vehi-
cles need time to judge whether to enter the roundabout
or to wait for another lager gap. Therefore, the research
emphasis of modern roundabouts is always the entrance
capacity.

Vehicles on the entrance lanes should yield to vehicles
on the circulating lanes because of the entrance yield rule.
The entrance lanes are regarded as the minor road and
the circulating lanes as the major road. The roundabout
can be regarded as the typical priority-controlled intersec-
tion. The entrance capacity, delay and queue length can
be calculated by using the gap acceptance theory. The
gap acceptance theory was well developed in Germany [1,
2]. The base theory was proposed by Major, Buckley and
Tanner et al. (refer to [3, 4]). The capacity model had

been developed based on different signal timing, differ-
ent lane numbers, and different vehicle traffic characteris-
tics.

Brilon [5] defined the full capacity as the sum of arrival
flow rates when the saturated degree is 1 on the lanes. It is
too difficult to find the field status because the arrival flow
rate of every entrance is equal to entrance capacity based
on the definition. Some research [6, 7] regarded the sum of
entrance capacities as the full capacity when an entrance is
saturated with the increase of flow rate of all entries by a
certain proportion.

Some methods advised 3000 vehicles per hour as the
capacity value of a single lane roundabout. Weaving theory
was used to describe the traffic characteristics of round-
abouts, such as Clayton’s method, the equation of DOE
(Department of Environment in UK) andWardrop’s method,
which was proposed by Transport and Road Research Labo-
ratory (TRRL) in UK.

After the 1970s, Wardrop’s method could not be used to
calculate the weaving capacity of roundabouts because the
entrance yield rule was applied in the field. The regression
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method and gap acceptance method were since developed
(Ashworth, 1989); [8, 9].

Philbrick proposed the linear regression method (refer
to [10]), which is mainly used in England. The exponential
regression methods (Brilon and Stuwe, 1993) were based on
numerous survey data among the saturated entrance flow rate
and conflicting flow rate, geometry, etc.

The linear regression models in England were developed
from traditional roundabouts, which had the large-diameter
island design and entrance priority. The capacity, such as in
the models proposed by Kimber [11], McNell and Smith [12],
and Hollis and Semmens et al. [13], was regressed with
geometry parameters of roundabouts and the total circulating
traffic volume [14] regardless of traffic status of every lane.

In gap acceptance theory, some parameters should be
determined including headway distribution of circulating
vehicles, the critical gap, and following gap although they
are variable with different geometry and traffic conditions
of roundabouts. Vehicles enter the roundabout by use of
acceptable gaps of circulating flow and the capacity is mainly
determined by circulating flow rate and headway distribu-
tion.

Some countries such as USA, Germany, Australia, UK,
Japan, France, and Russia have built complete capacity
methods which are suitable for their own traffic conditions,
including Highway Capacity Manual in USA, aaSIDRA,
AUSTROADS andNAASRA in Australia, Swedish CAPCAL,
SETRA method, and CETUR method in Germany.

The gap acceptance can be regarded as the signal timing
process, which was proposed by Achelik and Chung (1994).
Both the gap acceptance theory and regression method can
be used to calculate the delay and queue length. The gap
acceptance models are identical among roundabouts, two-
way stop, and all-way stop intersections.

The capacity models and traffic control methods of
roundabouts were studied in many countries. Al-Madani
[15] collected the data of 13 large roundabouts including
circulating and exiting flows, the number of lanes, and
lateral position of vehicles in Bahrain. The developed model
matched the field data reasonably well and fell well in other
methods. Khoo and Tang [16] proposed a control strategy
which was effective in reducing system travel time and
increasing volume especially duringmedium to high levels of
demand. A case study of a two-lane roundabout in Malaysia
was developed in a microscopic simulation environment
to study the roundabout system properties and to test the
effectiveness of the proposed control strategy. Macioszek
(2016) applied the capacity method of HCM 2010 in the field
roundabouts in Poland.The calculated values were similar as
the experience values.

Biel andWong [17] proposed the entrance capacitymodel
of circulating multilanes roundabout based on the regression
model and HCM model. Under the limited priority condi-
tion, Qu et al. [18] calculated the entrance capacity based
on Raff ’s critical gap model and the maximum likelihood
method. Yap and Gibson et al. [19] proposed two regression
methods and compared variousmethods based on the survey
data of roundabouts in UK. The capacity model of negative
exponential distribution showed a coincidence with the

reality than the regression model under both the high flow
rate and low flow rate. By using of the Germany capacity
programs,Mauro andBranco [20] compared the capacity and
delay model between circulating multilane roundabout and
Turbo roundabout.

Weaving theory was used to describe the traffic charac-
teristics, including weaving capacity in weaving sections. It is
applicable in the traditional roundabouts where the central
island is large and entry flow stream has the priority. But the
regression method and gap acceptance theory can be used to
calculate entrance capacity in modern roundabouts.

Linear regression method is mainly used in England.
The entrance capacity is regressed with conflicting flow
rate, geometry, etc. regardless of traffic status of every lane.
Regression method usually can obtain satisfied results after
a large number of data survey of roundabouts under the
condition of saturated traffic flow.

Gap acceptance characters are related to traffic conditions
of roundabouts including the headway distribution of circu-
lating vehicles, circulating volume, critical gap, and following
gap. Queuing theory was used to describe the gap acceptance
process and to deduce the capacity equation. Gap acceptance
theory and regression method can be used to calculate the
delay and queue length too. By choosing the reasonable traffic
parameters such as critical gap value or its distribution, gap
acceptance theory can obtain the consistent capacity results
as the field data. Gap acceptance theory was usually applied
in the science research of traffic flow, whereas the regression
method was more appropriate in the traffic engineering field.

Based on the gap acceptance theory, the basic assump-
tions were induced, the headway distributions were intro-
duced, and the relevant parameters were summed up. Most
entrance capacity models were classified according to the
different critical gap types and the g(t) functions. Their
applicable conditions and current application fields were
concluded.

2. The Assumptions of Gap Acceptance

The headway is the time interval that elapses between the
arrival of the leading vehicle and the following vehicle at the
designated test point. Gap is a little different from headway in
that gap is the measure of the time between the rear bumper
of the first vehicle and the front bumper of the second vehicle,
rather than front-to-front time.

Gap acceptance usually happens in unsignalized intersec-
tions that are controlled by priority. The entrance vehicles
will enter the intersection when there are no vehicles on the
major road or wait for the acceptable gap at the stop line.The
entrance vehicle will enter the intersection if the gap on the
major road is larger than or equal to the critical gap; otherwise
the entrance vehicle will decelerate or stop so as to wait for
the next gap when it is larger than the critical gap.The critical
gap can be regarded as the driver’s judgment threshold, which
determines whether the entrance vehicle has enough time
to enter the intersection safely or not. Drivers’ behaviors
are different from each other in reality, so the critical gaps
of various drivers are different. The critical gap is usually
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regarded to follow a certain distribution described by average
value and variance.

Passing behavior hardly happened on the circulating
lanes of a roundabout. It was supposed that the headway of
circulating vehicles followed a certain distribution such as
negative exponential distribution, M3 distribution, or Erlang
distribution. In addition, some assumptionswere given in gap
acceptance theory [21–23]:

(1) Gap of vehicles is regarded as headway for ease of data
collection.

(2) All gaps of circulating vehicles can be combined into
single-lane traffic flow.

(3) Vehicles on the entrance arrive stochastically at the
roundabout.

(4) Vehicles on the circulating lanes do not change their
running behaviors when vehicles enter into the roundabout.

(5) Drivers on the entrance can recognize the vehicles
going to exit roundabout before the conflict spot.

In reality, the above assumptions cannot exactly reflect all
the driving operations in a roundabout. More complicated
priority types, such as limited priority and priority conver-
sation, reasonably accord with the reality. The interactions
among vehicles are more complicated under these condi-
tions.

Some influence factors are important to gap acceptance
including queue length on the minor road, traffic volume on
the major road, number of lanes on the major road and the
minor road, the exiting vehicles, the geometry of entrance
lanes, and the velocity of major road vehicles.

3. Traffic Character of Major Flow

Headway is important to analyze the gap acceptance process
and calculate capacity and signal timing of intersections.
The headway distribution is especially indispensable to
traffic flow simulation. The regular headway distributions
include negative exponential distribution also named as
M1, shifted negative exponential distribution named as M2,
and bunched exponential distribution named as M3 dis-
tribution. M1 and M2 distribution can be regarded as the
special types of M3 distribution. We just give the probability
density function and cumulative probability function of
M3 distribution which is a dichotomized headway model.
Erlang distribution, log-normal distribution, and mixed dis-
tribution (refer to [24, 25]) were also usually used in the
field.

Critical gap 𝑡𝑐, gap 𝑡𝑓, and minimum headway 𝑡𝑚 are
also important traffic parameters. They can be constant
or stochastic distribution depending on drivers’ behavior
character.The empirical values were given in HCM and some
traffic engineering manuals. There are a lot of methods to
calculate 𝑡𝑐.
3.1. M3 Distribution of Major Stream. Cowan [26] proposed
the M3 distribution in which some vehicles run as a fleet and
other vehicles run under the free flow status. The probability
density function f(t) and cumulative distribution function
F(t) are as follows:

𝑓 (𝑡) = {{{
𝛼𝜆𝑒−𝜆(𝑡−𝑡𝑚) 𝑡 ≥ 𝑡𝑚
0 𝑡 < 𝑡𝑚 (1)

𝐹 (𝑡) = {{{
1 − 𝛼𝑒−𝜆(𝑡−𝑡𝑚) 𝑡 ≥ 𝑡𝑚
0 𝑡 < 𝑡𝑚 (2)

where 𝑞 is the flow rate on the major road (veh/s); 𝛼 is the
ratio of free flow; 𝜆 is the decay constant (1/s); 𝑡𝑚 is the
minimum headway. The estimation of 𝜆 can be found by
using (3) (Troutbeck, 1997).

∧𝜆= 𝛼𝑞1 − 𝑞𝑡𝑚 (3)

The estimated value of 𝑡𝑚 is as follows:
∧𝑡𝑚 = min {𝑡1, 𝑡2, ⋅ ⋅ ⋅ , 𝑡𝑛} (4)

Some extremely small values probably arise because
individual drivers violate the priority rule. Hidden perils exist
in these driving operations and such data is unreasonable. So
the average headway of the vehicle fleet should be determined
as 𝑡𝑚 in the application of (4).

3.2. Calculate the Ratio of Free Flow. The parameters of M3
distribution are predicted by using least squaremethod.𝜆 can
be calculated by the following equation [27]:

𝜆 = 1(1/𝑛)∑𝑛𝑖=1 𝑡𝑖 − 𝜁 (5)

where 𝜁 is a headway value at which the vehicles are
assumed to be free (s). 𝜁 is accepted as 3 or 4 seconds
(Troutbeck, 1997; Hagring, 1998). (1/𝑛)∑𝑛𝑖=1 𝑡𝑖 is the average
of headways which are greater than 𝜁.

The ratio of free flow can be estimated to satisfy the
condition that the mean headway must be equal to the
reciprocal of the flow rate.

Jocabs (1980, refer to [2]) proposed the relation between
traffic volume 𝑞 and the ratio, as follows:

𝛼 = 𝑒−𝑘𝑞 (6)

Amore complicated equation (7) was given in the SIDRA
2.0 and the early model (Akcelik, Chung, 1994):

𝛼 = 𝑒−𝑏𝑞𝑡𝑚 (7)

where 𝑘 and 𝑏 are constants.
Tanner [28] proposed the linear relation between the ratio

of free flow and traffic volume (refer to [4]; Ashworth, 1970):

𝛼 = 1 − 𝑞𝑡𝑚 (8)

The analogous relation model was proposed in the
Roundabout Manual of AUSTROADS [29]:

𝛼 = 0.75 (1 − 𝑞𝑡𝑚) (9)
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Table 1: Parameter estimation of free flow ratio.

Lanes numbers 1 2 >2
Non-blocking traffic flow

𝑡𝑚 1.8 0.9 0.63600/𝑡𝑚 2000 4000 6000𝑏 0.5 0.3 0.7𝑘𝑑 0.2 0.3 0.3

Circulating flow in roundabout

𝑡𝑚 2.0 1.0 0.83600/𝑡𝑚 1800 3600 4500𝑏 2.5 2.5 2.5𝑘𝑑 2.2 2.2 2.2

Table 2: The ratio of free flow using different equation under
different flow rates on circulating vehicles.

q(veh/s) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Eq. (7) 0.78 0.61 0.47 0.37 0.29 0.22 0.17 0.14 0.11
Eq. (8) 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10
Eq. (9) 0.68 0.60 0.53 0.45 0.38 0.30 0.23 0.15 0.08
Eq. (10) 0.80 0.65 0.51 0.41 0.31 0.23 0.16 0.10 0.05

The model in SIDRA 2.0 (refer to Akcelik, 2007) can be
applied in nonblocking traffic flow, which is deduced from
the traffic volume model between the velocity and the flow
rate and the headway distribution model:

𝛼 = 1 − 𝑞𝑡𝑚1 − (1 − 𝑘𝑑) 𝑞𝑡𝑚 , 𝛼 ≥ 0.001 (10)

where 𝑘𝑑 is the bunched delay constant; for convenience,
0.001 is the minimum value of 𝛼.

The constants in (7) and (10) are as listed in Table 1.
The ratio of free flow is 0 when 𝑞 = 1/𝑡𝑚 except in the

exponential model.
For the circulating flow in roundabout, 𝑡𝑚 = 2𝑠, 𝑏 =2.5, 𝑘𝑑 = 2.2, we can calculate the ratio of free flow under

different circulating flow rates as Table 2 and Figure 1.
Equations (8) and (9) are linear models. There are relatively
small difference value among (7), (9), and (10). The values of
(8) are always 0.75 times of (9).

3.3. Critical Gap and following Gap. Calculations of critical
gap 𝑡𝑐 and following gap 𝑡𝑓 are also important in gap
acceptance theory. Many methods can be used to calculate
the critical gap such as Raff ’s method, Maximum likelihood
method, Siegloch’s method, and Ashworth’s method [30–35].

The maximum likelihood method used log normal dis-
tribution of critical gap. It was used in measuring values
for the Highway Capacity Manual. Brilon et al. [30] reached
a conclusion that the maximum likelihood and Hewitts’s
methods provided the more consistent estimates with the
least bias. The probability equilibrium method had a signif-
icant bias that was dependent on the flow in the priority
stream. The modified Raff technique (Troutbeck, 2011) is
an acceptable alternative. Guo [36] proposed the theoretical
method which can be substituted into the capacity equations
containing critical gap variable. The equation had basically
identical critical gap with the maximum likelihood method.
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Figure 1:The ratio of free flow using different equation (𝑡𝑚 = 2𝑠, 𝑏 =2.5, 𝑘𝑑 = 2.2).
Table 3: Critical gap and following gap estimated in HCM 2010 (s).

Single lane Left lane in Multi lanes Right lane in Multi-lanes
𝑡𝑐 4.8 4.7 4.4𝑡𝑓 2.5 2.2 2.2

Brilon [37] found the traditional log normal distribution is
not an essential part of themaximum likelihoodmethod.The
logistic distribution is easier to handle.

The constant critical gap in HCM 2010 is listed in Table 3
based on the field data of roundabouts in California.

4. Entrance Capacity of a Roundabout

4.1. The Theoretical Model of Entrance Capacity in Priority-
Controlled Intersections. Based on gap acceptance theory,
the equation of theoretical capacity 𝐶 of the minor road in
unsignalized intersections is as follows (Siegloch, 1973; refer
to [2]):

𝐶 = 𝑞∫∞
0

𝑓 (𝑡) 𝑔 (𝑡) 𝑑𝑡 (11)

where 𝑔(𝑡) is the number of vehicles entering the intersection
when headways of vehicles on the major road are equal to𝑡. It can be divided into continuous function and piecewise
function because the number of vehicles can be expressed as
an integer or decimal number.

Siegloch (1973; refer to [2]) proposed the continuous
linear function of 𝑔(𝑡) as follows:

𝑔 (𝑡) = {{{
𝑡 − 𝑡0𝑡𝑓 , 𝑡 > 𝑡0
0, 𝑡 ≤ 𝑡0

𝑡0 = 𝑡𝑐 − 𝑡𝑓2
(12)

where 𝑡𝑓 is the following headway; 𝑡0 is the minimum
acceptable headway, the intercept in horizontal coordinate of
headway. The integration interval is [𝑡𝑐,∞) in (11).
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Figure 2: The g(t) of continuous function and piecewise function.

When 𝑔(𝑡) is a piecewise function, it has an equation as
follows (Harders, 1976; refer to [2]):

𝑔 (𝑡) = 𝑛𝑃𝑛 (𝑡) , 𝑛 = 1, 2, ⋅ ⋅ ⋅ ,∞
𝑃𝑛 (𝑡) = {{{

1, 𝑡𝑐 + (𝑛 − 1) 𝑡𝑓 ≤ 𝑡 < 𝑡𝑐 + 𝑛𝑡𝑓
0, 𝑡 < 𝑡𝑐

(13)

where 𝑡𝑐 is the critical gap. The integration interval is [𝑡𝑐,∞)
in (11).

From Figure 2, the interval of circulating headway which
can be accepted is [𝑡0, +∞) in continuous 𝑔(𝑡) function. The
interval of circulating headway which can be accepted is[𝑡𝑐, +∞) in piecewise 𝑔(𝑡) function.

Equation (11) shows that the capacity is related to the
traffic volume on the major road, headway distribution, and𝑔(𝑡) function. The lower limit of integral and 𝑔(𝑡) function is
dependent on the critical gap.

Capacity model can be divided into two basic types
according to critical gap, which can be a constant or stochastic
distribution function. On the other side, the capacity model
can be divided into two basic types including the continuous
function and the piecewise function of 𝑔(𝑡) when the critical
gap is constant. The basic equations are all based on a single-
lane roundabout.

4.2. Entrance Capacity Model When Critical Gap Is Constant

4.2.1. When g(t) Is Piecewise Function. When the critical gap
is constant, the model varies with the headway distribution.
As mentioned before, M1, M2, M3, Erlang, log-normal
distribution, etc. usually were used to describe the arrival
of circulating vehicles. M3 model was mainly recommended
because it can be regarded as a general equation of M1, M2,
and M3T.

Troutbeck [38] proposed (14) of entrance capacity where
the headway on the major road followed M3 distribution

and g(t) is piecewise function. Equation (14) is used in
AUSTROADS [29].

𝐶 = {{{{{{{

𝛼𝑞𝑒−𝜆(𝑡𝑐−𝑡𝑚)
1 − 𝑒−𝜆𝑡𝑓 , 𝑞 > 0
1𝑡𝑓 , 𝑞 = 0 (14)

The following are the capacity equations in which the
distribution parameters are specially determined in M3
distribution.When headway followsM1 distribution, vehicles
are under the free flow status and 𝑡𝑚 = 0 where multiple
circulating lanes were usually regarded as single lane. When
headway follows M2 distribution, vehicles are under the free
flow status and 𝑡𝑚 ̸= 0 in one lane. When headway follows
M3T distribution, a dichotomized headway model assumes
that a proportion, 𝛼, of all vehicles are free and the 1-𝛼
bunched vehicles have the same 𝑡𝑚.
(1) M1 Distribution. 𝜆 = 𝑞 when 𝑡𝑚 = 0 and 𝛼 = 1. Buckley et
al. ([39], refer to [40]) proposed (15).

𝐶 = {{{{{{{

𝑞𝑒−𝑞𝑡𝑐
1 − 𝑒−𝑞𝑡𝑓 , 𝑞 > 0
1𝑡𝑓 , 𝑞 = 0 (15)

(2) M2 Distribution. 𝜆 = 𝑞/(1 − 𝑞𝑡𝑚) when 𝑡𝑚 ̸= 0, 𝑡𝑚 is a
constant, and 𝛼 = 1. Equation (16) can be referred to Luttinen
[14] as follows:

𝐶 = {{{{{{{

𝑞𝑒−𝜆(𝑡𝑐−𝑡𝑚)
1 − 𝑒−𝜆𝑡𝑓 , 𝑞 > 0
1𝑡𝑓 , 𝑞 = 0 (16)

(3) M3T Distribution. 𝜆 = 𝑞 when 𝑡𝑚 ̸= 0, 𝑡𝑚 is a constant,
and 𝛼 = 1 − 𝑞𝑡𝑚. The equation can be referred to Tanner [28]
and Luttein [14].

𝐶 = {{{{{{{

(1 − 𝑞𝑡𝑚) 𝑞𝑒−𝜆(𝑡𝑐−𝑡𝑚)1 − 𝑒−𝜆𝑡𝑓 , 𝑞 > 0
1𝑡𝑓 , 𝑞 = 0 (17)

(4) M3 Distribution and Critical Gap Model. When the
headway on the major road follows M3 distribution, (18)
can be deduced when the function of critical gap [34, 36] is
substituted into (14).

𝐶 = 𝛽𝑎𝑞1 − 𝑒−𝜆𝑡𝑓 (18)

where 𝛽𝑎 is total acceptance coefficient, the proportion of the
number of accepted gaps to the number of total gaps.
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4.2.2.When g(t) Is Continuous Function. Theentrance capac-
ity can be expressed as the product of the saturated flow rate𝑠 of entrance and the probability larger than the minimum
acceptable gap 𝑡0, 𝑃{𝑡 > 𝑡0} (Akcelik, 1998). That is to say,𝐶 = 𝑠𝑃{𝑡 > 𝑡0}, where 𝑃{𝑡 > 𝑡0} is the probability larger than
the minimum acceptable gap 𝑡0.
(1) M1Model. Siegloch (1973; refer toWu 1999) proposed (19)
in which the headway on the major road followed negative
exponent distribution as in (15).

𝐶 = 𝑒−𝑞𝑡0𝑡𝑓 (19)

Equation (19) was used in HCM 2010, and parameters
were set as 𝑡𝑐 = 4.8𝑠 and 𝑡𝑓 = 2.5𝑠.
(2) M2 Model. Jacobs (1980, refer to [2]) proposed (20)
in which the headway on the major road followed shifted
negative exponent distribution as (16).

𝐶 = 𝑞𝜆𝑡𝑓 𝑒
−𝜆(𝑡0−𝑡𝑚) = 1 − 𝑞𝑡𝑚𝑡𝑓 𝑒−𝜆(𝑡0−𝑡𝑚), 𝑡0 > 𝑡𝑚 (20)

The equation also can be expressed in similar form as

𝐶𝑝 = 𝑒−𝜆(𝑡0−𝑡𝑚)𝑡𝑓 (1 + 𝜆𝑡𝑚) , 𝑡0 > 𝑡𝑚 (21)

McDonald and Armitage [41] used the above equations
as the capacity of roundabouts. They can be compared
to signalized intersections where 𝑡𝑓−1 is regarded as the
saturated flow rate and 𝑡0 is regarded as lost time.

(3) M3 Model. In Cowan’s M3 distribution, the minimum
acceptable gap is larger thanminimum headway, 𝑡0 > 𝑡𝑚.The
difference betweenM3distribution andM2distribution is the
ratio of free flow, 𝛼. The potential capacity is as

𝐶𝑝 = 𝑞𝑡𝑓 [𝛼𝜆∫
∞

𝑡0

𝑡𝑒−𝜆(𝑡−𝑡𝑚)𝑑𝑡 − 𝑡0𝑅 (𝑡0)]
= 𝛼𝑞𝜆𝑡𝑓 𝑒

−𝜆(𝑡0−𝑡𝑚), 𝑡0 > 𝑡𝑚
(22)

The M3 model is used in AUSTROADS [29] and SIDRA
(Akcelik, 1998). Multilane traffic flow can be regarded as a
single-lane traffic flow, and the traffic volume is equal to the
sum of all circulating traffic volume.

4.3. Entrance Capacity Model When Critical Gap Follows
a Distribution. Different drivers have various critical gaps
because the drivers’ behaviors or the types of vehicles
are different. Ideally, driver behaviors are supposed to be
homogeneous and consistent [21, 42]. When a driver is
consistent, every driving behavior is identical making the
critical gap of the driver a constant. When different drivers
are homogeneous, their drive behaviors are similar so they
have the same critical gap whether constant or a distribution.

Catchpole and Plank [21] proposed the classification of
entrance capacity models, including the constant critical gap
and critical gap distribution. The models in Section 4.2 are
the first part of Section 4.3.1. Heidemann and Wegmann
[4] proposed the models based on a certain distribution
of 𝑡𝑐, 𝑡𝑚, 𝑡𝑓 and M3 distribution of the circulating stream.
Wu’s equations [2] were based on Erlang distribution of the
circulating headway, whereas Guo’s equations [34, 36] were
based on M3 distribution of the circulating headway and the
exponent function of rejected proportion.

4.3.1. Equations of Catchpole and Plank. Catchpole and Plank
[21] proposed the capacity model based on different driver
behaviors. When g(t) is piecewise function, the capacity can
be expressed as follows.

(1) When the driver behaviors are homogeneous or
consistent, that is to say, 𝑡𝑐 is a constant, the capacity models
are as (14) to (22) mentioned before.

(2) When the driver behaviors are consistent but nonho-
mogeneous, the capacity is as follows.

𝐶 = 𝑞 (1 − 𝑞𝑡𝑚) 𝑒𝑞𝑡𝑚L (𝑡𝑐 (𝑞))1 − L (𝑡𝑓 (𝑞)) (23)

where L(𝑡𝑐(𝑞)) is the Laplace transformation of 𝑡𝑐 distribution
and L(𝑡𝑓(𝑞)) is the Laplace transformation of 𝑡𝑓.

(3) It can be regarded as a special style of the following
number (4) situation when the driver behaviors are homoge-
neous but inconsistent.

(4) When the driver behaviors are inconsistent and
nonhomogeneous, the capacity is as follows.

𝐶 = 1
∑𝑗 (𝜃𝑗/𝑞𝑗) = 𝛼𝑞𝑒𝜆𝑡𝑚

1 − 𝑒−𝜆𝑡𝑓 ⋅
1

∑𝑗 𝜃𝑗/L (𝜃𝑗 (𝑞)) (24)

where 𝜃𝑗 is the proportion of the 𝑗th kind of entrance vehicle;
L(𝜃𝑗(𝑞)) is the Laplace transformation of 𝜃𝑗.
4.3.2. Equations of Heidemann and Wegmann. Heidemann
and Wegmann [4] proposed that the capacity equation of
unsignalized intersections follow a certain distribution for𝑡𝑐, 𝑡𝑚, 𝑡𝑓. Based onM3 distribution of the headway on amajor
road, the capacity is (25) when 𝑔(t) is the piecewise function,
and it is (26) when 𝑔(t) is the continuous function.

𝐶 = 𝜆
1 + 𝜆𝐵

L (𝑡𝑐 (𝜆))
1 − L (𝑡𝑓 (𝜆))

= 𝜆
1 + 𝜆𝐵

L (𝑡𝑐 (𝜆))L (𝑡𝑚 (−𝜆))1 − L (𝑡𝑓 (𝜆))
(25)
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𝐶 = 𝜆
1 + 𝜆𝐵

1
(1 − L (𝑡𝑓 (𝜆)))L (𝑡𝑐 (−𝜆))

= 𝜆
1 + 𝜆𝐵

1
(1 − L (𝑡𝑓 (𝜆)))L (𝑡𝑐 (−𝜆))L (𝑡𝑚 (𝜆))

(26)

where 𝐵 = 𝑡𝑚/𝛼, 𝑡𝑐 = 𝑡𝑐 − 𝑡𝑚; L(𝑡𝑐(𝜆)) is the Laplace
transformation of 𝑡𝑐 at 𝜆, L(𝑡𝑐(𝜆)) = L(𝑡𝑐(𝜆))L(𝑡𝑚(−𝜆));
L(𝑡𝑓(𝜆)) is the Laplace transformation of 𝑡𝑓 at 𝜆; L(𝑡𝑚(−𝜆))
is the Laplace transformation of 𝑡𝑚 at −𝜆.

4.3.3. Wu Equation. Wu [2] proposed the probability density
function when the headway on a major road follows Erlang
distribution as follows.

𝑓 (𝑡𝑥) = 𝛾
(𝛼𝑡𝑥 − 1)! (𝛾𝑡𝑥)

𝛼𝑡𝑥−1 𝑒−𝛾𝑡𝑥 (27)

where 𝛾 = 𝛼𝑡𝑥/𝑡𝑥; 𝑡𝑥 is the average value of 𝑡𝑥; 𝛼𝑡𝑥 is the
constant in Erlang distribution of 𝑡𝑥.
(1) When g(t) Is a Piecewise Function. It is supposed that the
minimum value of 𝑡𝑐 is 𝜏𝑡𝑐 and 𝜏𝑡𝑐 > 𝜏𝑡𝑚 , the minimum value
of 𝑡𝑓 is 𝜏𝑡𝑓 > 0 and 𝜏𝑡𝑓 > 0, the minimum value of 𝑡𝑚 is𝜏𝑡𝑐 and 𝜏𝑡𝑚 > 0, and 𝑡𝑐, 𝑡𝑚, 𝑡𝑓 all follow negative exponent
distribution. The capacity is as follows when the drivers are
nonhomogeneous.

𝐶𝑏𝑢𝑛𝑐ℎ = 𝛼𝑞(𝜆 (𝑡𝑐 − 𝜏𝑡𝑐) /𝑘𝑡𝑐 + 1)−𝛼𝑡c 𝑒−𝜆𝜏𝑡𝑐 (−𝜆 (𝑡𝑚 − 𝜏𝑡𝑚) /𝑘𝑡𝑚 + 1)−𝛼𝑡𝑚 𝑒𝜆𝜏𝑡𝑚
1 − (𝜆 (𝑡𝑓 − 𝜏𝑡𝑓) /𝑘𝑡𝑓 + 1)−𝛼𝑡𝑓 𝑒−𝜆𝜏𝑡𝑓 (28)

The capacity is as follows when the drivers are homoge-
neous.

𝐶𝑏𝑢𝑛𝑐ℎ = 𝛼𝑞(−𝜆 (𝑡𝑐 − 𝜏𝑡𝑐) /𝑘𝑡𝑐 + 1)𝛼𝑡c 𝑒−𝜆𝜏𝑡𝑐 (𝜆 (𝑡𝑚 − 𝜏𝑡𝑚) /𝑘𝑡𝑚 + 1)𝛼𝑡𝑚 𝑒𝜆𝜏𝑡𝑚
1 − (𝜆 (𝑡𝑓 − 𝜏𝑡𝑓) /𝑘𝑡𝑓 + 1)−𝛼𝑡𝑓 𝑒−𝜆𝜏𝑡𝑓 (29)

(2) When g(t) Is Continuous Function. Some assumptions
have been given that the headway on a major road follows
shifted Erlang distribution and 𝑡𝑓 follows random distri-
bution. The capacity is as follows when the drivers are
nonhomogeneous.

𝐶𝑏𝑢𝑛𝑐ℎ = (1 − 𝑞𝑡𝑚) 1
𝑡𝑓 (

𝜆 (𝑡0 − 𝜏𝑡0)𝑘𝑡0 + 1)
−𝛼𝑡0

⋅ 𝑒−𝜆𝜏𝑡0 (−𝜆 (𝑡𝑚 − 𝜏𝑡𝑚)𝑘𝑡𝑚 + 1)
−𝛼𝑡𝑚 𝑒𝜆𝜏𝑡𝑚

(30)

The capacity is as follows when the drivers are homoge-
neous.

𝐶𝑏𝑢𝑛𝑐ℎ = (1 − 𝑞𝑡𝑚) 1
𝑡𝑓 (

−𝜆 (𝑡0 − 𝜏𝑡0)𝑘𝑡0 + 1)
𝛼𝑡0

⋅ 𝑒−𝜆𝜏𝑡0 (𝜆 (𝑡𝑚 − 𝜏𝑡𝑚)𝑘𝑡𝑚 + 1)
𝛼𝑡𝑚 𝑒𝜆𝜏𝑡𝑚

(31)

4.3.4. Guo Equation. The equation of Guo [34, 36] is based
on M3 distribution. All the headways of the free flow on the
major road have rejected proportions; that is to say, every

headway in the interval of (𝑡m,∞) on the major road is
probably to be accepted. The rejected proportion function is
the exponent function and the accepted proportion increases
when the headway on the major road increases.

The rejected proportion function 𝑓𝑟𝑜(𝑡) is the exponent
function as follows.

𝑓𝑟0 (𝑡) = {{{
𝑒−𝑟(𝑡−𝑡𝑚), 𝑡 ≥ 𝑡𝑚
0, 𝑡 < 𝑡𝑚 (32)

where 𝑟 is the rejected proportion coefficient.
The capacity can be deduced when g(t) is continuous

function as follows.

𝐶 = 𝛼𝑞[ 𝑟(𝜆 + 𝑟) + 𝑒−𝜆𝑡𝑓𝑡𝑓𝜆 − 𝜆𝑒−(𝜆+𝑟)𝑡𝑓
𝑡𝑓 (𝜆 + 𝑟)2] (33)

The capacity can be deduced when g(t) is piecewise
function as follows.

𝐶 = 𝛼𝑞
(𝜆 + 𝑟) [ 𝑟

(1 − 𝑒−𝜆𝑡𝑓)
− 𝜆𝑒−(𝜆+𝑟)𝑡𝑓
[1 − 𝑒−(𝜆+𝑟)𝑡𝑓] (

𝑟𝜆 + 𝑟)
(𝜆+𝑟)/𝜆]

(34)
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4.4. The Capacity of Limited Priority Merge. Under some
special situations, gap acceptance theory can be based on
different assumptions such as limited priority merge or
priority conversion. The driving behavior under limited
priority merge [43–46] means that vehicles on the circulating
lane need to adjust the gaps for the vehicles entering the
intersection.

Another priority style, priority conversion means that
vehicles on the entrance are forced to enter into the intersec-
tion and the circulating vehicles have to yield for the entrance
vehicles.These driving behaviors aremore feasible in the field
and their equations are more complicated to be applied for
calculation.

Troutbeck [45] proposed the following equation of lim-
ited priority merge:

𝐶 = 𝛼𝑓𝐿𝑞𝑒−𝜆(𝑡𝑐−𝑡𝑚)1 − 𝑒−𝜆𝑡𝑓 , 𝑡𝑚 < 𝑡𝑐 < 𝑡𝑓 + 𝑡𝑚
𝑓𝐿 = 1 − 𝑒−𝜆𝑡𝑓

1 − 𝑒−𝜆(𝑡𝑐−𝑡𝑚) − 𝜆 (𝑡𝑐 − 𝑡𝑓 − 𝑡𝑚) 𝑒−𝜆(𝑡𝑐−𝑡𝑚)
(35)

When 𝑡𝑐 ≥ 𝑡𝑓 + 𝑡𝑚,𝑓𝐿 = 1, the vehicles on the major road
are not delayed after merging and the system can be modeled
as an absolute priority system. It can be referred to Bunker
and Troutbeck [46], Troutbeck [44, 45], Troutbeck and Kako
[43].

If both 𝑡𝑐 and 𝑡𝑓 are set up as 𝑡𝑚, all the gaps are 𝑡𝑚 after
merging. The capacity is as follows:

𝐶 = 1𝑡𝑚 − 𝑞 (36)

where 𝑓𝐿 = (1 − 𝑒−𝜆𝑡𝑚)/𝜆𝑡𝑚 and 𝐶 = 𝛼𝑞/𝜆𝑡𝑚.
5. Comparison of Different Models

When critical gap follows a stochastic distribution, that is to
say, a driver might reject a gap which he accepted before or
drivers have different critical gaps, this effect results in an
increase of capacity comparingwith the condition of constant
critical gap.

The limited priority merge can have a significant effect
on the entry capacity at roundabouts. The limited priority
capacity is very close to the empirical results from the UK
linear regression method. The capacity prediction based on
the limited priority and the UK method are reasonable in
general.

It is difficult to compare different models in the field
because each model adapts in different road geometrical and
traffic conditions.The headway distribution of the circulating
vehicles, the ratio of free flow, the type of g(t) function, the
critical gap 𝑡𝑐, and other parameters, such as 𝑡𝑓, 𝑡𝑚, vary with
different geometrical and traffic conditions, and they affect
the calculation value of entrance capacity in roundabouts.

Suppose that the headway of circulating vehicles follow
the M3 distribution as (1), the decay constant 𝜆 is (3), and
the ratio of free flow is (7). Equations (14), (18), (22), (34),
and (35) can be compared using the same parameter values
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Figure 3: Calculation of entrance capacity under different flow rates
on circulating vehicles.

where 𝑡𝑚 = 2𝑠 and 𝑡𝑓 = 3𝑠. Due to different g(t) functions and
calculationmodels of 𝑡𝑐, some different parameters need to be
set in some Equations. In (14) and (35), 𝑡𝑐 = 4.35𝑠. In (22) and
(34), 𝑡0 = 𝑡𝑚 = 2𝑠. In (18) and (35), 𝑟 = 0.365. The entrance
capacity 𝐶 can be calculated using the five equations under a
different flow rate 𝑞. The results can be shown in Table 4 and
Figure 2.

From Figure 3, it can be concluded that the values of
(22) are larger than values of other equations. The values of
(14), (18), (34), and (35) are so similar that different curves
cannot be clearly recognized. Because the number of vehicles
entering the intersection can be considered as a decimal
if continuous g(t), (22) with continuous g(t) function will
result in a larger value of entrance capacity than the other
equations based on the piecewise g(t) function.The influence
of different critical gap models on capacity value is limited.
The capacity values of (18) and (34) are slightly larger than
(14) and (35) when the circulating vehicles are close to the
saturated flow rate, where q=0.4 and q=0.45. The capacity
values of the four equations are almost equal with each other.

The above capacity models have very small differences
of each other regardless of the critical gap type and the g(t)
type. Therefore, the simple calculating models based on the
constant critical gap and piecewise g(t) function should be
recommended in the field.

6. Application Conclusions of
Different Models

The capacity models based on gap acceptance theory are
analysis methods in which traffic parameters have a certain
physical meaning. When the critical gap is constant, the
deviation of the capacitymodel is conveniently used to obtain
the equations and calculate the accurate capacity values.
Drivers’ behavior characteristics are different in different
countries. For example, the critical gap of the single-lane
roundabout is 4.8s in America; however, it is about 3.5s in
China. Drivers’ nonhomogeneous and inconsistent character



Journal of Advanced Transportation 9

Ta
bl
e
4:
Ca

lc
ul
at
io
n
of

en
tr
an
ce

ca
pa
ci
ty
un

de
rd

iff
er
en
tfl

ow
ra
te
so

n
ci
rc
ul
at
in
g
ve
hi
cle

s(
𝑡 𝑚=

2𝑠,𝑡
𝑓
=3𝑠

).

N
o.

q(
ve
h/
s)

al
ph

a
𝜆(1/

s)
𝛽a

tc
(s
)

Eq
.(
14
)(
fix
ed

tc
)(
ve
h/
s)

Eq
.(
18
)(
ve
h/
s)

Eq
.(
22
)(
ve
h/
s)

Eq
.(
34
)(
ve
h/
s)

FL
in

Eq
u.
(3
5)

Eq
.(
35
)(
fix
ed

tc
)(
ve
h/
s)

1
0.
05

0.
77
9

0.
04
3

0.
69
6

4.
58
9

0.
28
9

0.
28
6

0.
30
0

0.
28
5

0.
99
7

0.
28
8

2
0.
1

0.
60
7

0.
07
6

0.
50
2

4.
48
9

0.
24
9

0.
24
7

0.
26
7

0.
24
6

0.
99
5

0.
24
8

3
0.
15

0.
47
2

0.
10
1

0.
37
0

4.
41
8

0.
21
3

0.
21
2

0.
23
3

0.
21
0

0.
99
4

0.
21
2

4
0.
2

0.
36
8

0.
12
3

0.
27
5

4.
36
2

0.
17
9

0.
17
9

0.
20
0

0.
17
7

0.
99
3

0.
17
8

5
0.
25

0.
28
7

0.
14
3

0.
20
6

4.
31
1

0.
14
6

0.
14
7

0.
16
7

0.
14
6

0.
99
1

0.
14
5

6
0.
3

0.
22
3

0.
16
7

0.
15
3

4.
25
5

0.
114

0.
11
6

0.
13
3

0.
11
5

0.
99
0

0.
11
3

7
0.
35

0.
17
4

0.
20
3

0.
11
2

4.
17
9

0.
08
3

0.
08
6

0.
10
0

0.
08
4

0.
98
9

0.
08
2

8
0.
4

0.
13
5

0.
27
1

0.
07
8

4.
05
0

0.
05
2

0.
05
6

0.
06
7

0.
05
5

0.
98
6

0.
05
1

9
0.
45

0.
10
5

0.
47
4

0.
04

6
3.
75
6

0.
02
1

0.
02
7

0.
03
3

0.
02
7

0.
98
2

0.
02
0



10 Journal of Advanced Transportation

is more realistic than the fixed critical gap and following gap.
Although the calculation results of capacity are similar as
the field capacity under the assumption of homogeneity and
continuance, there is only a little percent deviation.

Several widely used models and the parameters can be
compared as follows.

(1) The headway was usually regarded as negative expo-
nent distribution. M3 distribution was also paid enough
attention [4].

(2) Based on a field traffic survey in Australia [22], the
capacity Equation (22) ofM3distribution and continuous g(t)
was applied in aaSIDRA (Akcelik et al., 1994, 1997, 1998) in
which the following gap and critical gap are varied from the
geometry of the roundabout, the flow rate of entrance and
circulating lanes.The capacity is related to the circulating flow
rate, lane use, ODmetric of flow rate, queue on entrance lanes
and the ratio of free flow. All the lanes on entrance can be
modeled at the same time.

(3) Based on the survey of a limited number of round-
abouts in America and in comparison with the experience
values of other countries, the capacity equation (15) of
M1 distribution and piecewise function g(t) was used in
HCM (2000). In the model, the constant parameters of gap
acceptance were used which did not vary from the geometry
of the roundabout and traffic volume. The calculation results
have limitations when the circulating volume increased up to
1200pcu/h for a single-lane roundabout.

(4) The capacity equation (19) of M1 distribution and
continuous function g(t) was used in HCM (2010), in which
both 𝑡𝑐 and 𝑡𝑓 were determined and some equations were
built based on a different number of entrance lanes and
different number of circulating lanes.The calculating process
of traffic characteristics was proposed including capacity,
delay, level of service, and queue length.

(5) The capacity equation (18) was deduced by directly
plugging the critical gap model into the capacity equation
(14). Equation (18) has reasonable results in accordance with
some classicalmethods and it hasmore accurate results under
some conditions; for example, the low capacity is closer to the
reality than linear regression under low flow rate conditions.

(6) The method based on stochastic critical gap is more
realistic with operation in roundabouts, butmost of the equa-
tions are too complicated to calculate quickly. Simplification
is needed to apply in the field.

With the increase of traffic volume, the application of
traditional roundabouts becomes more and more difficult.
Many roundabouts, especially in China, were dismantled and
few roundabouts were newly built.Thefield capacity becomes
very small becausemany drivers do not obey the priority rule.
Traffic jams or even traffic accidents occurred at roundabouts.
In reality, signal timing was applied in some roundabouts, in
which the inner lanes of the weaving area were designed as
left-turn waiting areas. Left-turn vehicles need to watch the
signal light two times when passing through the roundabout.
The validity needs to be verified further.

Drivers are sensitive to some problems of roundabouts
at peak hours, but ignore the advantages at off-peak time,
such as safe, environment friendly, suitable to large-volume
left turns. To the researchers and engineers in the traffic field,

traffic organization and optimization should be the key focus
to increase capacity and reliability at peak hours.
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The paper presents a microsimulation-based approach for roundabout safety performance evaluation. Based on a sample of
Slovenian roundabouts, the vehicle trajectories exported from AIMSUN and VISSIM were used to estimate traffic conflicts using
the Surrogate Safety Assessment Model (SSAM). AIMSUN and VISSIM were calibrated for single-lane, double-lane and turbo
roundabouts using the corresponding empirical capacity function which included critical and follow-up headways estimated
through meta-analysis. Based on calibration of the microsimulation models, a crash prediction model from simulated peak hour
conflicts for a sample of Slovenian roundabouts was developed. A generalized linear model framework was used to estimate the
prediction model based on field collected crash data for 26 existing roundabouts across the country. Peak hour traffic distribution
was simulated with AIMSUN, and peak hour conflicts were then estimated with the SSAM applying the filters identified by
calibrating AIMSUN andVISSIM.The crash predictionmodel was based on the assumption that the crashes per year are a function
of peak hour conflicts, the ratio of peak hour traffic volume to average daily traffic volume and the roundabout outer diameter.
Goodness-of-fit criteria highlighted how well the model fitted the set of observations also better than the SSAM predictive model.
The results highlighted that the safety assessment of any road unit may rely on surrogate safety measures, but it strongly depends
on microscopic traffic simulation model used.

1. Introduction

The concept of road safety refers to a property of some
elements of the real world which are called units: a road
segment, an intersection, a vehicle, or a person. According
to Hauer [1], a key characteristic of a unit is that it may
be involved in crashes and crashes may occur on it. Many
research efforts have been devoted to the study of the
relationship between crash history and road design/traffic
variables using statistical models. Since regression analysis
is used to develop crash prediction models, complete and
updated crash databases must be available. Differently from
statistical approaches to road crash data analysis, traffic

conflict technique allows studying the road situations and
observing traffic conflicts [2]. In recent years, the traf-
fic conflict techniques have been incorporated into traffic
simulation models, thus providing considerable potential
for proactive safety analysis [3]. Simulation-based surrogate
safety measures have also been the subject of recent research
[4]; they have been applied to evaluate the safety performance
of any road unit using simulated vehicle trajectories exported
from microscopic traffic simulation models. In this regard,
the Surrogate SafetyAssessmentModel (SSAM) software pro-
cesses trajectory outputs provided by traffic microsimulation
models, identifies traffic conflict events by analysing vehicle-
to-vehicle interactions, and categorizes the conflict events by
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type; the SSAM evaluates the surrogate safety measures for
pairs of vehicles involved in a traffic conflict [5]. A simulation-
based approach to assess road safety performance through
the surrogate measures of safety will depend largely on the
microscopic traffic simulation model which is applied. The
trajectory files provided by microsimulation also depend on
how the road unit is modelled and simulated. In view of
the well-known potentialities of microsimulation software
packages and growing attention of transportation engineers
in their use, calibration of these models should be carefully
considered so as not to compromise their ability to reproduce
the real-world traffic conflicts.

Starting from these considerations, this paper describes
a microsimulation-based approach for roundabout safety
performance evaluation.The specific objective of the research
is to show the methodological path used to develop a crash
prediction model based on simulated conflicts. For these
purposes, estimation of traffic conflicts by the SSAM software
is done for each roundabout of the Slovenian sample using
trajectory files generated by AIMSUN [6] and VISSIM [7],
after calibration of the two types of software. Calibration
is done for each type of roundabout (i.e., the single-lane
roundabout, double-lane roundabout and turbo roundabout)
using the corresponding empirical capacity function which
incorporated the critical and follow-up headways estimated
by meta-analysis [8]. The simulated vehicle trajectories of
the roundabouts of the Slovenian sample were exported
from AIMSUN and VISSIM and were used to develop a
conflict analysis through the SSAM software.The idea behind
the proposed approach for roundabout safety performance
evaluation was to estimate the surrogate measures of safety
based on a suitable setting of the SSAM filters so that the
simulated outputs from AIMSUN and VISSIM had a compa-
rable level [9]. Then, a generalized linear model framework
was used to estimate a prediction model based on crash data
collected at Slovenian roundabouts. Since technical literature
still presents few studies which focus on the relationship
between crashes and simulated traffic conflicts especially at
roundabouts, there is a gap in the current literature that this
paper aims to address.

Themain framework of the paper is organized as follows.
After a literature review on the area of road safety evaluation
based on traffic conflicts, also through microscopic traffic
simulation models, the next sections present the crash dataset
for the Slovenian sample of roundabouts, the method pro-
posed to calibrate the microscopic traffic simulation models
used, and the calculation of surrogate safety measure from
microsimulation. Then, the development of a crash predic-
tion model from simulated peak hour conflicts is described
for the sample of 26 Slovenian roundabouts, and the results of
validation of the proposed model are presented. Conclusions
of the research and future developments of the work are
explored in the concluding section.

2. Literature Review

Many safety studies using microscopic traffic simulation
models rely on surrogate safety measures, which have been
introduced to assess the safety performance of roads and

intersections without waiting for a statistically significant
number of real crashes to occur [10]. Different measures have
been proposed; the most popular for simulation includes
time-to-collision, stopping distance index, modified time-to-
collision, vehicle speeds, and headways [5]. The surrogate
safety measures are based on the identification, classification,
and evaluation of conflict events that occur during microsim-
ulation. As introduced above, the Surrogate Safety Assess-
ment Model (SSAM) reads trajectories files exported from
microscopic simulation models and calculates the surrogate
safety measures. This approach eliminates the subjectivity
associated with the conventional conflict analysis technique
and makes it possible to assess the safety performance of a
road infrastructure under a controlled environment, before
a crash occurs. Since a comprehensive review of the state-
of-the-art in the area of road safety simulation models is
beyond the research objectives, without being exhaustive we
remember a recent study that analysed the geometric design
of passing lanes and evaluated their optimal length using
VISSIM and the SSAM software [11]. The results highlighted
not only the fundamental role of geometric design in the
safety performance of the 2+1 short passing lane, but also the
use of simulated traffic conflicts being a promising approach
for road safety performance analysis. Wang et al. [12] used
AIMSUN to simulate driver violating behaviours through
user-defined add-ons, proposed a method for analysing
collision risk of various driver violating behaviours, and
examined the impact on motorway safety. The authors also
highlighted the lack of violating behaviours in existing
software that has made time-to-collision of stopping-sight-
distance difficult to evaluate in current simulation environ-
ments. Kuang et al. [13] also verified whether or not the
incorporation of the driver’s perception-reaction time could
improve the performance of a surrogate safety measure. To
this end, they proposed the modified surrogate indicators
by considering the driver’s perception-reaction time. Based
on collected data on motorways, calibration of the VISSIM
by the error tests and trajectory comparison were done; the
performances of the modified surrogate indicators were then
evaluated using crash data. Huang et al. [14] classified traffic
conflicts generated by the SSAM using vehicle trajectories
from simulation; they derived reasonable estimates for field
measured traffic conflicts at signalized intersections. Essa
and Sayed [15] also used the SSAM to estimate surrogate
safety measures at signalized intersections in urban area; they
investigated the transferability of VISSIM calibrated param-
eters for safety analysis between different sites. The results
confirmed that the use of simulation models to evaluate
road safety without proper calibration should be avoided,
and more work is needed to confirm that simulated conflicts
represent safety measures beyond what can be expected
from exposure. Vasconcelos et al. [16] evaluated the potential
of the SSAM approach to assess the safety performance
at urban intersections and roundabouts. Model validation
was accomplished by comparing the number of conflicts
obtained with the SSAM both with the number of crashes
predicted by analytic models and with conflicts observed on
existing intersections. Recently, Pratelli et al. [17] presented a
procedure for analysing safety and operational improvements



Journal of Advanced Transportation 3

from conversion of traffic circles to modern roundabouts
using AIMSUN and the SSAM software. However, despite
the encouraging results, further case studies were needed
to validate the proposed method. Despite some limitations
related to the nature of the traffic microsimulation models
used in the aforementioned researches, the SSAM analysis
resulted in a promising approach to assess the safety of new
intersection layouts.

A microsimulation-based approach could be also con-
ducted to estimate the safety impact of autonomous vehicles
(AVs) on-road traffic, since AV technology has advanced in
recent years with some automated features already available
in vehicles on the market. Deluka Tibljaš et al. [18] have
already analysed safety performances at roundabouts where
different numbers of Conventional Vehicles (CVs) and AVs
coexist in traffic. The simulations done with VISSIM and
the SSAM gave some highlights on how the introduction
of AVs could change the operational and safety parameters
at roundabouts. Another recent research focuses on the
relationship between crashes and conflicts predicted by sim-
ulation models. Saleem et al. [3] developed crash prediction
models from simulated peak hour conflicts for a group of
urban signalized intersections and evaluated their predictive
capabilities. Some case studies simulated with VISSIM and
Paramics demonstrated the capability of microsimulation for
estimating safety performance. Saulino et al. [19] investigated
the use of simulated conflicts as possible surrogate safety
measures for roundabouts, for which it has proven difficult
to relate crashes to geometric characteristics. They applied
microsimulation to estimate the number of peak hour con-
flicts for roundabout entries using a database of US round-
abouts.Their results suggested that simulated conflicts can be
considered as a surrogate measure for crashes at roundabouts
after a proper calibration. Nevertheless, it should be noted
that alternative methods have been developed and applied for
safety evaluation at roundabouts. It is possible to refer to Pilko
et al. [20] for a new analytical approach that usedmulticriteria
and simultaneous multiobjective optimization of geometric
design, efficiency, and safety for a sample of Croatian single-
lane roundabouts, while Hatami and Aghayan [21] inves-
tigated different types of roundabout layouts and analysed
the effects of radius and speed variations on the roundabout
performance through several scenarios defined in AIMSUN.
However, it should be noted that a few studies on the use of
surrogate safety measures from microsimulation were based
on field data or have calibrated conflicts for a specific road or
intersection. Although a large number of practitioners and
transportation engineers during the last decade have been
using traffic microsimulation in lots of practical applications,
technical literature still presents few studies which focus
on the relationship between crashes and simulated traffic
conflicts especially at roundabouts. Thus, there is a real
knowledge gap in the current literature on estimation of sur-
rogate safety measures at roundabouts that needs to be filled.

3. Materials and Methods

3.1. Crash Dataset. Keeping in mind the purpose of the
study, firstly a sample of roundabouts in operation in several

municipalities and rural locations in Slovenia was exam-
ined. Crash data were obtained from the Police database
for a time period of eight years (years 2009–2016). The
dataset included information on the date and the time
of day when crashes occurred, condition of signs and
markings, environmental conditions including pavement
and presence of work zones, type and number of involved
users, manoeuvres and road the users came from, and
values of Annual Average Daily Traffic (AADT) entering
each roundabout. Only total crashes happening at each site
were considered, for a total number of 162 crashes. The
crashes occurring within 30 meters of the roundabout centre
were also included. Twenty-six roundabouts were selected
as a representative sample for the later analysis. Table 1
summarizes basic information on the selected roundabouts
from Police reports, in some cases integrated by Google
maps.The sample included 13 four-legged single-lane round-
abouts, 5 double-lane roundabouts (of which a five-legged
roundabout and a six-legged roundabout, and the other
three four-legged roundabouts), and 8 turbo roundabouts
(of which five four-legged and three three-legged turbo
roundabouts).

The roundabout features directly related to safety and
operational performances had been integrated with on-field
surveys. The Annual Average Daily Traffic (over the whole
observed period) in turbo roundabouts was between 7,000
and 63,400 vehicles per day; it was between 15,812 and
26,050 vehicles per day for the single-lane roundabouts,
while it was between 21,307 and 44,318 vehicles per day for
the double-lane roundabouts. The analysis encompassed the
turbo roundabouts built since 2009 and some of them were
made as reconstruction into a turbo roundabout of already
constructed intersections; for this reason, just few crashes
were recorded. Table 2 summarizes the main statistics of
crash, traffic, and geometric data of the roundabout data
sample.

3.2. Calibration of Microscopic Traffic Simulation Models.
Before starting the calibration of AIMSUN and VISSIM, a
sensitivity analysis was done to determine the model param-
eters having the best effect on simulated values of steady
state capacity as produced by the two software packages.
Although literature proposes a wave of methodologies for
the calibration of simulation models, there have been no
attempts to find general calibration principles based on
the collective knowledge and experience [26]. Thus, the
model output of entry capacity simulated for every cate-
gory of roundabout was compared to the most well-known
empirical capacity function based on the model proposed
by [27]; each category of single-lane roundabout, double-
lane roundabout, and turbo roundabout was assumed as
representative in terms of geometric design and behavioural
parameters of the corresponding roundabouts of the dataset.
Each capacity function included behavioural headways that
were collected in the field and then combined in meta-
analysis by [8]. For each entry lane, the empirical capacity
functions based on a meta-analytic estimation of the critical
and follow-up headways represented the target values of
empirical capacity to which the simulated capacities were
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Table 1: Information on the roundabouts case studies from Police Reports.

Name Roundabout (number
of entries)

Municipality Roads approaching the intersection

Randenci 1 single-lane (4) Randenci Pananskacesta, Radgonska cesta South, Radgonska
cesta East, Radgonska cesta West,

Brezice Intermarket single-lane (4) Brezice Cesta bratov Milavcev, Tovarniškacesta, Cesta Svobode,
Cesta bratov Milavcev

Gederovci single-lane (4) Gederovci Gederovci East, Gederovci North, Sodišinci, Gederovci
West

Kranj AC single-lane (4) Kranj - Sencčur Kranj - SpodnjiBrnik, E61,Sencčur, Kranjska cesta

KrižPodgorje single-lane (4) Križ Podgorje West, KorenovaCesta, Podgorje North,
Podgorje South,

Levec single-lane (4) Levec Krajevna cesta, Ljubijana cesta, Krajevna cesta,
Ljubijana cesta,

Velenje single-lane (4) Velenje Kidričeva cesta, Cesta PodParkom, Aškerčeva cesta,
Koroška cesta,

Brežice Trnje single-lane (4) Brežice Cesta Svobode, Trnje, Bizeljskoĉatež, Dobovska cesta

MoravskeToplice single-lane (4) MoravskeToplice Dolga ulica, Kranjčevaulica, Dolga Ulica,
Kranjčevaulica

Rače single-lane (4) Rače UlicaLackoveCete, Cesta Talcev, Ptujska cesta, Rače

Drnovo single-lane (4) Drnovo 8273 LeskovecpriKrškem, Drnovo, 8273
LeskovecpriKrškem, Velika Vas Pri Krškem

Ljutomer single-lane (4) Ljutomer Prešernovaulica, Grossmanovaulica, Prešernovaulica,
Cesta l. Slovenskega Tabora

Krško single-lane (4) Krško Cesta 4 Julija,Zdolska cesta, Cesta 4 Julija, Prešernova
Ulica

Medvode double (4) Medvode Gorenjska cesta, Zbiljska cesta, 211 Medvode,
Finžgarjevaulica

Nova Gorica double (4) Nova Gorica Vojkova cesta, LematovaUlica, Kromberška cesta, 103
Nova Gorica

Novo Mesto double (6) Novo Mesto Ljubjanska cesta, Tržiškaulica, Andrijaničeva cesta,
Velika Bučnavas

Rožna Do double (4) ValdiroseRožna Dolina Podmark, 103 Nova Gorica, Vipavska cesta, 103 Nova
Gorica

Ravne Na K double (5) RavnenaKoroškem Koroška cesta West, Prežihovaulica, Koroška cesta
South, Koroška cesta North, Koroška cesta East

Lesnina turbo (4) Koper Ljubjanska cesta North, Ljubjanska cesta South,
Ljubjanska cesta West, Ljubjanska cesta East

Stadion, turbo (4) Koper Ljubjanska cesta, Ferrerska cesta, Ljubjanska cesta,
Cesta ZorePerrello – Godina,

Planet Tuš turbo (4) Koper Kolodvorska cesta, Ankaranska cesta, Kolodvorska
cesta, Ljubjanska cesta

Supernova turbo (3) Koper Ankaranskacesta North, Ankaranskacesta West,
Ankaranskacesta East

Luka Koper turbo (3) Koper Ankaranskacesta West, Koper, Ankaranskacesta South
M1 turbo (4) Maribor Borovavas, Borovavas, Borovavas, Ilichovaulica,
M2 Lackova turbo (3) Maribor Borovavas, Lackova cesta East, Lackova cesta West

M3 turbo (4) Maribor Titova cesta North, Pobreška cesta West, Titova cesta
South, Pobreška cesta East

compared; see [28] for the potential that a single (quantita-
tive) meta-analytic estimate provides compared to the results
of individual studies on the parameters of interest. Table 3
shows the geometric design and behavioural parameters of
every roundabout category used to calibrate AIMSUN and
VISSIM.

It should be noted that geometric design of the single-
lane roundabout and the double-lane roundabout is consis-
tent with classification of roundabouts worldwide [29, 30].
The geometric design of single-lane roundabout and the
double-lane roundabout here considered also complies with
the Italian standards [31] of the compact roundabout and
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Table 2: The main statistics of the roundabout data sample.

Statistics 8-year total crashes AADT [veh/d] Outer Diameter [m] Ring Width [m] Entry Width [m] Exit Width [m]
min 0 7,000.00 30.00 4.50 3.90 3.75
mean 6 26,022.02 46.85 7.78 5.10 5.21
median 2 21,980.33 50.00 7.50 4.83 5.12
max 34 63,400.00 89.60 11.00 8.15 7.10

Table 3: Geometric design and behavioural parameters of every roundabout category.

Basic Parameter Single-Lane Roundabout Double-Lane Roundabout Turbo Roundabout
outer diameter[m] 39.00 41.00 40.00
ring width [m] 7.00 9.00 4.50a (4.20b)
entry-lane width [m] 3.75 3.50 3.50
exit-lane width [m] 4.50 4.50 4.50
Tci [s] - 4.159 (3.898, 4.420)c 3.60
Tce [s] 4.274 (4.051; 4.498)c 3.822 (3.562; 4.082)c 3.91
Tfi [s] - 2.853 (2.665, 3.043)c 2.26d (2.110, 2.411)
Tfe[s] 3.103 (2.957; 3.248)c 2.717 (2.569, 2.867)c 2.13d (1.981,2.287)
Note: ainside lane width; boutside lane width; c95% confidence interval; don field collected by Fortuijn [22].

Figure 1:The single-lane roundabout model in simulation environ-
ment.

conventional roundabout, respectively. The design features
of the double-lane roundabout also correspond to the layout
of the typical double-lane roundabout as proposed by [32],
Appendix A, Exhibit A-7. The turbo roundabout design met
the turbo geometry presented by [25]. Each roundabout
typology was then modelled in AIMSUN and VISSIM (see
Figures 1–3) in accordance with the geometric parameters in
Table 3.

In order to assess each roundabout with the SSAM,
the roundabouts were then simulated with desired traffic
conditions. Saturated conditionswere achieved at entry lanes,
so that the maximum number of vehicles entering the round-
about corresponded to the capacity value of each entry lane.

Figure 2: The double-lane roundabout model in simulation envi-
ronment.

Figure 3: The turbo roundabout model in simulation environment.
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Table 4: Default and calibrated values of the model parameters in AIMSUN.

Model Parameter Roundabout
Single-Lane Double-Lane (Right Lane) Double-Lane (Left Lane) Turbob

reaction time [s] default 0.80 (0.10, 1.50) 0.80 (0.10, 1.50) 0.80 (0.10, 1.50) 0.80 (0.10, 1.50)
calibrated 0.86 (0.82, 0.86)a 0.94 (0.85, 0.95)a 0.95 (0.85,0.95)a 1.00 (0.10, 1.50)

min headway [s] default 0.00 0.00 0.00 0.00
calibrated 1.58 (1.50, 1.70)a 1.00 (1.00, 1.50)a 1.33 (1.00,1.50)a 1.70 (1.00, 1.70)

speed acceptancec default 1.10 1.10 1.10 -
calibrated 1.00 (1.00, 1.10)a 0.95 (0.90, 1.10)a 0.97 (0.90,1.10)a -

GEH index [%] def. 56.25 78.10d 78.10d 85.00b,d

calibr. 87.50 96.90d 93.80d 99.00b,d

Note: athe acceptance range for AIMSUN model parameters is the upper and lower bounds used for GA calibration [23, 24]; bthe same values of the model
parameters were used for each entry lane [25]; cthe model parameter ranges from a minimum of 0.90 to a maximum of 1.30 as AIMSUN proposes; dthe same
GEH indexes were obtained for each entry lane.

A genetic algorithm-based calibration procedure had been
developed by [23, 24] to determine the parameters of AIM-
SUN for the single-lane and the double-lane roundabouts.
In order to calibrate AIMSUN and reproduce realistic traffic
on roundabouts, the reaction time, the minimum headway,
and the speed acceptance were used as the model parameters.
For the turbo roundabout layout under examination, the
AIMSUN calibration was made in a previous work [25]; the
reaction time and the minimum headway were used as the
model parameters. Table 4 exhibits the default and calibrated
parameters of the roundabout models built in AIMSUN.
Based on [26], the GEH index was used to accept (or reject)
the model; GEHi is expressed as follows:

𝐺𝐸𝐻𝑖 = √ 2 (𝑥𝑖 − 𝑦𝑖)2(𝑥𝑖 + 𝑦𝑖) (1)

It denotes that a model reproduces the empirical capacity
data if the difference between the simulated (xi ) and empirical
capacities (yi) is smaller than 5 in (at least) 85% of the cases.
Thus, GEH equal to 100% means that the difference between
the simulated and empirical capacities of the entry lanes is
smaller than 5 in 100% of the cases. Note that the acceptance
range for the AIMSUN model parameters is the upper and
lower bounds used for GA calibration [23, 24], while in other
cases the acceptance ranges for each parameter are the default
ones of the microsimulation model used.

In order to calibrate the roundabouts in VISSIM, the
Wiedemann 74 model integrated in PTV VISSIM software
(version 10) was selected. The average desired distance
between stopped cars, ranging from -1.0 m to +1.0 m (with
a standard deviation of 0.3 m), the additive part of desired
safety distance, and the multiplicative part of desired safety
distance were used as model parameters; for these last two
parameters nothing about variation is proposed by VISSIM.
Calibration in VISSIM was done manually simulating several
replications, adjusting the model parameters and ranging
thembetween successive simulation runs.Theoptimal setting
obtained by the calibration parameters in VISSIM was for
each roundabout category as follows.

(i) The Single-Lane Roundabout

average standstill distance: the default value is equal
to 2.00 m, while the calibrated value is 5.10 m
additive part of desired safety distance: the default
value is equal to 2.00 m, while the calibrated value is
3.60 m
multiplicative part of desired safety distance: the
default value is equal to 3.00 m, while the calibrated
value is 1.80 m

(ii) The Double-Lane Roundabout (Right Lane)

average standstill distance: the default value is equal
to 2.00 m, while the calibrated value is 1.80 m;
additive part of desired safety distance: the default
value is equal to 2.00 m, while the calibrated value is
3.05 m
multiplicative part of desired safety distance: the
default value is equal to 3.00 m, while the calibrated
value is 4.75 m

(iii) The Double-Lane Roundabout (Left Lane)

average standstill distance: the default value is equal
to 2.00 m, while the calibrated value is 4.50 m
additive part of desired safety distance: the default
value is equal to 2.00 m, while the calibrated value is
5.00 m
multiplicative part of desired safety distance: the
default value is equal to 3.00 m, while the calibrated
value is 5.00 m

(iv) The Turbo Roundabout (Right Lane and Left Lane)

average standstill distance: the default value is equal
to 2.00 m, while the calibrated value is 5.00 m
additive part of desired safety distance: the default
value is equal to 2.00 m, while the calibrated value is
3.10 m
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Table 5: Origin-destination matrix of traffic flow percentages [9].

Case a
origin-destination South East North West
South 0 0.33 0.33 0.33
East 0.33 0 0.33 0.33
North 0.33 0.33 0 0.33
West 0.33 0.33 0.33 0

Case b
origin-destination South East North West
South 0 0.30 0.05 0.65
East 0.05 0 0.05 0.90
North 0.05 0.65 0 0.30
West 0.05 0.90 0.05 0

Case c
origin-destination South East North West
South 0 0.65 0.05 0.30
East 0.05 0 0.05 0.90
North 0.05 0.30 0 0.65
West 0.05 0.90 0.05 0

multiplicative part of desired safety distance: the
default value is equal to 3.00 m, while the calibrated
value is 1.50 m

Note that the GEH index was below 50% for each roundabout
entry lane, when the default values of the model parameters
were used; it was greater than 87% when the calibrated values
of the model parameters were used. Only, for the left entry
lane of the turbo roundabout, the GEH index was below
85%, but only a small number of GEH𝑖 was just over 5; thus,
the model was accepted. At last, the entry lane capacities
simulated with AIMSUN and VISSIM were compared to
the empirical capacity functions before introduced; this was
made to verify that the calibrated models in VISSIM were
actually comparable to the calibrated models in AIMSUN.

Three origin-destination matrices of traffic flow per-
centages were simulated for the calibrated models of the
roundabouts as they were representative of the most crucial
operating conditions observed in the field (in Table 5). In
order to guarantee a base for a homogeneous comparison, an
iterative procedure based on [29] was implemented to ensure
a desired (pre-fixed) saturation ratio at each roundabout
entry and to calculate the total entering flows relative to
each matrix of traffic flow percentages (in Table 5). For these
purposes, we used the capacity formula proposed by [33];
thus, the entering flows with a saturation ratio of 0.60 were
calculated. For the roundabouts under examination, based
on matrices in Table 5, the corresponding origin-destination
matrices were obtained. For each roundabout of the sample
the trajectory files were obtained. In order to produce the
trajectory data for each roundabout in Table 1, more than
15 replications of simulation were done in both AIMSUN
and VISSIM for the calibrated models; the duration in each

replication did not exceed an hour.The 5 simulations that best
replicated the origin-destination matrices were then selected.

3.3. Calculation of Surrogate Safety Measures fromMicrosimu-
lation. The SSAM software analysed vehicle-to-vehicle inter-
actions to identify conflict events and recorded all events hap-
pening during the simulation [34]. For each conflict event,
the SSAM software calculated the surrogate safety measures
recorded in the TRJ.files, separately generated by AMISUN
and VISSM, including the following [5]: the minimum
time-to-collision, the minimum postencroachment time, the
initial deceleration rate, the maximum deceleration rate, the
maximum speed, and the maximum speed differential. The
default filters of the SSAM were not changed during the
initial phase of analysis; they were then changed in order
to better compare the results obtained by processing the
TRJ.files from AIMSUN and VISSIM. Table 6 shows the
mean values of normalised total conflicts given by AIMSUN
and VISSIM for the roundabouts under examination and
the origin-destination matrices of traffic flow percentages in
Table 5. More specifically, the values in Table 6 are the total
conflicts by each roundabout and each origin-destination
matrix in relation to the total simulated entering flow. Table 6
shows that the normalised total conflicts were smaller for
the single-lane roundabouts than the double-lane and turbo
roundabouts (in case a and case b) with TRJ.files generated
by AIMSUN and the default filters of the SSAM. Again,
the normalised total conflicts were higher at the turbo
roundabouts than the double-lane roundabouts (in case a and
case b) with TRJ.files generated by AIMSUN and the default
filters of the SSAM.

However, Table 6 shows differences in the mean values of
the normalised total conflicts between the SSAM filter-based
total conflicts calculated when the appropriate filter values
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Table 6: Normalised total conflicts at roundabouts.

casea Filter Single-Lane Roundabout Double-Lane Roundabout Turbo Roundabout
SSAM-AIMSUNb SSAM-VISSIMc SSAM-AIMSUNb SSAM-VISSIMc SSAM-AIMSUNb SSAM-VISSIMc

case a DEFAULT 87.56 69.53 102.70 63.56 127.03 9.21
FILTER 1.68 1.38 7.79 4.10 1.37 4.30

case b DEFAULT 76.82 67.25 98.07 49.55 227.80 26.16
FILTER 0.93 1.03 6.65 11.83 2.48 3.79

case c DEFAULT 65.53 42.41 81.04 39.98 48.37 28.41
FILTER 1.42 1.52 6.03 3.69 0.89 4.87

Note: ao-d matrixes in Table 5; bthe mean values of the normalised total conflicts calculated using the TRJ.files generated by AIMSUN both when the default
filters of the SSAM were not changed and when the appropriate filters were applied; cthe mean values of the normalised total conflicts calculated using the
TRJ.files generated by VISSIM when the default filters of SSAM were not changed and when the appropriate filters were applied.

were used and the total conflicts calculated with the default
filters of SSAM.

In order to identify which settings influenced the results
of the SSAM software, a sensitive analysis was then devel-
oped. After several trials, the parameter with a greater effect
on the SSAM results was the time-to-collision (TTC) [3, 35],
the post-encroachment time (PET) [3, 35], and themaximum
speed (MaxS) [3]. It should be noted that smaller values
of TTC and PET during a traffic conflict correspond to a
greater probability of a collision. Moreover, a TTC equal to
0 is, by definition, a collision; in turn, the value of PET, by
definition, should be greater than the TTC [5]. The optimal
setting, obtained for the aforementioned parameters and the
examined cases, was as follows:

(i) TTC: the default value of the maximum TTC is 1.50
s, since a value less than 1.50 s can be considered the
maximum threshold of TTC [35]; thus, the maximum
threshold of TTC was set equal to 1.50 s

(ii) PET: the default value of the maximum PET is 5.00
s, while the maximum threshold of PET was set
equal to 2.50 s except for double-lane roundabouts
where a maximum value of PET of 1.90 s was set
for the conflicts produced with TRJ.files generated
by VISSIM; the last value of the maximum PET was
based on what SSAM recorded with the TRJ.files
generated by AIMSUN

(iii) the minimum thresholds of TTC and PET were set
equal to 0.10 seconds; TTC and PET equal to zero are
mere processing errors and were deleted [3]

(iv) MaxS: theminimum threshold values are equal to 1.00
meters per second for the single-lane roundabouts
and 1.18meters per second for the turbo roundabouts;
the filter ofMaxS was not changed for the double-lane
roundabouts

(v) a filter around the intersection area was applied
and conflicts falling within 30 meters before each
roundabout entry, since VISSIM identified several
conflicts very far from the intersection area that had
to be excluded

The results of SSAM filter-based total conflicts in Table 6
show a good fit for the frequency of conflicts derived from the

two microsimulation models. Indeed, for the traffic cases (in
Table 5), the percentage difference of total conflicts calculated
with AIMSUN and VISSIM was below 40 per cent. Student’s
t-test was also carried out to compare the filter-based total
conflicts obtained with the SSAM. Figure 4 shows the t-
test results for AIMSUN versus VISSIM at roundabouts
under examination; see [36] for more in-depth details. The
t-test gave non significant results for the single-lane and
turbo roundabouts; statistical significance was determined
especially at the 0.05 level for the double-lane roundabouts.
Based on the above results, traffic conditions and roundabout
schemes can have an important effect on roundabout safety:
the single-lane roundabout seems less safe than turbo-
roundabout in the case b (in Table 5); unlike cases a and
b (in Table 5), double-lane roundabouts are less safe than
the single-lane and the turbo roundabouts in the case c (in
Table 5), where, unlike case b, the percentage of right turns is
higher than that of left turns.

4. Fitting a Crash Prediction Models Based on
Simulated Conflicts

Once the frequency of conflicts obtained by AIMSUN and
VISSIM was made comparable by setting some filters of
SSAM as introduced above, and conditions were examined
under which a safety analysis could be independent of
the software being used; a conflict prediction model was
developed using AIMSUN. Differently from conventional
crash prediction models where crashes per year are the
dependent variable and the average daily traffic is the main
independent variable, simulation is typically done at the peak
hour level. Thus, AIMSUN-simulated peak hour traffic and
then peak hour conflicts were estimated. Ten replications
were performed for each roundabout and the resulting
TRJ.files generated from AIMSUN were processed with the
SSAM software to identify conflicts based on the procedure
described in the previous sections. Table 7 summarizes the
main statistics for type of conflict and total conflicts of all the
roundabouts of the sample in Table 1. However, total conflicts
only were considered to fit the model since low conflicts by
type resulted except for the rear-end type.

In order to develop a prediction model for total crashes
versus total conflicts, peak hour conflicts were modelled
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Figure 4: t-test results for VISSIM versus AIMSUN at (a) single-lane roundabouts, (b) double-lane roundabouts, and (c) turbo roundabouts.
Note: Tcritical (𝛼=0.05) = 2.31; Tcritical (𝛼=0.01)= 3.36; average means the mean value of total conflicts in simulation replications; the t-test was
not significant for single-lane and turbo roundabouts in cases a, b, and c, while t-test was significant for the double-lane roundabout in cases
a and b (at the 0.05 level) and case b (at the 0.01 level).
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Table 7: Summary of main statistics for type of conflict and total conflict.

Statistics Type of Conflict Total Conflicts
Rear-End Lane-Change Crossing

min 1.00 0.00 0.00 1.00
mean 27.37 8.48 0.19 36.04
median 33.00 5.45 0.00 37.50
max 78.00 57.00 3.00 112.00

against crashes per year (occurring during all hours) by incor-
porating an extra variable to capture the effect of the ratio of
peak hour traffic volume to average daily traffic volume [3];
only the outer diameter was introduced as further covariate
of the model, while other covariates did not result significant.
It should be noted that a sensitivity analysis was done to test
several geometric and traffic features (i.e., entry width, ring
width); however, only the variables that were significant were
selected as the explanatory variables of the model. Based on
state-of-the-art in safety modelling [37], in order to fit the
model, a generalized linear model framework was used as
available in the statistical package GenStat [38]. Since the
data had a variance slightly larger than expected under the
assumption of a Poisson distribution (i.e., the variance is
equal to the mean), equidispersion assumption was relaxed
to avoid model specification errors. It is quite well known
that themost commonapproaches are a quasi-likelihoodwith
Poisson-like assumptions (i.e., the quasi-Poisson from now
on) and a Negative Binomial model; these models are derived
from the Poissonmodel and allow themean to differ from the
variance when data exhibit overdispersion [39, 40]. However,
in the statistical literature, especially for the regression case,
little guidance can be found when the specification of a quasi-
Poisson or a Negative Binomial error structure has to be
performed [41]. Since, for any given datasets, one can find
cases where each model produces a good fit to the data,
goodness-of-fit criteria helped us to choose between the two
above introduced models.

First, in order to employ the regression technique to relate
the actual crash frequency to theAIMSUN-simulated conflict
frequency predicted by the SSAM, the functional form of
the model was selected. Real-life crashes and conflicts were
assumed as discrete random events with a non normal error
structure [5]. Consistent with themodel forms introduced for
the conflict prediction models [3], the power function was
here assumed and used to develop the total crash model as
follows:

𝐸 [𝜇] = 𝑒𝛼 ∙ 𝑋𝛽1 ∙ 𝑋𝛽2 ∙ 𝑋𝛽3 (2)

where E[𝜇] is the expected number of total crashes per year
(i.e., the dependent variable), Xi(i= 1,2,3) are the explanatory
variables, and 𝛼 and 𝛽i(i= 1,2,3) are the regression parameters to
be estimated using the maximum-likelihood procedure. The
peak hour conflicts (X1) generated fromAIMSUN simulation
and the SSAM analysis, the peak hour traffic ratio (X2),
or the ratio of peak hour traffic volume to average daily
traffic volume, and the outer diameter (X3) of the selected
roundabouts were selected as the explanatory variables of the

model. The peak hour ratio was considered an exploratory
variable since it could vary from roundabout to round-
about and depended on the road classification, location,
day, date, and time of the peak hour counts. Table 8 shows
the parameter estimates with two different distributions in
GLM framework. The constant value (𝛼) was not statistically
significant for both models, while the estimates of 𝛽1, 𝛽2,
and 𝛽3 were statistically significant (at the 5% level and 10%
level) in both cases. The table also shows the measures of
goodness-of-fit discussed by [42] (1) the mean prediction
bias (MPB); a positive (or negative) MPB denotes that a
model over predicts (or under predicts) crashes; (2) the
mean absolute deviation (MAD) that measures the average
dispersion of the model; (3) the mean square prediction
error (MSPE) that is used in conjunction with the mean
squared error (MSE): an MSPE higher than MSE indicates
that the models are overfitting the data and that some of
the observed relationships may have been spurious instead
of real. Other measures of goodness-of-fit were the mean
error (ME) and the mean normalized error (MNE) which
are useful when applied separately to measurements at each
location instead of to all measurements jointly [26]. Table 8
also shows the GEH index (see (1) ), and Pearson product
moment correlation coefficient (rPearson) between observed
and predicted crashes. As further information about the
goodness-of-fit, the method of cumulate residuals (CURE)
was applied as dealt with in next section.

5. Results and Discussion

The results in Table 8 show a reasonably good fit for the
data; however, the quasi-Poisson model fits the data better
than Negative Binomial model and produces a slightly better
prediction accuracy: the mean prediction bias (MPB) of the
quasi-Poisson model was lower than the NBmodel, similarly
to the mean absolute deviation (MAD) and the mean error
(ME). For the quasi-Poisson model the MSPE also was lower
than MSE compared with the other model; however, each
model did not show signs of overfitting since they had an
MSPE value lower than the MSE value and confirmed that
no important variables were omitted from the model or the
models were misspecified.

Comparisons between models, however, are not always
easy; the differences in goodness-of-fit can suggest cases
in which models could be improved, but improvements
might be difficult to obtain. The GEH index and Pearson
coefficient also highlighted how well the models fit the
set of observations; however, Pearson coefficients for both
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Table 8: Parameter estimates for crash models based on AIMSUN simulated conflicts and goodness-of-fit.

Parameter quasi-Poisson model∗ Negative Binomial model∗

estimate (s.e.) t t pr. estimate (s.e.) t t pr.𝛽1 0.859 (0.222) 3.88 <.001 1.117 (0.242) 4.62 <.001𝛽2 5.77 (1.09) 5.31 <.001 6.38 (1.17) 5.45 <.001𝛽3 2.299 (0.533) 4.31 <.001 2.397 (0.578) 4.15 0.003

𝑀𝑃𝐵 = 1𝑁 𝑁∑𝑖=1(𝑦𝑖 − 𝑦𝑖) - 0.0034 - - 0.2987 - -

𝑀𝐴𝐷 = 1𝑁 𝑁∑𝑖=1 𝑦𝑖 − 𝑦𝑖 0.4364 - - 0.5964 - -

𝑀𝑆𝑃𝐸 = 1𝑁 𝑁∑𝑖=1(𝑦𝑖 − 𝑦𝑖)2 0.6430 - - 1.4217 - -

𝑀𝑆𝐸 = 1𝑁 − 𝑑𝑜𝑓 𝑁∑𝑖=1(𝑦𝑖 − 𝑦𝑖)2 0.727 - - 1.607 - -

𝑀𝐸 = 1𝑁 𝑁∑𝑖=1 𝑦𝑖 − 𝑦𝑖 0.0034 - - 0.2987 - -

𝑀𝑁𝐸 = 1𝑁 𝑁∑𝑖=1
𝑦𝑖 − 𝑦𝑖𝑦𝑖 0.1613 - - 0.3299 - -

𝑟𝑃𝑒𝑎𝑟𝑠𝑜𝑛 = ∑𝑁𝑖=1 (𝑦𝑖 − 𝑦) (𝑦𝑖 − 𝑦)
[∑𝑁𝑖=1 (𝑦𝑖 − 𝑦)2∑𝑁𝑖=1 (𝑦𝑖 − 𝑦)2] 0.72 - - 0.67 - -

𝐺𝐸𝐻𝑖 = √ 2 (𝑥𝑖 − 𝑦𝑖)2(𝑥𝑖 + 𝑦𝑖) 100% - - 100% - -

Note: N is the data sample size, and 𝑦𝑖 is the fitted value of y𝑖, which is the actual measurement;𝑦 is the mean value of the fitted values, while 𝑦 is the mean value
of the actual measurements; dof stands for degree of freedom; rPearson stands for Pearson product moment correlation coefficient. (∗) Note that in GenStat
the dispersion parameter (fixed or estimated) is used when calculating standard errors and standardized residuals. In models with the Poisson and negative
binomial, as well as geometric and exponential distributions, the dispersion should be fixed at 1 unless a heterogeneity parameter is to be estimated.
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Figure 5: CURE plots for total conflicts: (a) quasi-Poisson model; (b) Negative Binomial model.

models showed marginal differences in goodness-of-fit that
could be explained by random fluctuations in the observed
data, however negligible. As further information about the
goodness-of-fit, the method of cumulate residuals (CURE)
was applied and CURE plots were developed [1]. The cumu-
lative residuals, defined as the difference between the actual
and the fitted values for each observation unit, were arranged
in increasing order of the fitted value and computed for each
observation unit. Figure 5 shows how well the model under
the quasi-Poisson assumption fits the data as a function of a

specific variable of interest; for example, as variable of interest
the total conflicts were selected for this comparison. The
cumulative residuals on the vertical-axis were plotted against
the total conflicts on the horizontal-axis. The indication is
that the fit is fairly good especially for the quasi-Poisson
model since the cumulative residuals, oscillating around the
value of 0, lie between the confidence limits of the standard
deviation (± 2 𝜎∗).

Although a horizontal stretch of the CURE plot corre-
sponds to a region of the variable where the estimates can
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Figure 6: CURE plots for fitted values: a) quasi-Poisson model; b) SSAM model.

be unbiased, the CURE plot (see Figure 5(a)) for the quasi-
Poisson model is inside the confidence limits; thus, one can
observe that the calibrated model fits the data very well,
while for the case of Negative Binomial model a portion
of the CURE plot was outside the confidence limits (see
Figure 5(b)). In order to assess the overall quality of themodel
fit [1], the fitted value-based CURE plots were prepared both
for the quasi-Poisson model (Figure 6(a)) and for the SSAM
model (Figure 6(b)), which is a nonlinear regression model
for crashes as a function of total conflicts [5].

In Figure 6 each plot shows how well (or poorly) the
model predicts, not for a specific variable but overall, as a
function of number of crashes expected on each unit. The
CURE plot in Figure 6(a) for the quasi-Poisson model is
closer to a random walk around the horizontal-axis than the
plot in Figure 6(b) and it is inside the confidence limits. The
CURE plot of the SSAM model for total crashes versus total
conflicts shows long increasing and decreasing runs corre-
sponding to regions of consistent over- and underestimation
[1]. In the last case, the safety performance capability of the
SSAM crash–conflict model to predict real-world crashes
with actual crash experience at Slovenian roundabouts falls.
The occurrence of traffic conflicts also was sensitive to the
site configuration and priority rules and other parameters
in the microsimulation. This confirms again that the safety
assessment of a road entity based on surrogate measures of
safety is influenced on microscopic traffic simulation model
used.

6. Conclusions

This paper addresses issues on evaluation of roundabout
safety performance through surrogate safety measures from
microsimulation. Roundabouts were selected since they are
becoming increasingly attractive to transportation engineers,
and the effectiveness of propermeasures and assessment tools
for road safety management is still being studied. Based on a
sample of Slovenian roundabouts, surrogate safety measures
were obtained through microscopic traffic simulation mod-
els; then a crash prediction model from simulated peak hour
conflicts was developed.

For these purposes, the vehicle trajectories records
exported from AIMSUN and VISSIM were used to estimate
traffic conflicts through the SSAM. AIMSUN and VISSIM
were calibrated for single-lane, double-lane, and turbo round-
abouts using the corresponding empirical capacity function
which included critical and follow-up headways estimated
through meta-analysis. In order to bring the simulated traffic
conflicts from VISSIM and AIMSUN to a comparable level,
some SSAM filters were set iteratively (i.e., setting lower
values of the TTC and PET than the default values, and
eliminating the conflicts corresponding to a zero value of
TTC and PET). The effect of different traffic scenarios on
roundabout safety performance was also tested. It was noted
that a different flow distribution provided a different number
of conflicts at roundabouts; there was a traffic scenario that
provided more (potential) crashes than other scenarios for
the same roundabout category.

Once the outputs from the two microsimulation software
got to a comparable level, a crash prediction model for the
sample of Slovenian roundabouts was developed. Although a
large number of practitioners and transportation engineers
during the last decade have been using traffic microsimu-
lation in lots of practical applications, technical literature
still presents few studies which focus on the relationship
between crashes and simulated traffic conflicts especially at
roundabouts. This is the gap in the current literature that
the paper aimed to address. A generalized linear model
framework was used to estimate the prediction model based
on traffic and crash data collected in the field at 26 existing
roundabouts. Peak hour traffic distribution was simulated
with AIMSUN, and peak hour conflicts were then estimated
with the SSAM. The model was developed with crashes per
year as dependent variable and peak hour conflicts and the
ratio of peak hour traffic volume to average daily traffic
volume and the outer diameter as independent variables. The
CURE plots also showed a good quality of the fit.

Two main conclusions may be derived from the research
results that are also useful for professional or other practical
issues. The comparison between the surrogate measures
of safety based on the simulated trajectories derived from
AIMSUN and VISSIM provided insights on how to set
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the SSAM settings so that the outputs from AIMSUN and
VISSIM reaching a comparable level. The outcome of this
first activity represented the starting point to address issues
associated with the development of safety prediction models
for roundabouts based on surrogate measures of safety.
Although the paper does not address a model selection
problem (to be solved by a data-drivenmethod), it informs on
how intersection safety can be estimated by using simulated
conflicts instead of real crash data and other covariates. The
coefficient estimates of the crash–conflict model based on
real data were statistically significant; however, themodel was
quite different from the model recommended by the SSAM
to identify conflicts from traffic simulation. Nevertheless,
it should be noted that the results are based only on a
sample of 26 roundabouts within the same country. Thus,
future research efforts could be addressed to acquire further
roundabout data from other sources in order to improve the
statistical link between observational crashes and simulated
measures of safety. Further roundabout data, together with
other traffic scenarios to be tested, could improve the same
reproducibility and accuracy of the simulated output, consid-
ering also a better explanation of the actual crashes.

Since the results, within the limits of this study, con-
firm that surrogate measures of safety strongly depend on
microscopic traffic simulation model which is used, they are
sufficiently encouraging to continue the line of research.

The results confirmed that the safety assessment of any
road entity may rely on surrogate measures of safety, and the
simulated conflicts can be used as a promising approach for
roundabout safety evaluation. Fundamental design consider-
ations should be also evaluated at a planning level to better
understand potential impacts for each roundabout alterna-
tive. Designing a roundabout, indeed, requires the optimal
balance between safety, operational performance, impacts,
and so on, given the constraints for the site under evaluation.
Future developments can interest the use of surrogate mea-
sures as a sound basis for comparing performances of alter-
native intersection types. Traffic microsimulation could be a
valuable approach to investigate how safety and operational
conditions will change when Conventional Vehicles (CVs)
and autonomous vehicles (AVs) are coexisting in traffic, since
the introduction of on-road autonomous vehicles (AVs) in
traffic will inevitably transform the criteria for road network
design, trafficmodelling, and road safetymanagement. In this
view, automated road safety analysis based on reliable safety
evaluation tools using surrogate safetymeasures can be useful
to provide prompt safety estimates and to address innovative
vehicle and infrastructure developments.
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[16] L. Vasconcelos, L. Neto, Á. M. Seco, and A. B. Silva, “Validation
of the surrogate safety assessment model for assessment of
intersection safety,” Transportation Research Record, vol. 2432,
no. 1, pp. 1–9, 2018.

[17] A. Pratelli, P. Sechi, and R. R. Souleyrett, “Upgrading traffic
circles to modern roundabouts to improve safety and efficiency
– case studies from Italy,” Promet – Traffic&Transportation, vol.
30, no. 2, pp. 217–229, 2018.
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The goal of this paper is to investigate theoretically the possible directions of some specifiedmethods for the alternative roundabouts
effectiveness modeling and optimization. The out-coming criteria have an economical interpretation. Those are the objective
functionals of the alternative roundabouts effectiveness as the profit gained in the course of the traffic flow changes in the view of the
integral form.This is modeled taking into consideration the transport infrastructure functioning elements such as the traffic flow of
a capacity model. It takes into account two major components of the transportation services which are the alternative roundabouts
business’ incomes and expenses relating to the roundabouts transportation worthiness support.The prototypic approach is that one
from the aircraft airworthiness support measures models. Corresponding managerial influences with respect to environmental,
safety, utility, and other issues, as well as probable impacts, are modeled with the construction of the relevant under-integral
expressions, equations, and appropriate coefficients and parameters of themathematicalmodels.The achieved theoretical results, on
the basis of the Euler-Lagrange equation and accepted assumptions, have been checked for the sufficiencyof the objective functional
maximumpresence at the “point”with the use of the conducted computer simulation.Thenecessary diagrams are plotted in order to
illustrate the theoretical contemplations and speculations, aswell as to check the correctness of the appliedmathematical derivations
and visualize the models’ preciseness and abilities. The theoretically constructed mathematical models have a significance of the
prognostic values applicability required at the alternative roundabouts effectiveness modeling and optimization ensuring their
design progress and evolutions.

1. Introduction

The complexity of the modern roundabouts design, their
diversities in designations, and functional, economic, and
environmental criteria structures elaboration [1] are prede-
termining the multialternativeness of the new types of the
roundabouts evaluation.

Rational economic activity is the foundation providing
the development in all areas and spheres of life [2].Therefore,
theoretical researcheswith the help of the plausibly developed
hypothetical mathematical models are of a great importance
[2]; moreover, the usefulness of such models application
for the alternative roundabouts effectiveness evaluations is
beyond any doubts and it can be traced with the most up-
to-date publications [3–15]. The brief literature survey of the
presented paper just is highlighting the principal possibilities

of the proposed methods implementations in those areas of
science that relate with the multiattribute assessment of road
design solutions [3], geometric design of turbo roundabouts
[4], or the journal paper [5] dedicated to the turbo round-
abouts, design principles, and safety performance, as well
as alternativeness [6] and transportation infrastructure [7]
aspects.

It is also necessary to underline the importance of the
developed here approach for other transportation facilities,
like railway [8]; however the methods are aimed at mod-
eling alternative roundabouts effectiveness and in its sense
continue the researches of the assessment, analysis, and
simulation discussed in references [9–15]. Some of those pub-
lications emphasize the evaluation of the environmental and
functional benefits of “innovative” roundabouts situational
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features, like [11] or the study of the vehicle speed [14] for the
design of the roundabouts.

Remarkable in this context is that all the publications
either directly or indirectly have dealt or might have dealt
with mathematical modeling and simulation in regard to
economical parameters.

One of such approaches and correspondingmathematical
modeling is the objective of the presented paper.

There are numerous strategies to cope with the problems
related with transportation services in general. The diversity
of such strategies is stipulated by different types of transporta-
tion means, other managerial factors, including financial
levers of influence.

For example, in Belgium, as that was reported by the TV
news and broadcasted by the mass media, the local subway
service becomes free of charge; no one will have to pay in
fares, when the on-ground going vehicles’ pollutant emission
exceeds the accepted allowed limits.

The presented paper theoretical concept is centered upon
the issues related with the support of the alternative round-
abouts worthiness (vehicle worthiness, riding worthiness,
transportation worthiness, etc.). The prototypic approach is
adopted from the aircraft airworthiness support measures
concepts of [16–20] developed from subjective analysis [21]
on the basis of the Jaynes’ principle [22–24] in the framework
of the calculus of variations theory [25].

2. Mathematical Modeling
and Developed Methods

There is an irresistible temptation to model and investigate
the process of a roundabout functioning under the prism of
its effectiveness. It will depend upon the number of factors;
specialists, who have an extensive experience in the field
of roundabouts, distinguish the most significant from them
[1, 3–15]. It is proposed to consider theoretically the modeling
and optimizing of a few, for example, competing round-
abouts. The supposed roundabouts worthiness is deemed to
be supported in an analogous to airworthiness way [16–20].

2.1. Basic Model. Every aspect of a roundabout functioning
is being considered under the prism of multialternativeness,
if it deals with someone’s choice or individual subjective
preferences distribution in regard to the achievable set of
alternatives [21], on one hand. And on the other hand, there
is a multi-“optionality” phenomenon when the objectively
existing options of the ongoing processes are under consid-
eration.

All the issues of a roundabout operation or exploita-
tion relating transportation facilities, network, entire and in
particular infrastructure capacity, functional and economical
criteria, environmental impacts, safety and precaution means
and measures are based upon operational incomes and costs
analysis [2].

Profitableness of a roundabout construction along with
the roundabout’s design, creation, building, andmanagement
costs subtracted from the incomes ensures a good reaction
of the transportation business upon the challenges of the
functioning [1–15].

Herewith, it is proposed amodel based upon the principle
approach expressed with the following formula:

𝐽 = ∫𝑝1
𝑝0

(𝑎𝑝𝑐𝑐 − 𝑏𝑝𝑐) 𝑑𝑝. (1)

Here, in equation (1), 𝐽 is the objectives functional
depending upon the variated traffic flow 𝑝 within the traffic
flow’s possible range of alterations [𝑝0 . . . 𝑝1]. The under-
integral function of

𝑎𝑝𝑐𝑐 − 𝑏𝑝𝑐 (2)

expresses the specific profitableness of the roundabout,
reduced per a vehicle in the roundabout’s varied traffic
flow. In the expressions of (1) and (2), 𝑎 has a meaning of
the proportionality coefficient for the supposed model of
the incomes formation, whereas 𝑏 bears a sense of such a
coefficient for the accepted costs model. The function of 𝑐
takes its own role in the roundabout’s operational income
versus cost balance formation. For the stated problem setting,
it is investigated the model constructed of the expressions
of (1) and (2), being also dependent upon the first complete
derivative of

𝑐 = 𝑑𝑐𝑑𝑝 = 𝑐𝑝. (3)

Mathematically, formulated in the view of the equations
of (1) – (2), this particularly given problem setting is stated
as the simplest problem of the calculus of variations for the
objective functionals likewise [25]:

𝐽 = ∫𝑝1
𝑝0

𝐹 (𝑝, 𝑐, 𝑐𝑝) 𝑑𝑝, (4)

where 𝐹(𝑝, 𝑐, 𝑐𝑝) is the under-integral function of the stated
problem objective functional (1).

That is,

𝐹 (𝑝, 𝑐, 𝑐𝑝) = 𝑎𝑝𝑐𝑐𝑝 − 𝑏𝑝𝑐𝑝. (5)

The purpose is to maximize the objective functional (1)
on conditions of (2) and (3) by finding such function of 𝑐 that
delivers the wanted maximum of the profit formation; and
for the general view integral of (4) there are the necessary
conditions for the extremum existence in the view of the well-
known Euler-Lagrange equation [25]:

𝜕𝐹𝜕𝑐 − 𝑑𝑑𝑝 ( 𝜕𝐹𝜕𝑐𝑝) = 0. (6)

2.2. Solution to the Stated Basic Profit Optimization Problem.
In previous speculations (1) – (6) framework mentioned
above, the sought after solution will be next.

In accordance with the Euler-Lagrange equation (6) [25],
in case of (1) – (5)

𝜕𝐹𝜕𝑐 = 𝑎𝑝𝑐𝑝. (7)
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Then, for the second member of equation (6) that condi-
tion yields

𝜕𝐹𝜕𝑐𝑝 = 𝑎𝑝𝑐 − 𝑏𝑝. (8)

Differentiating the partial derivative of the right hand
part of equation (8) for the second time with respect to the
independent variable 𝑝 in the complete form derivative it can
be obtained that

𝑑𝑑𝑝 ( 𝜕𝐹𝜕𝑐𝑝) =
𝜕𝜕𝑝 ( 𝜕𝐹𝜕𝑐𝑝)

𝑑𝑝𝑑𝑝 + 𝜕𝜕𝑐 ( 𝜕𝐹𝜕𝑐𝑝)
𝑑𝑐𝑑𝑝

+ 𝜕𝜕𝑐𝑝 (
𝜕𝐹𝜕𝑐𝑝)𝑐


𝑝 ,

(9)

where

𝜕𝑐𝑝 = 𝑑2𝑐𝑑𝑝2 . (10)

Thus, with taking into account the conditions written
with the equations of (9) and (10), for equations (6) and (8) it
yields

𝑑𝑑𝑝 ( 𝜕𝐹𝜕𝑐𝑝) = 𝑎𝑐 − 𝑏 + 𝑎𝑝𝑐

𝑝. (11)

Here in (11) the complete derivative (9) has got an
abridged form since

𝜕𝜕𝑐𝑝 (
𝜕𝐹𝜕𝑐𝑝) ≡ 0. (12)

Hence, the second derivative (10) is omitted in the final
form of the Euler-Lagrange equation (6); and equation (6)
now does not depend upon the second derivative of the
sought function, i.e.,

𝜕𝜕𝑐𝑝 (
𝜕𝐹𝜕𝑐𝑝)𝑐


𝑝 ≡ 0. (13)

Therefore, substituting the relevant expressions of (7) and
(11) for their values into the equation (6), it becomes possible
to rewrite it in the view of

𝑎𝑝𝑐𝑝 − (𝑎𝑐 − 𝑏 + 𝑎𝑝𝑐𝑝) = 0. (14)

Finally, after cancelling the similar members in equation
(14), it yields even not a differential but algebraic equation
with respect to the function of 𝑐, that determines the consid-
ered model structure (1):

𝑎𝑐 − 𝑏 = 0. (15)

Furthermore, the solution in the view of function 𝑐 has
happened to be not depending upon the independent variable𝑝 at all:

𝑐 = 𝑏𝑎 . (16)

2.3. Another Model a Roundabout Functioning. It is definitely
the simplest model described with expressions of (1) – (5) and
yielding the solution in the view of equation (16) obtained
through the procedures of (6) – (16) should be checked for
the suspected extremum existence since all mathematical
constructions and derivations have been performed on the
basis of the necessity conditions (6).

Another theoretical development of the model of (1) – (5)
applicable for an alternative roundabout functioning is as the
following one.

Suppose, there is a nonlinear (raised to a certain power)
dependence of the profitableness function (under-integral
function) of 𝐹 upon the traffic flow 𝑝. Herein, it is proposed
the next up modification (see and compare with the equation
of (5)):

𝐹 (𝑝, 𝑐, 𝑐𝑝) = 𝑎𝑝𝑛𝑐𝑐𝑝 − 𝑏𝑝𝑐𝑝, (17)

where 𝑛 is the power index magnifying the impact of the
traffic flow 𝑝 exerted upon the component of the vehicle
contribution in the traffic flow.

The theoretical solution to the objective functional simi-
lar to (1) or (4), in the framework of the approach analogous
to (6) – (16), results in the other view optimal function.

However, it is obvious, in the proposed model modifi-
cation expressed with the equation of (17) versus (5), the
principle of the wanted solution finding will not differ from
the traditional method (6).

2.4. Developed Model Solution. The substitution of the rel-
evant interrelationship of (17) pertaining with the stated
problem setting for its value into the objective functional (1)
gives for members of equation (6) such formulae.

For the partial derivative with respect to the sought
function, likewise (7), the expression will be in accordance
with the model equation (17):

𝜕𝐹𝜕𝑐 = 𝑎𝑝𝑛𝑐𝑝. (18)

For the complete derivative, similar to (9), with respect to
the independent variable, the partial derivative with respect
to the complete derivative of the sought function with respect
to the independent variable, in analogous way to (8), now gets
the view of the following equation:

𝜕𝐹𝜕𝑐𝑝 = 𝑎𝑝
𝑛𝑐 − 𝑏𝑝. (19)

In its turn the complete form derivative (9) in such case
yields similar to (11)

𝑑𝑑𝑝 ( 𝜕𝐹𝜕𝑐𝑝) = 𝑎𝑛𝑝
𝑛−1𝑐 − 𝑏 + 𝑎𝑝𝑛𝑐𝑝. (20)

After that collecting corresponding members of equa-
tions (18) and (20) into the necessary condition Euler-
Lagrange equation (6), there is a possibility to obtain the other
equation than (14), i.e.,

𝑎𝑝𝑛𝑐𝑝 − (𝑎𝑛𝑝𝑛−1𝑐 − 𝑏 + 𝑎𝑝𝑛𝑐𝑝) = 0. (21)
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Again, making obvious transformations, (21) yields the
needed result as the following equation:

𝑎𝑛𝑝𝑛−1𝑐 − 𝑏 = 0. (22)

From (22) it inevitably means formula (23):

𝑐 = 𝑏𝑎𝑛𝑝𝑛−1 = 𝑐 (𝑝) . (23)

This time, unlike in the case resulting with the constant
value of (16), the sought solution (23) of the model (17) – (23)
is a certain function of the independent variable, traffic flow𝑝: 𝑐(𝑝).
2.5. Computer Simulation andCheck of the Suspected Solutions
Optimality. As the solutions in the view of equations (16) and
(23) are found on just the necessary condition (6) for the
extremums existence, it is required to check the solutions for
being really optimal subject to the stated problem settings
constraints.

The numerical data for the conducted calculation experi-
mentation are as follows. For the basic model described with
the procedures of expressions (1) – (16): 𝑎 = 2; 𝑏 = 20
of such Conditional Units (CU) that are correspond to the
measurement units of the fractional members of the under-
integral function (5) of the objective functional (1).The range
of the traffic flow 𝑝 alteration has been considered from 𝑝0 =1 up to 𝑝1 = 200 of CU (possible unit is vehicles per an hour
(v/h)).The result of such primitive, so far, experimentation is𝑐 = 10 CU.

In order to make sure of the optimality of the obtained
function 𝑐 = 10 value, it is possible to let the function 𝑐 = 10
some definite variation with the fixed boundaries.

Such effect is modelled with the help of the matrix-vector
data description.

The traffic flowmatrix at the next three specified points is

P = [[[[
[

𝑝20 𝑝0 1
(𝑝0 + 𝑝12 )

2 𝑝0 + 𝑝12 1
𝑝21 𝑝1 1

]]]]
]
. (24)

The column-vector of the free function values difference
is given in the view of

C = [[[
[

0
−0.0005 ⋅ 𝑐opt (𝑝0 + 𝑝12 )0

]]]
]
, (25)

where 𝑐opt((𝑝0+𝑝1)/2) depicts the modeled variated function
interrelationships between the alternating traffic flow 𝑝 in v/h
and the function’s optimal value of equation (16) 𝑐opt = 10
CU in the middle of the accepted range of the traffic flow 𝑝
variation.

Now, from the matrix-vector equation engaging the
equations of (24) and (25)

C = P ⋅ K, (26)

where

K = [[
[
𝑎1𝑏1𝑐1
]]
]
, (27)

where 𝑎1, 𝑏1, and 𝑐1 are the coefficients, in CU, converting the
traffic flow values of the quadratic forms of (24) via (26) with
(27) into the free function values of (25).

Solving for (27) it returns

K = P−1 ⋅ C. (28)

And for the inverse matrix it yields

P−1 =
[[[[[[[[[
[

239,601 − 439,601 239,601
− 60139,601 80439,601 − 20339,60140,20039,601 − 80039,601 20139,601

]]]]]]]]]
]

. (29)

This gives

K = [[[
[

𝑎1 = 5.05 ⋅ 10−7
𝑏1 = −1.015 ⋅ 10−4
𝑐1 = 1.01 ⋅ 10−4

]]]
]
. (30)

In accordance with the expressions of the procedure of
(24) – (30) the free function variations calculated by

𝑐𝑜 (𝑝) = 𝑎1𝑝2 + 𝑏1𝑝 + 𝑐1 + 𝑐opt (𝑝) (31)

for a decreasing function variation and

𝑐𝑂 (𝑝) = − (𝑎1𝑝2 + 𝑏1𝑝 + 𝑐1) + 𝑐opt (𝑝) (32)

for an increasing function variation, illustrated in Figure 1,
give the results shown in Figures 2 and 3.

In Figure 1 copt(p) is standing for the formula (16)
extremal value of the optimal function; co(p) has been
calculated by formula (31) and cO(p) by formula (32).

In Figure 2 Zopt(p), Zo(p), and ZO(p) are the objective
functionals values plotted as a result of the calculations
performed by the formula (1) with the variated upper limit
of integration for the corresponding determining functions
of copt(p) by the formula (16): extremal value of the optimal
function; co(p) by formula (31); cO(p) by formula (32).

And in Figure 3 the corresponding objective functionals
values are plotted for the marginal traffic flow value 𝑝1 = 200
v/h.

The nonlinear no constant model (17) – (23) numerical
investigation is illustrated in Figures 4–6.

The optimal solution now is being calculated by the
extremal formula of (23) and it has been variated in the style
of the one described with the expression of (24) – (32).
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Figure 1: Free function variations for the traffic flow in comparison
with the extremal solution (optimal function).
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Figure 2: Objective functional value.
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Figure 3: Objective functional value at the final boundary.
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Figure 4: Free function variations for the traffic flow in comparison
with the extremal solution (optimal function).
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Figure 6: Objective functional value at the final boundary.
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Figure 7: Initial and final values of the variated determining free function.

The difference is for the accepted in the computerized
numerical experimentations vector solution (30), which
makes

K = [[[
[

𝑎1 = 6.282 ⋅ 10−10
𝑏1 = −1.263 ⋅ 10−7
𝑐1 = 1.256 ⋅ 10−7

]]]
]
. (33)

3. Results and Discussion

3.1. Analysis of the Obtained Results. The obtained theoretical
results represented with the diagrams shown in Figures 1–6
brightly distinguish the described above two variants of the
roundabouts functional strategies.

The maximal value of the objective functional is clearly
seen in Figures 2 and 3 for the basic case (1) – (16) simulated
with the procedures (24) – (32).

For a more complicated case study (17) – (23) calculated
with (24) – (29) and (31) – (33) the effect of the maximization
is hardly noticeable (see Figure 5) because of the tiny
variations of the determining function values of 𝑐opt (𝑝): found
with the use of the extremal solution equation (23) (see
Figure 4).

Nevertheless, even such negligibly small variations as
proposed herewith prove the maximum value deliverance to
the objective functional (1) with the under-integral function
(17) and corresponding extremal (23) (see Figure 6).

3.2. Discussion. Theoretically, the obtained results are for
a rather simple modeling. Nonetheless, the principle is
fundamental: the profit is the difference between the incomes
and costs of any object (including roundabouts) functioning.
And the amount of the profit provides all necessary factors,
which are numerous, with their implementation procedures
and further outcomes.

The other fact of the simplifications accepted at the
modeling is that the problem setting is stated for the fixed
boundaries calculus of variations problem.

It is perfectly visible in Figure 1. This approach is applied
in the (17) – (23) model too. To make a proof for such
statement a couple of the fragmental parts pieces of the
calculation tables are presented in Figure 7.

Moreover, all the theoretically considered factors [1–
15] have a subjective analysis [21], based upon [22–24],
component worth of being studied as a developmental idea
of [16–20].

4. Conclusions

The theoretical concepts case study, analyzed in this paper on
the alternative roundabouts worthiness in the way analogous
to the aircraft airworthiness supporting measures effective-
ness research, proves that the described calculus of variations
approach allows obtaining the objectively existing optimal
values of the operational (functioning) purpose functional
with the help of the specially introduced determining func-
tions.

Conditions of multialternativeness for the considered
theoretically different types of the roundabouts are embodied
with the corresponding parameters of the proposed models.
The conditions of uncertainty related with the roundabouts
alternatives can be taken into account with the subjective
entropy of the individuals’ preferences functions optimal
distributions.

The preferences functions give the possibility of the
considered alternative roundabouts assessment with respect
to the preferences entropy uncertainty measure, which
should be a part of the further research dedicated to
the theory of subjective analysis since it would be use-
ful to find more theoretical results and applicable areas
as well as some other effectiveness functions and their
variables.
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It iswell known that a roundabout is an efficient and safe intersection.However, the safety is generally influencedby the given various
conditions.This study analyzed the effects of the geometric and traffic flow conditions on traffic accident frequency at roundabouts,
constructed in Korea since 2010.Many previous studies have investigated the efficiency and safety effects of roundabout installation.
However, not many studies have analyzed the specific influences of individual geometric elements and traffic flow conditions of
roundabouts. Accordingly, this study analyzed the effects of various influencing variables on traffic accident frequency based on a
random parameter countmodel using traffic accident data in 199 roundabouts. Using randomparameters that can take into account
unobserved heterogeneity, this study tried to make up for the weakness of the fixed parameters model, which constrains estimated
parameters to be fixed across all observations. A total of eight variables were determined to be themain influencing factors on traffic
accident frequency including the number andwidth of entry lanes, the presence of pedestrian crossings, the width of the circulatory
lanes, the presence of central islands, the radius and number of entry lanes, and traffic volume influence accident frequency. Based
on the study results, safer roundabout design and more efficient roundabout operation are expected.

1. Introduction

A (modern) roundabout is a circular intersection in which
traffic travels circulating around a central island and the
entering traffic must yield to circulating traffic. This round-
about was developed in the United Kingdom to resolve prob-
lems associated with traffic circles [1]. Changes of the driving
rule to enter the circulatory lanes enabled the success of the
modern type of a roundabout. The changed driving rule at a
roundabout is that entering traffic must yield to circulating
traffic. Through this driving rule change, the operation and
safety of roundabouts have improved compared to signalized
intersections as well as rotaries.

Some previous studies explained that roundabouts can
improve efficiency and safety performance comparing other
type of intersections and, more specifically, roundabouts
can reduce conflict points at intersections and accident
severity significantly [1–6]. However, roundabouts perform
better than signalized intersections only for intermediate

traffic demands and, for high traffic demands, signalized
intersections generally perform better than roundabouts [7].
Furthermore, researches have shown that if existing signal-
ized intersections are changed to roundabouts, the traffic
accident frequency and severity can be reduced [8–14].

As other country experience, 484 roundabouts have been
built since 2010 inKorea and great safety and efficiency effects
have been made. And there were some studies to investigate
those effects of roundabout constructions. However, some
studies were conducted based on only a simple compari-
son of accident occurrences between before and after the
installation of roundabouts. And there were only few studies
to investigate the influence factors for roundabout safety in
Korea.

Thus, this study was conducted to analyze the effects
of the geometrics of roundabouts and traffic volumes on
the traffic accident frequency at the 199 roundabouts in
Korea. For this analysis, a random parameters model was
used to consider heterogeneity that can occur in the data
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Table 1: Number of roundabouts constructed since 2010 in Korea.

Year 2010 2011 2012 2013 2014 2015 2016 2017 Total
# of Roundabouts 87 97 85 96 54 24 18 23 484

Table 2: Accident reduction effects of roundabout construction.

Before/After
Roundabouts

Average Annual Crashes
Total Fatality Severe Injury Injury Minor Injury

Before 571 15 258 274 24
After 308 5 118 171 14
% -46.1% -66.7% -54.3% -37.6% -41.7%
Source: [15] Korean Roundabout Research Center (http://www.roundabout.or.kr/).

collection and unobserved heterogeneity of traffic accident
data instead of a traditional countmodel.Through the regular
count data model for traffic accident frequency used in most
of previous studies can be developed based on assumption
that influence of each variable is fixed and homogenous.
In other words, the influence is not changeable in the data
and model development. However, in real, the possibility of
heterogeneity in them always exists, and this heterogeneity
problem can reduce the contribution and precise of the traffic
accident frequency models.

2. Literature Review

2.1. Roundabout Construction Projects in Korea. Even though
there have been many suggestions from transportation
experts to apply roundabouts in Korea since 2000, the
construction of roundabouts began just in 2010. In many
other countries, roundabouts have been implemented based
on engineers’ recommendations regarding alternative designs
and operation methods of intersections. However, in Korea,
a roundabout application project was conducted by lead-
ing federal governments, typically the Presidential Council
on National Competitiveness. The roundabout construction
projects by the Presidential Council on National Com-
petitiveness were developed and accomplished by several
government organizations including the Ministry of Land,
Transport, and Maritime Affairs; the Ministry of Public
Administration and Security; National Police Agency; and
some research institutes [16].

Through this roundabout projects, there have been more
than 480 roundabouts constructed in Korea with federal
government subsidies since 2010 and it broughtmany positive
impacts on intersection operation and safety. There were
more than 80 roundabouts constructed every year between
2010 and 2013; after 2013, the number of roundabouts con-
structed with federal government subsides decreased every
year, as shown in Table 1. However, there were many round-
abouts constructed by local government budgets, which are
not included in the Table 1. Overall, there have been observed
reductions of the total numbers of crashes and fatalities of
46.1% and 66.7%, respectively, as shown in Table 2. This
crash reduction of roundabouts in Korea is consistent with
international observations, as shown in Table 3. United States
is a country that started to apply a roundabout relatively late

but has applied greatly a roundabout in recent. In 1990, there
were only two roundabouts in the United Stated; however
until 2016, about 3,200 roundabouts have been built and
operated [17]. Typically, roundabouts in Minnesota have had
over an 80% reduction in fatal and serious injury crashes.
A 69% and an 83% reduction in the right angle crash rate
and in the left turning crash rate, respectively, at intersections
where Single Lane Roundabout have been installed [18]. The
safety benefit was analyzed in view of economic saving in
Pennsylvania. Through a before-after analysis with data from
the fourteen intersections, they concluded that there was
$35.6 million saving that include economic costs to society
and the impact on driver’s quality of life [19].

2.2. Previous Studies Regarding the Influences of Geometric
Elements on Roundabout Safety. The safety performance of
roundabouts has been mainly discussed based on the influ-
ences of geometric elements on roundabout safety including
the number of circulatory lanes, inscribed circle diameter,
the number of legs, AADT, entry width, angle between
legs, splitter island width, and intersection sight distance. In
general, the crash frequency increases as the inscribed circle
diameter, the amount of vehicles entering the roundabout,
and the number of legs to the roundabout increase [12].
Maycock and Hall observed a linear relationship between
entry width and entering circulating crashes using statistical
modeling [20]. For US roundabouts, it was also found that
entrywidth has a direct relationshipwith entering-circulating
crashes. However, this study concluded that there was no
significant relationship between the number of entry lanes
and entering-circulating crashes as entry width increases
in the United States. Kamla and his coresearchers applied
random parameters model to investigate geometric and
traffic characteristics on accident frequency at roundabouts
in theUnited Kingdom.They used data from 70 roundabouts.
In random-parameter results, some variables were significant
in the random parameter model including approach traffic
rates, truck percentage, inscribed circle diameter, number of
lanes, and presence of traffic signals. However, because only
two variables for geometric conditions were included in their
study, it is limited to explain influence of various geometric
condition factors on traffic accident occurrence [21].

Meanwhile, there are some studies to investigate round-
about geometric characteristics and cycling safety. A VTI

http://www.roundabout.or.kr/
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Table 3: Mean crash reductions in various countries.

Country Mean Reductions (%)
All Crashes Injury Crashes

Australia 41-61% 45-87%
France - 57-78%
Germany 36% -
Netherlands 47% -
United Kingdom - 25-39%
United States 35% 76%
Source: [1] NCHRP Report 672, Roundabouts: An Informational Guide, p 5-16.

study summarized roundabout geometric characteristics
influencing on cycling safety based on literature reviews
including number of circulatory lanes, entry/exit number of
lanes, number of legs and deflection angle, refuge and central
island characteristics, and geographic location such as urban
and rural areas [22].

There were Korean studies to analyze safety effects of
driving environments in roundabouts. Park analyzed the
relationship between traffic accident types and geometric
conditions on roundabouts from 40 roundabouts, and he
developed an accident frequency model using a negative
binomial model [23]. Since he used accident data collected
from 9 roundabouts in Korea, and 31 roundabouts in other
countries, his model did not consider variety of driving
environments of different countries. There was another study
to investigate the influence of roundabout geometric and
traffic conditions on traffic accident frequency. Na and Park
developed traffic accident frequency model based on a Zero-
Inflated negative binomial modelingmethod using 94 round-
abouts [24]. However in these roundabouts used in the study,
some were the (modern typed) roundabouts but others were
the rotaries. Therefore the results from this study could not
explain the real influence of geometric and traffic conditions
in the roundabout. Kim investigated influencing factors of
roundabout geometrics on accidents using the Classification
and Regression Tree(CART) method [25]. She found that
wider circulatory landwidth causedmore accidents in round-
abouts. Kim and Choi investigated crash data at roundabouts
in order to identify the major factors influencing such events
in South Korea [26]. They developed a crash prediction
model using a negative binomial distribution with various
independent variables including the number of approaches,
number of entering lanes, entry width, flare width, number of
circulating lanes, and circulating lanewidth.Thedata used for
modeling in their study were collected from 14 roundabouts
in Korea and 31 in other countries. Furthermore, some of 14
roundabouts in the data were operated as a rotary system not
a roundabout. Therefore, their study result might be biased
and mixed results between a roundabout and rotary as well
as between Korea and other countries.

2.3. Previous Studies to Develop Traffic Accident Models
Using Common Methods and RRPM. Random parameters
modeling for count data such as accident frequencies is a

recent development in the traffic safety field. Before apply-
ing random parameters, fixed parameters were a common
method to model with count data. However, the major
limitation of modeling with fixed parameters is that they
cannot incorporate segment-specific or time variation effects,
and this limitation called as a unobserved heterogeneity
problem results in underestimation of the standard errors of
coefficients. To find a solution to this unobserved heterogene-
ity, a count model with random parameters was introduced.
Anastasopolus and Mannering used a random parameter
negative binomial model to account for heterogeneity that
could arise from road geometrics, traffic characteristics,
driver behavior, pavement condition, vehicle type, and other
unobserved factors [27]. Venkataraman and his coresearchers
proposed the use of a random parameter negative binomial
model to take into consideration the segment-specific insight
into crash frequencies for the analysis of nine years of crash
data on interstate highways in Washington, USA [28]. In
many other studies [28, 29], the authors determined that
some variables vary across observations, and considering
random parameters is an alternative solution to solve the
unobserved heterogeneity problem.

3. Methods

3.1. Random Parameters Count Model. Generally, count data
modeling is used for accident frequency prediction models
where the accident frequency is not continuous and is a non-
negative integer value in nature. In this regard, Poisson and
negative binomial models are the main methods employed to
develop prediction models for count data [30]. For the basic
framework of the Poisson model, the probability P(yi) of a
roundabout i having yi accidents is presented in

P (𝑦𝑖) = exp (−𝜆𝑖) 𝜆
𝑦𝑖
𝑖𝑦𝑖! (1)

where 𝜆i is the Poisson parameter for the roundabout i (equal
to i’s expected number of accidents, E(yi)).

The Poisson model specifies the parameter of the
expected number of accidents (𝜆i) as a function of indepen-
dent variables (in this study, geometrics and traffic character-
istics) using the log-linear function shown in

𝜆𝑖 = exp (𝛽𝑋𝑖) (2)
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whereXi refers to a vector of independent variables and 𝛽 is
a vector of estimable parameters.

However, the Poisson model may not always be appro-
priate to analyze the accident frequency because the Poisson
distribution constrains the variance and the mean to be
equal (E(ni)=Var(ni)). If this constraint is violated, the data
can be considered to be under-dispersed (E(ni)>Var(ni)) or
overdispersed (E(ni)<Var(ni)), which results in incorrect and
inconsistent inferences [27, 31]. In addition, most accident
frequency data have been shown to have overdispersed
characteristics, for which the Poisson model is not suitable
[32, 33].

To account for the possibility of either underdispersion
or overdispersion, the negative binomial model is derived by
way of an errors structure as follows:

𝜆𝑖 = exp (𝛽𝑋𝑖 + 𝜀𝑖) (3)

where exp(𝜀𝑖𝑗) is a Gamma-distributed error term with mean
1 and variance 𝛼.

The addition of this term allows the variance to vary from
the mean as follows:

Var [𝑛𝑖𝑗] = 𝐸 [𝑛𝑖𝑗] [1 + 𝛼𝐸 [𝑛𝑖𝑗]] = 𝐸 [𝑛𝑖𝑗] + 𝛼𝐸 [𝑛𝑖𝑗]2 (4)

Thus, by integrating the error structure, the negative binomial
probability density function has the following form:

𝑃 (𝑛𝑖𝑗 | 𝜆𝑖𝑗, 𝛼)

= Γ ((1/𝛼) + 𝑛𝑖𝑗)Γ (1/𝛼) 𝑛𝑖𝑗! (
1/𝛼
(1/𝛼) + 𝜆𝑖𝑗)

1/𝛼

( 𝜆𝑖𝑗(1/𝛼) + 𝜆𝑖𝑗)
𝑛𝑖𝑗 (5)

where Γ(.) refers to a gamma function.
Here, the negative binomial model is an expanded model

of the Poisson model as the dispersion parameter (𝛼) is not
close to 0, which means that the dispersion parameter is not
statistically significantly different than 0.

This is the traditional Poisson and negative binomial
model structure, which assumes that parameters are fixed
across observations (in this study, the roundabout). To
account for heterogeneity that may vary across observations,
random parameters in count models can be considered [34].
The estimable parameters are expressed as

𝛽𝑖 = 𝛽 + 𝜑𝑖 (6)

where 𝜑i refers to a randomly distributed term(𝜆𝑖 | 𝜑𝑖 =
exp(𝛽𝑖𝑋𝑖) in the Poissonmodel and 𝜆𝑖 | 𝜑𝑖 = exp(𝛽𝑖𝑋𝑖+𝜀𝑖) in
the negative binomial regression model for each roundabout
i.

In addition, normal, log-normal, uniform, and other
functional forms can be considered as potential density func-
tions for random parameter estimations. The log likelihood
with this random parameter can be written as follows:

LL = ∑
∀𝑖

ln∫
𝜑𝑖

g (𝜑𝑖) 𝑃 (𝑛𝑖 | 𝜑𝑖) 𝑑𝜑𝑖 (7)

where g(∙) refers to the probability density function of 𝜑i.

Because the numerical integration of the count model
with a random parameter distribution is computation-
ally cumbersome, a simulation-based maximum likelihood
method is used to maximize the simulated log-likelihood
function. To estimate empirical parameters, Halton designed
a potential method that was shown to provide amore efficient
distribution of draws for numerical integration than random
draws [35, 36]

With estimated coefficients of the parameter, the true
effect of each independent variable on the dependent variable
can be estimated by elasticity and a marginal effect based on
the characteristics of the variable. Elasticity is the percentage
change in every accident frequency due to a one percent
change in the independent variable as follows:

𝐸𝜆𝑖𝑥𝑖𝑘 = 𝜕𝜆𝑖𝜆𝑖 ×
𝑥𝑖𝑘𝜕𝑥𝑖𝑘 (8)

Equation (8) shows the elasticity of accident frequency with
respect to the kth independent variable for section i.

The elasticity shown in (8) is only valid for continuous
variables that do not take on a dummy variable. Another
way to interpret the effect of an independent variable is
the marginal effect, which reflects the effect of a “one unit”
change of an independent variable on the dependent variable,
calculated as the partial derivative 𝜕𝜆𝑖/𝜕𝑥𝑖𝑘. It is similar to the
elasticity mentioned above except estimating the effect of a
change on the dependent variable with 1% change in X on the
dependent variable(Y). It measures the effect of a “one unit”
change in X on the dependent variable. In addition, although
marginal effects are generated by each roundabouts, averages
over the roundabout population will be presented.

4. Study Results

4.1. Data Description. A total of 199 roundabouts were
utilized to construct the traffic accident frequency model that
can be applied with the random parameters count model.
The main variables used to develop the model were, region
types(urban and rural area), type of intersection (three-
way, four-way, or five-way), the curvature radius for each
entry lane, the number of lanes, width of the entry lane to
the roundabouts, lane width at the exit lane, presence of
pedestrian crosswalks, distance between the yield line and
pedestrian crosswalk, presence of a central island, presence
of a vertical grade, channelization, traffic volumes, inscribed
circle diameter, diameter of the central island, number of
circulatory lanes, and width of circulatory lanes. All data
regarding the geometric elements were obtained through
field surveys. Data from the Traffic Accident Analysis System
(TAAS) operated by the Korea Road Traffic Authority was
utilized to collect the total number of traffic accidents from
2013 to 2015 and traffic volumes in the roundabout design
stage.

Table 4 explains the descriptions of the key variables used
in building the model via a random parameters negative
binomial. The collected data show that urban areas (68%)
have more roundabouts than rural areas (32%), and the most
common roundabout type is the 4-legged roundabout (51%),
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Table 4: Descriptive statistics of the variables.

Variable Description Mean Standard
Deviation Min. Max

Region (urban: 1; rural: 0) 0.683 0.466 0 1
3-legged roundabout 0.357 0.480 0 1
4-legged roundabout 0.513 0.501 0 1
5-legged roundabout 0.131 0.338 0 1
Average radius of the entry lane (m) 20.872 12.121 5.5 98.75
Lane number of the entry/exit lane 1.170 0.395 1 3.2
Average lane width of the entry lane (m) 4.319 1.022 3 10.9
Average lane width of the exit lane (m) 4.556 1.068 2 10.1
Pedestrian crosswalk (yes: 1; otherwise: 0) 0.769 0.423 0 1
Distance between the stop line and
pedestrian crosswalk 9.26 6.62 0 21

Central island (yes: 1; otherwise: 0) 0.950 0.219 0 1
Vertical grade (yes: 1; otherwise: 0) 0.412 0.493 0 1
Exclusive right turn lane (yes: 1;
otherwise: 0) 0.231 0.423 0 1

Number of accidents per year 2.553 4.384 0 37
Logarithm of AADT 9.123 8.852 4.60 10.54
Diameter of the roundabout (m) 31.148 8.335 9 80
Diameter of the central island (m) 17.380 6.150 3 40
Number of circulatory lanes in the
roundabout 1.116 0.336 1 3

Width of the circulatory lanes in
roundabouts (m) 5.151 0.564 3.8 7

followed by 3-legged (36%) and 5-legged (13%) roundabouts.
The curvature radius for each entry lane is 21 meter on
average, the number of entry lanes is 1.2 lanes, thewidth of the
entry lanes is 4.3 meter, and the width of the exit lanes is 4.6
m. A pedestrian crosswalk is installed in 77%of roundabouts,
and a central island is installed in most roundabouts (95%).
In total, 41% of the roundabouts contained a vertical grade,
and an exclusive right turn lane to separate traffic volume is
included at 23% of the roundabouts. The average number of
traffic accidents is 2.5 annually, and the average of AADTs is
9,200 vehicle per year.Themean diameter of the roundabouts
is 31 meter, and the mean diameter of the central islands
is 17 meter. The average number of circulatory lanes in the
roundabouts is one, and the average width of the circulatory
lanes in the roundabouts is 5 meter. Using those variables,
the factors that influence traffic accidents at roundabouts and
their effects were analyzed in this study.

4.2. Model Development. Models of the traffic accident fre-
quencies at roundabouts were developed using the random
parameters negative binomialmodel, as shown inTable 5.The
parameters in statistical models can work as fixed parameters
or random parameters based on their basic characteris-
tics. The statistical model showed improvement over the
baseline fixed parameters negative binomial model, with an
improvement in likelihood from -1,123.89 to -382.82. The
overdispersion parameter is statistically significant, which

indicates that the negative binomial model is more suitable
than the Poisson model.

Whether a used parameter is random or fixed can
be determined by the derived standard deviation for each
parameter. In the case that the standard of deviation of the
parameter density is statistically significant under 95% confi-
dence level, the corresponding parameter is random. On the
other hand, if the standard deviation of parameter density is
not statistically significant, the parameter is considered fixed
across the population. Through the analysis, a total of eight
parameters was found to be statistically significant under
95% confidence level with regard to traffic accident frequency
at roundabouts. Among them, four variables including the
traffic volume, the average lane width of the entry lane, the
presence of a central island, and the width of the circulatory
lanes were fixed, while the other four variables including the
radius of the entry lane, the number of approach/exit lanes,
the presence of a crosswalk, and the presence of a vertical
grade were determined to be random. For variables with
random parameters, various distribution forms, normal, log-
normal, uniform, and other distributions, were considered,
but the normal distribution showed the highest statistical
significance. Table 6 presents marginal effects and elasticity
values, which explain the degree of the effect on traffic
accident frequency for each parameter.

The interpretation of the parameters’ effects on accident
frequencies at roundabout begins with the analysis of fixed
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Table 5: Estimation results of roundabout accident frequencies in Korea.

Variable
Constant
Parameter Random Parameter

Mean t-statistic Distribution Mean t-statistic Standard
Deviation t-statistic

Constant -1.82 -1.41 n.a
Exposure
Logarithm of
AADT 0.23 2.51 n.a

Geometrics
Average width
of entry lane
(m)

0.16 1.96 n.a

Presence of
Central island 1.00 2.29 n.a

Width of circle
lanes(m) -0.29 -1.93 n.a

Radius of entry
lanes(m) n.a normal -0.04 -4.94 0.02 5.13

number of entry
lanes n.a normal 0.14 3.34 0.07 4.4

Presence of
Pedestrian
crosswalk

n.a normal 0.65 2.61 0.17 1.98

Vertical grade n.a normal -0.63 -3.49 0.62 4.26
Scale Parameter
for
overdispersion

1.58 4.7

Number of observations 199
Log likelihood at convergence of RPNB model -382.82

Log likelihood with constant only -1,123.89
n.a: not applicable.

Table 6: Average marginal effects and elasticities for random parameter negative binomial models.

Variable Marginal effect Elasticity
Logarithm of AADT 0.34 0.23
Width of entry/exit lanes 0.24 0.70
Central island (yes: 1; otherwise: 0) 1.49 0.63
Width of the circle lanes in the roundabout (m) -0.44 -1.54
Radius of the entry lanes (m) -0.06 -0.87
Number of approach/exit lanes 0.21 0.16
Pedestrian crosswalk (yes: 1; otherwise: 0) 0.97 0.48
Vertical grade (yes: 1; otherwise: 0) -0.93 -0.88

parameters. As can be seen in the estimation results, four
variables were found to have fixed parameters. First, the
logarithm of the AADT variable is positive, and it means
that, as the AADT increases, the number of traffic accidents
increases. This is a consistent result with other previous
studies in which traffic accidents increase as the exposure
rate increases. In terms of the elasticity viewpoint, an increase
in traffic volume by 1% increases traffic accidents by 0.23%.
The average width of the entry lane had a positive impact

on crash frequency. This result implies that the vehicle speed
usually increases with a wide lane, and the traffic accidents
can occur more frequently at roundabouts due to difficulty of
yield to circulating vehicles. To reduce the accident frequency
and severity, geometry to force slow speed for entry vehicles
should be considered. A central island is the generally
raised area in the center of a roundabout around which
traffic circulates, and it affects the increasing traffic accident
frequency. A central island can be an obstacle to drivers due
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to inexperienced driving skills and out of control vehicles due
to too high speed.The last variable as a fixed parameter is the
width of the circulatory lanes in the roundabout.This variable
affects the decrease of vehicle accidents. Wider circulatory
lanes make too high speed on circulatory lanes, and this too
high speed causes traffic accident with entry vehicles due to
aggressive gap acceptance decision at entry lanes.

Meanwhile, variables that have random parameters are as
follows: the radius of entry lanes, the number of entry lanes,
the presence of pedestrian crosswalk, and vertical grade. The
radius of the entry lane affects the decrease in likelihood
of traffic accidents. The radius of the approach lane has a
normally distributed random parameter with amean of -0.04
and a standard deviation of 0.02. Given these distributional
parameters, 97.72% of roundabouts show a decrease in acci-
dent frequencies and 2.28% of roundabouts show an increase
in accident frequencies as the radius of the approach lane
increases. As a result, proper design combination of the radius
and width of the entry lane mentioned above is needed for
increasing safety.

The number of approach and exit lanes affects traffic
accidents positively with a normal distribution having amean
of 0.14 and a standard deviation of 0.07. This result indicates
that, as the number of approach and exit lanes increases, the
traffic accident frequency also increases at most roundabouts.
Since the number of lanes is correlated with exposure rates
like traffic volume, the likelihood of vehicle crashes increases
with the number of lanes. Also, if the number of entry and
exit lanes are more, more conflict points exist. In terms of
the marginal effect, a one-lane increase in approach and
exit lanes would increase the mean number of accidents
by 0.21, as reflected in the marginal effect values shown
in Table 6. Pedestrian crosswalks influence the occurrence
of vehicle crashes. The derived mean of 0.65 and standard
deviation of 0.17 show that, under a normal distribution,most
roundabouts experienced an increasing number of crashes.

The last variable that has a random parameter is vertical
grade, with a mean of -0.63 and a standard deviation of 0.62
with a normal distribution. This result reveals that 84.5%
of roundabouts with a vertical grade experienced accident
frequency reduction, and 15.5% of roundabouts without a
vertical grade show an increase in accident frequency. This
result could be because the vertical grade increases safety by
influencing vehicle speed and driver’s caution.

5. Conclusions

This study determined the effects of geometrics and traffic
flow conditions on traffic accident frequency at roundabouts
in Korea. Although many roundabouts have been installed
in recent years in Korea, most studies have been focused on
the general effects of roundabouts in view of efficiency and
safety. Furthermore, some studies have been conducted in
safety viewpoints based on a simple comparison of accident
occurrences before and after installation of roundabouts.
However, for safer design and operation of roundabouts,
it is important to know which elements have positive or
negative effects on traffic accident frequency. This study
contributes to understanding which factors realistically affect

traffic accident occurrence. In particular, this study applies
random parameters, thereby taking considering unobserved
heterogeneity across roundabouts, which was not explained
properly in previous studies.

The estimation results showed that eight parameters that
significantly affect vehicle crashes can be derived. Among
them, traffic volume, average lane width of the entry lane,
central island, and width of the circle lane were found to
be fixed effects, which means that they produce the same
effect on all roundabout.The other four parameters including
the radius of the entry lane, the number of approach and
exit lanes, the presence of a pedestrian crosswalk, and the
vertical grade were found to be random effects, which means
that they affect traffic accidents differently depending on
the roundabout. The traffic volume, average width of the
entry lane, presence of a central island, number of approach
and exit lanes, and presence of a pedestrian crosswalk are
regarded as variables that increase vehicle crashes, while the
other variables are regarded as factors that reduce vehicle
crashes.

This study contribute to identifying elements that sig-
nificantly affect traffic accidents and to applying a random
parameter count model to consider unobserved effects in the
variable. However, this study has some limitations. Although
in this study, a random parameter negative binomial model
was applied to understand the relationship between traffic
accident frequency at roundabouts recently installed inKorea
and geometries for the first time, more in-depth analyses
are needed for further understanding. Also, an appropriate
offset, which is a distance between a stop line and a pedes-
trian crosswalk, needs to be calculated in relation to the
installation of crosswalks. If a crosswalk is too close to the
roundabout, it can be beneficial for pedestrians by reducing
walking distance. However, it can result in more conflict with
drivers who want to enter the roundabout, which can be a
threat to safety. In contrast, if a crosswalk is installed too
far from the roundabout, pedestrians have to walk farther
than necessary such that jaywalking can occur frequently,
which threatens the safety of pedestrians. Accordingly, it is
necessary to find the right distance of a crosswalk from the
stop line of a roundabout to satisfy the needs of drivers and
pedestrians even current Korea roundabout design guideline
recommends that there should be more than six meter offset
for pedestrian safety.

Another limitation of this study is amatter of universality
for database and analysis results. The all data used in this
study was from Korea roundabouts, and because Korea is in
the early stage of the roundabout application, there have been
many safety and operation problems that does not occur in
other countries. Therefore, for more universal results, safety
improvement change by time series should be kept studying
in the future.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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Double-lane roundabouts have been created in many European countries over the past few centuries and are now characterized
by an unsafe geometric development and by a low sustainability capacity or level. In this regard, new double-lane geometries
have been implemented to overcome to these critical points. This article shows a comparison of two nonconventional double-
lane roundabout schemes defined as elliptical and turbo. Considering this research on the unsafe and congested conditions for
each road schemes at grade, the microsimulation approach allows comparing schemes of intersections not yet realized in order to
be able to evaluate the critical issues. A symmetric traffic distribution and an identical vehicle mix for both design solutions are
considered. The research was conducted considering two different double-lane roundabout-turbo roundabout and the elliptical
roundabout. By comparing their geometry and technical elements, this article assumes that turbo roundabout due to its physical
separating traffic lanes in the central circulatory carriageway will enable potentially better traffic safety conditions. This article has
the following main goal: a comparison of traffic safety using VISSIM microsimulator and SSAM tools. The results can provide to
show safety level on investigated scenario considering level of service (LOS) and also the possibility of obtaining time to collision
(TTC) and postencroachment time (PET) through the use of surrogate parameters obtained by SSAM tool. In fact, the surrogate
safety parameters allows evaluating the possible collision scenarios between them, according to the trajectories of the single vehicles.
This assessment is useful in order to be able to evaluate by the local authorities which of the examined schemes can provide greater
negativity in the construction and operation phase. Therefore this comparative analysis allows reducing, in the preliminary phase,
possible security impacts and also economic ones for the community.

1. Introduction

Today, the different road intersections are increasingly devel-
oping. In general, the road intersections in roundabout allow
a substantial reduction of the points of conflict between
vehicles and vehicles with pedestrians compared to the
traditional intersectionswith precedence orwith traffic lights.
Proper planning of the roundabout is necessary to reduce the
percentage of deaths and injuries on the roads of each coun-
tries.

The research was conducted considering two different
double-lane roundabouts titled elliptical and turbo. The
following paragraphs show a geometric description of the
intersections and a detailed analysis of the steps that led to

the comparison of the two geometries in safety terms through
the use of the VISSIM microsimulator [1] and the dedicated
SSAM tool [2].

There was the first phase of selection of the geometries to
be analyzed, the traffic scenarios with relative distribution of
the vehicle typologies and after the calibration of themodel of
the microsimulator in order to make the most reliable results.
Finally, they were processed in terms of surrogate safety
through a dedicated tool.

The comparison of the results shows how to vary the flows
and geometries of unconventional satin road intersection
you can have more or fewer distributions of certain types
of collisions between vehicles along the geometry. In fact,
the evaluation and also the comparison of supposed collision
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are investigated considering surrogate parameters. Surrogate
parameters represent a summary assessment in terms of
safety, by placing a double-lane rotary comparison on the
central circulatory carriageway.

Thehypotheses onwhich this research is based are related
to the definition of the surrogate safety of nonconventional
roundabout geometries. Specifically, attention was focused
on the comparison of two widespread schemes in Europe, in
order to be able to investigate in advance which of these, with
the sameoutflow conditions, be better in terms of service level
and therefore road safety.

2. Double-Lane Roundabout Geometry

The geometries chosen for the comparison are of a satin
type and are referred to as turbo and elliptical roundabout,
respectively. Both have in the case examined a double lane
in the central circulatory carriageway. At the end of the 90s,
in the Netherlands it is following the design and construc-
tion of the turbo-type roundabouts. Scheme of stories has
evolved over the years by presenting the preselection of the
manoeuvres along the arms and therefore they are vehicles of
not manoeuvring abrupt or wrong.

The limitation of the manoeuvres was made possible not
only by the preselection along the lanes of the arms but also
by the presence of curbs or signs of separation between the
manoeuvres along the main ring. From here there has been
an increase in safety with a reduction in the number of deaths
and injuries along these intersecting geometries. Fortuijn was
the first to study and design the turbo-type intersections at
grade [3].

Unlike the turbo roundabout, the elliptic schemes are not
defined by separated lanes of the circulatory ring. Sometimes
there are not even the preselection lanes along one or more
arms of the intersection.

Several studies have been conducted in recent years on the
assessment of the potential of unconventional roundabout in
terms of safety and environmental impact, evaluating both
the single and double lane on the central ring in different
traffic flow conditions like those described by [5, 6].

The evolution of turbo-type rotary geometries has in
recent years been carried out in parallel with the development
of public and private transport systems in terms of both eco-
mobility and traffic decongestion systems with the reduction
of the automatic system in favour of collective passengers
transport [7].

The elliptical roundabout is a form of a classical double-
lane roundabouts with the emphasis that it is not a proper cir-
cular shape, but its geometry corresponds to a closed curve-
ellipse.This form of double-lane roundabout is characterized
by two semiaxes (R and 2R). Usually the higher semiaxis (2R)
is located in the main traffic direction while the lower semi-
axis is located in the secondary traffic direction. This form
of elliptical roundabout is most often applied in areas where,
due to spatial conditions, a classical circular roundabout
cannot be performed and where there is more traffic at the
main traffic direction. Mainly in the world it is not so much
represented, but according to [8], elliptical roundabout is
widely used in Iran. Figure 1 represents, respectively, the two

geometries examined, considering the main and secondary
traffic directions. Both road geometries are not signalized;
therefore the precedence of vehicles circulating on the ring
has been estimated with respect to those that are introduced
by the arms in the various directions, respectively.

3. Calibration of Microscopic Traffic
Simulator: Methods and Application

Microsimulation approach and microanalytic simulation are
linked to a category of analytical tools that perform highly
detailed analysis of activities such as highway traffic flowing
through road networks. Traffic microsimulation models gen-
erally is defined considering a large number of parameters
that must be calibrated before the prediction of applied
model.

In this paragraph, the details of the traffic microsimulator
used and the tool dedicated to the assessment of road safety
have been reported.The definitions of the parameters and the
calibration of the models followed the processing of the data
and the comparison of the two geometries.

3.1. Microsimulation Tool Description. The modelling phase
of the compared roundabouts was made by first considering
the geometric parameters and the main and secondary traffic
directions. It was carried out considering some hypotheses
related to the models on which the VISSIM software devel-
oped by PTV is based.

The parameters mentioned above mainly include the
characteristics of the vehicle, the composition of the traffic
flow in terms of percentages of heavy or other light vehicles,
the distribution of the speed of desire, the traffic flows, and
some behavioural parameters linked to the style of driving
and the driver’s psychophysical status [9].

The simulated model considers a random generation in
the distribution along the vehicle queues in terms of both
composition and volume. It also considers that the priority
of the fastest moving vehicle may decrease when it reaches
and perceives the presence of a slower vehicle in front.

Thebasic concept of thismodel is that the driver of a faster
moving vehicle starts to decrease own speed as he reaches his
individual perception threshold to a slower moving vehicle.
Vehicles would be randomly generated as per the given vol-
ume and composition.

In order to be able to evaluate surrogate security param-
eters using the SSAM specific tool, it is first necessary to
generate a layout from VISSIM and through specific files in
“trj” format possible to trace the trajectories of individual
vehicles and therefore to the propensity that they have to enter
in fact that the SSAM tool analyzes vehicle interactions to
identify events and catalogue all the events found.

For each such event, SSAM also calculates several surro-
gate safety measures, including the following:

(i) Minimum time to collision (TTC)
(ii) Minimum postencroachment (PET).

The simulation of traffic through the VISSIM software
initially considers the definition of traffic flows and their
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Figure 1: Details of turbo (left) and elliptical (right) geometry.

distribution along the intersection arms through the creation
of special O/D matrices. In the rotary intersections, the
deflection curves created by the motion of the vehicles
depend on the geometry of the roundabout itself and in
particular on the size of the central island. Another important
geometric parameter is the determination of the input radius
of the branches on the circulatory ring. They depend on both
the capacity and the safety of the examined scheme. The
aforesaid parameter is related to the width of entry, the width
of the carriageway on the circulatory ring, and the geometry
of the central island. These parameters affect the travel speed
of the vehicle and therefore the driving comfort and road
safety.

Federal Highway Administration (FHWA) Roundabout
Guidebook [10] was considered to select roundabout design
parameters. After designing all of the roundabouts in VIS-
SIM for both geometries and conditions, traffic loads were
assigned. In this study, the actuated traffic control was used
in roundabouts. In addition, the right-of-way control was
considered for not signalized roundabouts that were given
priority to circulating flow. This controlling system allowed
roundabouts to perform better than uncontrolled systems.
Each roundabout was designed considering double lane on
circulatory carriageway.

The following assumptions were considered for this study
are linked to urban areas conditions.The analyzed geometries
are characterized by a speed value of about 50 km/h on cir-
culatory carriageway while the access speeds from each arm
are assumed to be less than 35 km/h. In elliptical roundabouts,
large radius is twice the small radius.

The exact disposition of the data and the traffic flows
have been calibrated through the origins of origin and are
examined in the next paragraphs.

Ingeneral, it is possible to resort to trafficmicrosimulation
instruments if, in a preventive manner and for small areas,
the possible introduction of different geometrical schemes is
to be analyzed and can be compared from both the point of
views of safety-related issues (i.e., precedence, percentage of
thinking vehicles, and weak road users) in relation to impacts
of various kinds such as the environment [11].

This research investigates on two unconventional geo-
metrical layouts (elliptical and turbo roundabouts). They are

very recent or just theoretic, and it is often not possible to
perform an observational evaluation by collecting crash and
operational data.

The microsimulation software tool VISSIM (Version 9)
[1] was used to simulate operations at the roundabouts. This
software can be used to generate all types of outputs simulta-
neously (safety, traffic performance, and capacity), allowing a
more complete and comprehensive picture of the combined
effects in making comparisons of various roundabout design
scenarios.

The VISSIM output, in particular files linked to trajecto-
ries details, was imported into the Surrogate Safety Assess-
ment Model (SSAM) [2], a software application designed
to consider vehicle trajectory data output from microscopic
traffic simulation models to derive proximal measures such
as conflicts, based on thresholds for either time to collision
(TTC) or postencroachment time (PET).

The estimated conflicts were then applied in crash-
conflict models for roundabouts developed in other research
to compare the roundabout designs on the basis of expected
crashes.

The approach of using proximal safety indicators such as
conflicts has been suggested as an alternative to the use of
crash data, especially where the facility being evaluated does
not exist and thus does not have a crash record.

It is possible to consider the frequency of conflicts and
the severity measures through the use of intersection conflict
index in agreement with Sayed and Zein [12].

This suggests the possibility of using significantly shorter
study periods to establish statistically reliable results. The
fundamental parameters beyond those previously described
are related to the capacity of the analyzed geometry, to
the estimated or hypothesized traffic volume and to their
relationship. The comparison of the results took place con-
sidering the geometries shown in the Table 1.

According to Hatami and Aghayan [8], it is possible to
admit that the elliptic roundabouts have now become an
unconventional type of roundabout.

The geometry of the aforesaid roundabout leads to a
reduction of the positive effects especially with the increase
of the radius: in fact, there is a roundabout an elliptic not
semaphore, like that object of study, to an increase of the
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Table 1: Details of double-lane roundabouts simulated.

Number of lanes Types of
roundabout

Speed
limits[km/h] Traffic light Central island

radii[m]
Total Traffic

Volume[veh/h]
Max

Capacity
Two lanes Turbo 50 Absence Main radius R=56m 3040veh/h 3480veh/h

Two lanes Elliptical 50 Absence
Main radius R=56m
Secondary radius

r=23m
2400veh/h 3000veh/h

criticalities both in terms of capacity and of delay. Against the
increase of the speed in it involves a positive effect both on the
capacity and on the delay.

The Surrogate Safety Assessment Model (SSAM) is a
specific tool created by Federal Highway Administration
focused on identification, automatically classification of the
presence of potential conflicts generated by the trajectories
of vehicles circulating on road schemes. The tool also has
integrated statistical analysis functions for the frequency and
severity of conflicts that can help in the design of traffic safety
structures. The following paragraphs describe the calibration
steps of the model and report the relative results of the
unidentified roundabout, providing the results with the help
of the VISSIM software and the SSAM tool.

3.2. Surrogate Safety Tool SSAM. The name of SSAM tool
is the acronym of Surrogate Safety Assessment Model. It
has many parameters to configure that allow the user to
visualize the analysis and customize the analysis results. Some
of these data would be best imported from the simulation
application(s) itself (e.g., “import traffic-stream data”) using
a common file format related to trajectories generated by
microsimulator software.

Generally the data required to adequately analyze the
traffic situation includes the following:

(i) Network geometry (i.e., number of lanes in each
direction, turning pockets, and driveways)

(ii) Traffic-stream data (volume of traffic in each direc-
tion, change in the volumes over the simulation peri-
od)

(iii) Definition of signalized or not signalized intersection
with specific priority of each arms or circulatory
carriageway

(iv) Driver behaviour data (i.e., aggressiveness distribu-
tion and gap-acceptance criteria).

The evaluation of surrogate parameters allows an evaluation
of the safety of the schemes analyzed, providing a greater
propensity of the intersection to generate different types of
conflict points.

3.3. Calibration Process to Microsimulation Tool. Calibration
is the adjustment process to set model parameters and to
improve the model’s ability to reproduce local driver be-
haviour and traffic performance characteristics.

It is impossible for the researcher to have knowledge of
the number of repetitions to be calibrated in advance, but it is
possible to use an estimate of how many times it is necessary

Table 2: Minimum number of repetitions needed to obtain the
desired confidence interval.

Desired Range
(CI/S) Desired Confidence Minimum Repetitions

0,5 99% 130
0,5 95% 83
0,5 90% 64
1,0 99% 36
1,0 95% 23
1,0 90% 18
1,5 99% 18
1,5 95% 12
1,5 90% 9
2,0 99% 12
2,0 95% 8
2,0 90% 6

to calibrate the parameter and/or models investigated to
obtain a statistically valid result. The required minimum
number of model repetitions is computed using the following
equation:

CI1−𝛼% = 2 ∗
t(1−𝛼/2),N−1s
√𝑁 (1)

where
CI(1-𝛼)% = (1-𝛼)% is confidence interval for the true

mean, where alpha equals the probability of the true mean
not lying within the confidence interval

t(1-𝛼/2), N-1 is Student’s t-statistic for the probability of
a two-sided error summing to alpha with N-1 degrees of
freedom, where N equals the number of repetitions

s is standard deviation of the model results.
Table 2 shows the link among above equation, the min-

imum number of repetitions for various desired confidence
intervals, and desired degrees of confidence according to [2].

3.4. Calibration Targets. The model calibration process pro-
vides the best possible match between model performance
estimates and real measurements.

However, there is a limit to the amount of time and effort
that anyone can make to eliminate the error in the model,
since the high repetition of the process often does not result
in greater accuracy of the data.

Table 3 shows the criteria and calibration measures
considering specific vehicle flow intervals adopted by DOT
[13].
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Table 3: Wisconsin DOT freeway model calibration criteria.

Criteria and Measures Traffic Flow range Calibration Acceptance Targets
Individual Link Flows

Within 15% 700veh/h<Flow<2700veh/h >85%of cases
Within 100veh/h Flow<700veh/h >85%of cases
Within 400veh/h Flow>2700veh/h >85%of cases
Sum of All Link Flows Within 5%of sum of all link counts
GEH statistic<5 for Individual link Flow >85%of cases
GEH statistic<5 for all link Flow GEH<4 for sum of all link counts
Travel times, Model Versus Observed
Journay Time, NetworkWithin 15%(or 1min if higher) >85%of cases
Visual Adults
Individual Link Speeds-visually Acceptable Speed-Flow relationship To analyst’s satisfaction
Bottlenecks
Visually Acceptable Queuing To analyst’s satisfaction

Table 4: GEH value obtained in accordance with [4].

Roundabout schemes with 2 lanes on circulatory carriageway
Double lane Turbo Flower Target Elliptical

GEH on right lane 87,5 87,5 87,5 87,5 87,5
GEH on left lane 100 87,5 87,5 87,5 87,5

The calibration of the software model used is based on the
model definedWiedemann 74 used by PTVVISSIM (version
9) to simulate in a reliable and realistic way the traffic of
vehicles inside unconventional roundabouts.

The car-following model was considered to be satisfacto-
rily calibrated when the two curves overlap.

To further explore the model’s validity, the Geoffrey E.
Havers (GEH) statistic index (1,2) was used as the criterion
for accepting the template.

The formula for the “GEHi Statistic” is

GEHi =
√2 (𝑀 − 𝐶)2
𝑀+ 𝐶

(2)

And

GEH = ∑
n
i=1GEHi

n
(3)

GEH index is a global indicator widely used for the validation
of traffic simulation models, especially when only aggregate
values such as traffic flow counts in time-based detection sta-
tions and input capacity are available [14].

The GEH index value is the average over “n”; it was
considered equal to 9, simulations of the index for each simu-
lation i, as shown in Table 4.

3.5. Traffic Flow Conditions. Microsimulation approach is
helpful to simulate different hypothesis of traffic opera-
tions changing schemes and different traffic conditions. The
authors investigated the safety results of the two analyzed
road schemes considering the 80% of the maximum value of
traffic flow, corresponding to each roundabout capacity.

Table 5: O/D matrix selected to simulation.

O/D Arm1 Arm 2 Arm 3 Arm 4
Arm1 0 0.15 0.7 0.15
Arm2 0.15 0 0.15 0.7
Arm3 0.7 0.15 0 0.15
Arm4 0.15 0.7 0.15 0

The simulation of the geometries described above was
carried out by evaluating a ratio between Volume and Capac-
ity of each single intersection equal to 0.8, thus equal to 80%
of the maximum capacity of each scheme in a double lane
examined.

In general, the performances of the road geometry are
measured through its level of service while the safety mea-
sures can consider surrogate parameters such us the time
to collision (TTC). This parameter is obtained consider-
ing the trajectories of the individual vehicles and the poten-
tial conflicts. Through the TTC it is possible to provide
interesting information in advance, suggesting that the new
layouts should be considered where justified by consider-
ations on costs and benefits. The VISSIM output includes
vehicle trajectory files that were then imported into the
Surrogate Safety Assessment Model-SSAM, a software appli-
cation designed to perform analysis of vehicle trajectory data
output from microscopic traffic simulation models to derive
proximal measures such as conflicts, based on time to colli-
sion (TTC) or postencroachment time (PET). The estimated
conflicts were then applied considering conflict models
already analyzed by other sources of literature. The approach
of using proximal safety indicators such as conflicts has been
suggested as an alternative to the use of crash data, especially
where the facility being evaluated does not exist and thus does
not have a crash record. In particular the flow values used are
equal to 80% of the saturation flux of each of the two rotary
geometries. In particular, reference was made to a symmetric
O/D matrix for both roundabouts and shown as on Table 5.

The analyzed traffic mix refers to observed traffic distri-
butions and consists of the following percentages: 70%of LPV
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Figure 2: Comparison of average speed and delay time for investigated road scheme on saturated conditions.

(Light Passenger Vehicle), 20%of HPV (Heavy Passenger
Vehicle, 5%of Buses and the same percentage is dedicated to
Motorcycles. The comparison of the geometries was carried
out by evaluating the parameters characterizing the LOS
service level of the road intersections and in particular it
was estimated: maximum and average length of the queues,
average delay, average speed, and number of STOPs. In order
to make the two geometries comparable, reference is made to
normalized values.

4. Elliptical and Turbo Roundabout
Operational Safety Results

Two schemes with two-lane circulatory ring were presented
in this work. The choice of one or the other scheme depends
on several factors. In general, an elliptical roundabout is a
good choice when constraints such as precedence, existing
road alignments, buildings, and/or wetlands affect the shape.
As regards the turbo roundabout scheme, the separation of
directional flowsmust be underlined through specific vertical
signs or curbs [15].

In general, the physical separation of traffic lanes is inter-
rupted only at entry points in the internal circulating car-
riageway. Since the weaving on the roundabout is no longer
possible, drivers should be assisted by clear signage and lane
signage.

4.1. Comparison of VISSIM Results. The simulation carried
out with the VISSIM software, made it possible to compare
the intersections described above through the evaluation of
parameters relating to the service level of an infrastructure.
In particular, the length of the queues, delays and the stops
number were evaluated. These parameters make it possible to
evaluate how much a road geometric scheme has, for a given
vehicular flow, the propensity to be subject to congestion
phenomena and therefore to a low level of service. This status
implies the possible collapse of the mobility of the vehicles

inside it. Graphs on Figure 2 shows a sharp difference in
the delay values along the two geometries with a very high
possibility of congestion in the case of the elliptic roundabout
compared to the turbo type.

The graph therefore shows a higher average speed along
the turbo-rotary because the preselection of the manoeuvres
does not compromise the travel speed of the entire round-
about. It shows a total average speed value of about 20-
23km/h for the turbo-type roundabout and about a reduced
value of 40% for the elliptical roundabout. Likewise, it
assumes almost zero or reduced delay values in the turbo-type
intersection, while elevating values for the elliptical.

As far as the number of stops is concerned, there is a great-
er value in the arms B and D of the turbo roundabout, while
they are practically of equal value along the elliptical round-
about in accordance with Figure 3. This phenomenon pro-
vides an increase in congestion and possible impacts in the
aforementioned points.

An operational analysis is conducted to determine if the
turbo roundabout will accommodate projected traffic vol-
umes at an acceptable level of service (LOS). Roundabout
LOS ismeasured in control delay consistent with the elliptical
roundabout.

It is also fundamental to be able to understand the
service level of the analyzed intersections, to evaluate the LOS
parameter overall and/or for each arm. As can be seen from
the graph shown in Figure 4, the value of LOS afferent to the
elliptical roundabout remains almost constant along the arms
for the traffic conditions previously discussed. In particular,
the LOS=F=6 shows a bad condition of internal movement of
this scheme in the roundabout, suggesting a widespread con-
gestion of vehicular traffic to the flow analyzed. On the con-
trary, as regards the turbo-type roundabout, there is a more
acceptable value of LOS, especially in arms 1 and 3 where
the accumulated delays and the phenomenon of conges-
tion seem to decrease by about 40% compared to two arms, 2
and 4.
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The greater extension of the diameter along the main
direction Arm1 Arm3 of the elliptical roundabout shows
through the layouts produced by the microsimulator on
Figure 5 a free flow conditionnear the circulatory carriageway
while there is a greater thickening of vehicles along the arms
for both the examined configurations. The lack of separation
of the lanes on the main ring generates more collisions in the
elliptical roundabout as explained in Figure 5.

4.2. Comparison of SSAM Results. TTC and PET are both
indicators of proneness to establish a vehicle collision.

The probability of a conflict occurring is greater than
the value of these parameters is lower [15]. The research was
founded on specific range for both safety parameters in order
to establish the possibility of defining a potential conflict,
considering 0.1 s < TTC <1.5 s and 0.5 s < PET < 2.5 s. Among
the data associated with each conflict is a MinTTC variable,
which is the simulation time where the minimum TTC value
for that conflict was observed [16]. That variable was used
to filter out all conflicts that occurred during the simulation
time. Two comparative safety evaluations were conducted
based on different measures like described on Figure 6:

(i) The estimated conflicts from SSAM: this is done for
entry flows of 0.8 V/C (absolute and normalized per
1000 vehicles) and for 2400 veh/h and 3040veh/h.

(ii) Estimated crashes are based on applying estimated
conflicts (for entry flows of 0.8 V/C and for 3040
veh/h) in crash-conflict models; as can be seen from
Figure 6, it assists a maximum PET value for both the
turbo and elliptic type scheme below the value of 5.
The average value, on the contrary, of results for the
elliptic configuration is about 30%of the value average
relative to the turbo. In terms of PET, there is a clear
variability between the two geometries in terms of
bothmaximum value and average value. In particular,
the maximum value of the elliptical roundabout
reaches a value equal to 5 determining an increase
in the possible conflicts within it. Figure 6 shows
the distribution of TTC and PET values considering
turbo and elliptical scheme. In terms of average values
it is possible to consider the high value of TTC for
turbo and the same history for PET value.

We can notice a greater distribution in the arms, especially in
the main direction with regard to the turbo-type roundabout,
while an increase in yellow at the rotary crown couplings as
regards the elliptical roundabout, equally distributed along
the twodirections. Equal distribution in the elliptic is denoted
with regard to the conflicts shown in blue which instead are
lower in the roundabout of the turbo type and bordering only
in part of the lanes dedicated to the manoeuvre of turning
to the right. Table 6 shows the comparison of the points
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Figure 5: Microsimulator layout.
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Figure 6: Surrogate safety parameters comparison: TTC and PET.

Table 6: Collision type distribution.

Intersection scheme Collision Type
crossing rear end lane change

Turbo 7 12021 145
Total conflict point 12173
Elliptical 453 8002 3073
Total conflict point 11528

of conflict for the various manoeuvres on the two types of
intersections investigated.

Through the graphic representation of the values men-
tioned inTable 6 along the geometry, it is better to see Figure 7
in the arms of direct turning of the turbo the types of conflict
called rear end while in the elliptical roundabout the same
types of conflict are thickened inside the rotary crown near
the access arms.

In the elliptical roundabout, also in Figure 7, there is a
concentration of the conflicts of the wool change type at the
coupling between the circulatory carriageway and the entry
arms.

5. Conclusions

This research investigated two alternatives type of double-
lane roundabout, turbo and elliptical, in order to define the
safest solution considering direct and surrogate parameters.

To date, mutual comparisons in terms of surrogate safety
between these two schemes are not discussed in the sector lit-
erature but can be compared to other roundabout geometries
and or in terms of capacity-delay/geometrical parameters.

The work highlights the potential for estimating road
safety through the replacement solution. Therefore the
research work carried out wanted to highlight the negativity
of one or the other scheme in order not only to compare
two but to provide more comprehensive data that can be
incorporated into the comparison of more geometries and
also to help to technicians or local authorities during the
preliminary selection phase of infrastructure projects.

The assessment of the critical aspects related to road safety
and to the possible collision of vehicles has been addressed
through the use of traffic microsimulation and a dedicated
tool.

The hypotheses analyzed consider the presence of a
double lane on the ring that if it does not have the curb
of separation between them, it allows a greater percentage
of collisions due to the lane change manoeuvres along the
central ring. In fact the preselection of the manoeuvring lane
along the turbo entry arm limits the collision formations for
lane change. The evaluation of safety surrogate parameters
such as TTC and PET allows analyzing in a preliminary phase
the criticalities found in particular geometries and providing
the bases to local authorities in order to choose, with the same
geometry as a satin, which can generate themaximumreliable
value of collisions even in critical conditions of saturation.

Finally, it should be noted that the presence of more
points of collision within the circulatory ring canmake traffic
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Figure 7: Layout related to the types of collisions made by SSAM in the two roundabouts examined.

less easy, especially if more lanes are invaded. These reasons
are to evaluate in advance preventive scenarios and possible
alternatives and solutions to the problems in progress.

6. Limitations and Future Development

This research is focused on the first phase of comparison in
terms of safety of turbo and elliptical roundabout geometries
in critical conditions of vehicular outflow with symmetrical
distribution along the main and secondary directions. Future
developments will be conducted varying not only transport
matrices but also percentages of heavy vehicles.
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In last decades, great technology advances have been done related to the automotive sector, especially inAdvancedDriverAssistance
Systems (ADAS) developed to improve mobility in terms of comfort and safety during driving process; hence, automated driving
is presented as an evolution of those systems in the present and upcoming years. The aim of this work is to present a complete
framework of motion planning for automated vehicles, considering different constraints with parametric curves for lateral and
longitudinal planners. Parametric Bézier curves are used as the core approach for trajectory design in intersections, roundabouts,
and lane change maneuvers. Additionally, a speed planner algorithm is presented using the same parametric curve approach,
considering comfort and safety. A simulation environment is used for testing the planning method in urban conditions. Finally,
tests with the real platform in automated mode have been performed showing goods results.

1. Introduction

Every year 1.2 million people die in road related accidents.
The NHTSA conducted a study concluding that 94% of
accidents are due to human errors, where a great amount
of these crashes (33%) is related to wrong decisions during
driving process [1]. In 2009, 2.4% of fatalities in the United
States were related to a common problem for drivers, i.e.,
drowsiness [2]. Considering these points, automated driving
technology promises a great reduction in crash incidents,
adding efficiency in fuel consumption, reduction of parking
spaces (ride-sharing), and inclusion of elderly and people
with disabilities [3].

In last decades, a considerable amount of institutions,
research centers, and companies is seeking to improve this
technology faster [4], to make automated driving a reality in
public roads as soon as possible [5]. Lateral and longitudinal
controllers [6–8], as well as perception (sensors) [9, 10] and
communications [11], are some of the topics mostly studied.

There are some other topics; those have received less
attention than the ones named before, i.e., vehicle decision

algorithm. This area is one of the most challenging topics
in automated driving because it must deal with a great
number of task, as generation of smooth trajectories [12],
speed profiles based on fuel consumption and comfort [13],
obstacles avoidance [14], and even doing coordination among
other participants to execute a maneuver [15].

Some methods explored in automated vehicle decision
are in [16]; the authors have studied a novel method for
autonomous vehicles decision task.They considered dynamic
maneuvers satisfying trafficnorms and road limitations based
on a data-driven vehicle dynamic model and an optimization
process using curve arcs. Other authors have explored meth-
ods based on generation of multiple curves, i.e., clothoids,
setting a possible group of tentacles (possible trajectories)
to be tracked by the vehicle, and the optimal solution is
obtained using aMarkovDecision Process (MDP) [17]. Other
approaches are related to Partially Observable Markov Deci-
sion Process (POMDP) for generation of high level decision
policies (following the lane, lane change, parking, etc.) [18].
Rapidly exploring Random Tree (RRT) is another method
currently used for trajectory planning; some authors as [19]
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are testing the integration of RRT and visual driver behavior
in driving to improve the decision process. The problem is
that those methods have been developed to support specific
scenarios considering a bunch of specific conditions; some-
times they did not even consider online deployment [20].

Other authors, as [21], are tackling the problem consid-
ering the importance of dealing with the general case of
driving (especially in urban scenarios). The idea is handling
situations that goes from, for example, cruise control to being
able of respecting traffic lights or signs, among other things.
The problem with this approach was that the authors only
considered the longitudinal part of the vehicle's decision. On
the other hand, [22, 23] have presented works about general
methods for trajectory generation considering intersections
and roundabouts, but the speed profile generation was con-
sidered later on [24].

In [25] a method combining parametric curves of Bézier
is presented; the goal is to deal with the general case of trajec-
tory planning (in urban environments), combining this with
a speed profile generation based onModel PredictiveControl.
The problem with the approach is, basically, considerably
more difficult for using two different techniques to resolve the
planning problem (they are not unified).

In such a way, this work presents a unified motion
planning framework (trajectory planning and speed profile)
based on 4th and 5th degree parametric Bézier curves. It
specially focuses on urban scenarios and their geometrical
design. It leans on the construction of two-dimensional
curves for both (lateral and longitudinal) planning methods,
simplifying the possible designing parameters to the most
considerable ones without degrading the curve capacities.
The work specially focuses on giving a tool-set for trajectory
designing under typical scenarios as intersections and lane
changes and to a more specific and complex scenario as
roundabouts. This, last scenario is especially interesting for
its set of possible parameters and conditions; it is relevant
to consider that the roundabout complexity has not been
sufficiently studied for other authors in the past [26].

Finally, the contribution will be organize as follows: Sec-
tion 2 has the detailed explanation of three urban scenarios
considered: intersections, roundabout, and lane changes (the
rest can be modeled as straight line or arcs). A definition of
relevant Bézier curve properties is carried on, then a global
planning approach is developed to satisfy some requirements
of the local planning approach (reducing the total amount
of map points); these concepts will be followed by the
trajectory and speed planning approach. Section 3 presents
the general components used in the software architecture (all
modules considered for simulation and real vehicle tests).
In the following, it presented an urban test case based on
simulation (Section 4) and a real case of study (Section 5);
both specially focus on roundabout considerations. Finally,
Section 6 contains the conclusions of this article summarizing
the contributions and future works.

2. Motion Planning Framework

This section explains all the information related to the
trajectory planning approach based on real-time parametric

4th and 5th degree Bézier curves. The approach’s core will be
focused on using these curves in path planning generation
for urban scenarios (intersections, roundabouts, and lane
changing) and speed planning for comfortable and safe
behaviors. This approach is not limited to urban scenarios,
although it is the main target of this work.

The planning framework explanation will be divided into
three parts: (i) global planning using a global map (based
on a point to define the structure of intersections, lane
change or roundabouts) describing the route with reduced
amount of points, (ii) local planning approach based on
Bézier and specially focus on intersections, lane changes, and
roundabouts (the straight and arc segment can be resolved as
sequences of points), and (iii) the speed planning approach
based on the same type of curves.

2.1. N-Bézier Curve Basis. Bézier is a type of parametric
curve, which has been commonly used for computer graph-
ics, animations, and path generation in robotics [27]. In
general, they are good for real-time implementation, and the
computational cost of designing them is lower than clothoids
and splines curves [28]. Bézier curves are described by

B (𝑡 | 𝑛, 𝑃0, . . . , 𝑃𝑛) = 𝑛∑
𝑖=0
𝑏𝑖P𝑖, 𝑏𝑖 = (𝑛𝑖) 𝑡𝑖 (1 − 𝑡)𝑛−𝑖 (1)

where {𝑏𝑖 ∈ R} is the Bernstein polynomial, {P𝑖 ∈ R2} are
the control points used to generate the curve, {𝑛 ∈ N+} is the
Bézier order, and {𝑡 ∈ R, 𝑡 = [0, 1]} is the parameter for curve
construction.

These curves have several properties relevant for the
purpose of the current work:

(i) The starting point of the Bézier curve corresponds
with control point P0, and the ending point corre-
sponds with P𝑛.

(ii) The first point tangent vector (at 𝑡 = 0) will be given
by →𝑃0𝑃1 and the last point tangent vector (at t = 1) will
be given by →𝑃𝑛−1𝑃𝑛.

(iii) The curve will lie into the convex hull formed by the
control points.

(iv) Bézier curves are continuous geometrically and in
curvature {𝐶𝑛 & 𝐺𝑛, ∀𝑛 ∈ N+}, and this continuity
can be preserved in joints of two different curves.

(v) Bézier curves are symmetric, and the generated curve
for 𝑡 : 0 → 1 is equal to the one for 𝑡 : 1 → 0.

This work uses 4th and 5th grade Bézier curves (some
considerations with 3rd degree will be done). Higher order
curves are not considered because they do not have additional
benefits within current approach but increase the complexity
[29].

Rewriting the general Bézier equation (see (1)) a more
compact representation is obtained:

B (𝑡) = K0 + K1𝑡 + K2𝑡2 + ⋅ ⋅ ⋅ + K𝑛𝑡𝑛 (2)

where each K𝑖 will be a function of the control points (fixed
position) and curve order. The values of K𝑖 coefficients are
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Table 1: Compact Bézier polynomial Coefficients “C”.

C Bézier curve order
3rd Order 4th Order 5th Order

K0 P0 P0 P0
K1 −3P0 + 3P1 −4P0 + 4P1 −5P0 + 5P1
K2 3P0 − 6P1 + 3P2 6P0 − 12P1 + 6P2 10P0 − 20P1 + 10P2
K3 −P0 + 3P1 − 3P2 + P3 −4P0 + 12P1 − 12P2 + 4P3 −10P0 + 30P1 − 30P2 + 10P3
K4 − P0 − 4P1 + 6P2 − 4P3 + P4 5P0 − 20P1 + 30P2 − 20P3 + 5P4
K5 − − −P0 + 5P1 − 10P2 + 10P3 − 5P4 + P5

given in Table 1. K1 and K2 determine curvature at starting
and ending points of the curve, this property is going to be
used repeatedly on explanations. Using the information from
3rd to 5th degree Bézier, K1 and K2 are defined as follows:

K1 = 𝑛→V1
K2 = 𝑛 (𝑛 − 1)2 (→V2 − →V1) (3)

where →V1 = P1 − P0 and
→V2 = P2 − P1 are introduced and 𝑛 is

the degree of the curve.
In general terms the curvature in R2 is defined as [30]

𝑘 (𝑡) = �̇�𝑥 (𝑡) �̈�𝑦 (𝑡) − �̈�𝑥 (𝑡) �̇�𝑦 (𝑡)√(�̇�𝑥 (𝑡)2 + �̇�𝑦 (𝑡)2)3
= Ḃ (𝑡) × B̈ (𝑡)Ḃ (𝑡)3 (4)

and in this case, function 𝐵 is the Bézier equation. Evaluating
at 𝑡 = 0, it is obtained:

𝑘 (𝑡 = 0) = 2K1 × K2K13 = (𝑛 − 1)𝑛
→V1 × →V2→V13 (5)

The previous equation explicitly shows that if the three
starting points in a curve are colinear, generated Bézier
curve will have zero curvature at its starting point (𝑘(𝑡 =0) = 0); this can be extended to the three ending points
due to symmetry. This property is useful for designing the
intersections and lane changes, and for the entrance and exit
part of the roundabout.

2.2. Global Planning Environment Used for the Approach. In
this work, global planning is used as base route to apply
the local planning approach using Bézier. A simple map
containing a point to define intersections, roundabouts, or
lane changes (point with “x” in Figures 1, 2 and 3) is the input
of the global method, decreasing the amount of points and
keeping geometric qualities of road.

2.2.1. Intersections. Figure 1 depicts the description of an
intersection using a single point (junction of 2 or more
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Figure 1: Trajectory planning on intersection.

straight paths). The unitary vectors defining the road (in
intersection case) are given by

→𝑢𝑏 = P𝑏 − P𝑖P𝑏 − P𝑖


→𝑢𝑎 = P𝑎 − P𝑖P𝑎 − P𝑖


(6)

where →𝑢𝑎 is an unitary vector that goes from intersection P𝑖
to past global point P𝑏 and

→𝑢𝑏 is other unitary vector formed
with the next global points P𝑎 and P𝑖. It is relevant to see that
the angle 𝛼 (Figure 1) can be different from 90∘, modeling a
great variety of intersections. The parameter 𝐷 will be used
later in local planning and for the definition of P𝑖.

2.2.2. Lane Changes. In this case, the approach considers
straight segments during the maneuver (Figure 2). The
vectors for path description defined in (6) can be used for lane
change and they have the following relation:

→𝑢𝑏 = −→𝑢𝑎 (7)
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Figure 2: Trajectory planning on lane change.
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Figure 3: Trajectory planning on roundabouts.

Additionally, in this type of curve a new point P𝐿𝐶 is
introduced to handle the maneuver in local planning. This
point is defined by

P𝐿𝐶 = P𝐿𝐶 + 𝑤[[[[[
cos(tan−1 (𝑢𝑎𝑦𝑢𝑎𝑥 ) ±

𝜋2)
sin(tan−1 (𝑢𝑎𝑦𝑢𝑎𝑥 ) ±

𝜋2)
]]]]]

(8)

where 𝑤 is the road width and →𝑢𝑎 is the vector presented in
(7).The symbol ± is negative when the lane change is done to
the right side and positive to the left side.

2.2.3. Roundabouts. Figure 3 shows the definition of a round-
about using a simple point. It uses roundabout center point
P𝑟, its radius 𝑅, entrance angle 𝑎𝑖, and exit angle 𝑎𝑜. Using
these parameters, the roundabouts can be modeled with an
approximated circular shape.

Roundabout entrance and exit points are defined by

P𝑒 = P𝑟 + 𝑅[[[[[
cos(tan−1 (𝑢𝑏𝑦𝑢𝑏𝑥 ) ± 𝑎𝑖)
sin(tan−1 (𝑢𝑏𝑦𝑢𝑏𝑥 ) ± 𝑎𝑖)

]]]]]
P𝑒𝑥 = P𝑟 + 𝑅[[[[[

cos(tan−1 (𝑢𝑎𝑦𝑢𝑎𝑥 ) ∓ 𝑎𝑜)
sin(tan−1 (𝑢𝑎𝑦𝑢𝑎𝑥 ) ∓ 𝑎𝑜)

]]]]]

(9)

where P𝑒 is roundabout entrance coordinates, P𝑒𝑥 is round-
about exit coordinates, values of →𝑢𝑎 and →𝑢𝑏 are defined by
(6), but the intersection point P𝑖 is substituted by roundabout
points P𝑒𝑥 and P𝑒, respectively. In these equations, the upper
sign is used when traffic is defined counter clockwise and
lower one for clockwise traffic [31].

In addition to these two points, 𝑛𝑟 points will be included
(points with square shape in Figure 3) defining the route
inside the roundabout. Following this procedure, the total
amount of points substituting basic center point P𝑟 will be
given by 𝑛𝑟 + 2.
2.3. Local Planning Method Based on Curvature. The main
contribution of the current paper is in the generation of
smooth and continued curvature trajectories by definition in
automatic vehicles. The principal goal is urban scenarios, but
it is not limited to them; hence the sectionwill be divided into
three scenarios: intersections, roundabout, and lane changes.

2.3.1. Intersections. Figure 1 shows an intersection defined
using a single point.This configuration reduces the amount of
point inmap but demands a trajectorymethod to connect the
two straight segments smoothly. Bézier curves of 5th order
will be used to solved this problem.

As it is shown in (5), three Bézier control points (from P0
to P2) set over the same line will ensure curvature zero in the
starting point of the curve {𝐾(𝑡 = 0) = 0 : 𝑃𝑦0,1,2 = 𝑚𝑃𝑥0,1,2+𝑏};
thismeans that the segment starts as a straight path.The same
equation can be used to define curvature 0 in the ending part
of the curve (𝑡 = 1) with control points P𝑛 to P𝑛−2 (symmetry
criteria).

Using this definition is inferred that the minimum Bézier
order that can be used in an intersection is 4th (5 control
points), but in this case control point P2 will be set in the
position of the intersection point P𝑖. Hence, the 5th order
is picked as a solution without the addition of many control
points and less restrictive than 4th order. The position of the
control points is shown in Table 2 where the vectors →𝑢𝑏 and→𝑢𝑎 are given by (6).

The distance of control points has been set to ensure
that maximum curvature of Bézier curve is reached in
middle point of the trajectory, in order to know if peak
curvature is under the vehicle's mechanical limits. Figure 4
shows the normalized curvature 𝐾/𝐾max (curvature of the
generated segment divided by themaximumcurvature value)
with respect to normalized trajectory distance 𝑑/𝑑max (total
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Table 2: Bézier control points for lateral and longitudinal approach for intersections “Int”, roundabout entrance “RE”, roundabout exit “Rex”,
lane change maneuver “LC”, and speed planning.

Planning Control points n-order Bézier𝑃0 𝑃1 𝑃2 𝑃3 𝑃4 𝑃5

Lateral

Int 4𝐷→𝑢𝑏 + P𝑖 2𝐷→𝑢𝑏 + P𝑖 𝐷→𝑢𝑏 + P𝑖 𝐷→𝑢𝑎 + P𝑖 2𝐷→𝑢𝑎 + P𝑖 4𝐷→𝑢𝑎 + P𝑖
RE 3𝐷2 →𝑢𝑒 + P𝑒

𝐷2 →𝑢𝑒 + P𝑒 P𝑒 𝐷𝑃3→𝑢𝑃4 + P4 P𝑟 + 𝑅→𝑢𝜃𝑒 ∗ -

REx P𝑟 + 𝑅→𝑢𝜃𝑒𝑥 ∗∗ 𝐷𝑃1→𝑢𝑃0 + P0 P𝑒𝑥
𝐷2 →𝑢𝑒𝑥 + P𝑒𝑥

3𝐷2 →𝑢𝑒𝑥 + P𝑒𝑥 -

LC
5→𝑢𝑏𝐷2 + P𝐿𝐶

3→𝑢𝑏𝐷2 + P𝐿𝐶
→𝑢𝑏𝐷2 + P𝐿𝐶

→𝑢𝑎𝐷2 + P𝐿𝐶
3→𝑢𝑎𝐷2 + P𝐿𝐶

5→𝑢𝑎𝐷2 + P𝐿𝐶

Longitudinal Speed [[
𝑠0
V0

]] [[
𝑠0 + 𝐷
V0

]] [[
𝑠0 + 2𝐷

V0

]] [[
𝑠0 + 3𝐷
V0 +𝑊]] [[

𝑠0 + 4𝐷
V0 +𝑊]] [[

𝑠0 + 5𝐷
V0 +𝑊]]

∗ 𝜃𝑒 = tan−1((𝑃𝑒𝑦 − 𝑃𝑟𝑦 )/(𝑃𝑒𝑥 − 𝑃𝑟𝑥 )),
→𝑢𝜃𝑒 = [cos(𝜃𝑒 + 𝐷/𝑅) sin(𝜃𝑒 + 𝐷/𝑅)]

∗∗ 𝜃𝑒𝑥 = tan−1((𝑃𝑒𝑥𝑦 − 𝑃𝑟𝑦 )/(𝑃𝑒𝑥𝑥 − 𝑃𝑟𝑥 )),
→𝑢𝜃𝑒𝑥 = [cos(𝜃𝑒𝑥 − 𝐷/𝑅) sin(𝜃𝑒𝑥 − 𝐷/𝑅)]
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Figure 4: Curvature analysis for different intersection angles.

distance of the generated segment divided by the maximum
one), considering angles between straight segments 𝛼 from
20 degrees to 145 degrees.

With the purpose of finding the position of maximum
curvature, it is applied derivative to (4):

𝑑𝑑𝑡𝐾 (𝑡) = (Ḃ × ...
B) (Ḃ ⋅ Ḃ) − 3 (Ḃ × B̈) (Ḃ ⋅ B̈)Ḃ5 (10)

evaluating the derivative of Bézier curve in 𝑡 = 0.5:
Ḃ (𝑡 = 0.5) = 154 𝐷 (→𝑢2 − →𝑢1)
B̈ (𝑡 = 0.5) = 10𝐷 (→𝑢2 + →𝑢1)
...
B (𝑡 = 0.5) = 0

(11)

where 𝐷 is the design parameter for trajectory and →𝑢1,2 are
unitary vectors defined by (3). From this set of equations it is
obtained that Ḃ × ...

B = Ḃ ⋅ B̈ = 0 resulting in curvature equal
to 0 in 𝑡 = 0.5 (maximum value).

2.3.2. Roundabouts. Figure 3 shows the roundabout using
simple point description. In such a way, roundabouts are
modeled using two Bézier curves, each one is used to connect
the straight road with the inner part, and the roundabout
middle part is modeled as a circle with constant radius. The
criteria used for design roundabouts trajectory have three
considerations:

(i) The curvature at entrance in 𝑡 = 0 or at exit in 𝑡 = 1
points must be 0 (straight paths).

(ii) Generated segments at the entrance and exit of
roundabout must fit its inner part with a curvature
equal to the inverse of the radius.

(iii) Bézier joining point angle must be the same of the
circle arc angle (continuous trajectory).

In order to follow the aforementioned criteria, 3 colinear
control points are designed to ensure the first consideration;
another 2 points are selected to form a tangent segment to
the circle, which assures curvature and direction continuity
(second and third criteria) along the roundabout (three
colineal points will generate curvature 0 and not𝑅−1). Hence,
a Bézier curve 4th order is used to ensure curvature zero in
straight path side and different of 0 in the inner roundabout
side for entrance and exit segments (Figure 3).

Table 2 shows the control points used for trajectory
generation at entrance (RE) and exit (REx) of roundabouts.
Control points from P0 to P2 in the case of entrance (P2 to P4
for exit) are designed using similar criteria as in intersections,
with𝐷 as a designing parameter.The points P4 at entrance or
P0 at exit are selected using the distance 𝐷 in the arc of the
circle from entrance or exit depending on the case.
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Figure 5: Examples of roundabout trajectories for different D values.

The point P3, in entrance trajectory, is separated of point
P4, a distance given by

𝐷𝑃3 = √ 34
→𝑢𝑃4 × (P2 − P4)𝐾𝑟 (12)

where →𝑢𝑃4 is the tangent vector (with the circle) in the point
P4 and𝐾𝑟 is the roundabout curvature. In the case of exit, the
point P4 is substitute by P0 and P3 by P1.

Figure 5 shows the behavior of trajectory generation and
its curvature using the specifications given in the planning
method. Figure 5(a) depicts 3 different trajectories generated
for different distances 𝐷 and Figure 5(b) shows the trajecto-
ries curvature fitting perfectly the curvature radius 0.1[𝑚−1].
2.3.3. Lane Change. The approach is done using similar
criteria as intersections, but control points are aligned with
lane axis and equidistant by a distance 𝐷 (Figure 2). Where
the unitary vectors 𝑢𝑏 and 𝑢𝑎 are explained in (7), 𝑤 is the
width of the road and 𝐷 is the separation in 𝑢𝑎 axis between
each pair of control points {𝐷 ∈ R, 𝐷 = ‖𝑃𝑛−1 − 𝑃𝑛‖𝑢𝑎}.

The location of control points is given in Table 2 (LC).The
minimum value of 𝐷 is set to 𝑤 in our design; these criteria
yield to a maximum curvature in 𝑡 ≈ 0.20 and 𝑡 ≈ 0.80 in
the curve definition. If a vehicle is capable of dealing with
this curvature considering dynamic limitations in steering
wheel angle and lateral acceleration, it will be also capable of
handling any trajectory with𝐷 > 𝑊.

The overtaking is considered as a special case composed
by two lane changes; a first lane change is using the proposed
method and when the first lane change is finished, this
lane will be kept until the overtaking process is done. The
returning will be done applying symmetry criteria and same
propositions used in first lane change.

2.4. Speed Planning Based on Comfort andVehicle Constraints.
The speed control is directly affected by sudden changes
in reference speed, and if these changes are smooth and
continuous the reference speed tracking will be done with

a better performance. In such a way a speed planner is
proposed based on Bézier curves that permits:

(i) Anticipate future conditions in the speed of the road.
(ii) Applying physical constraints in vehicle acceleration

and deceleration.
(iii) Keeping safely the vehicle velocity under speed limits.
(iv) Incorporating comfort of passengers.

The speed planner approach uses 5th order Bézier curve
to keep advantages of a higher degree and symmetry. Figure 7
depicts the location of control points for a speed profile curve
that is function of distance in the path.The formula related to
each control point is presented in Table 2.

Define the separation between consecutive control points𝑃𝑖−1 and 𝑃𝑖 as {𝐷 ∈ R, 𝐷 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑥(𝑃𝑖−1, 𝑃𝑖) ∀𝑖 =1, 2, 3, 4, 5}.These conditions generate Bézier curve x-coordi-
nates proportional to the parameter 𝑡 given by the equation

𝐵𝑥 (𝑡) = 5𝐷𝑡 = 𝑠 (13)

with this equation is seeing that the distance in x-axis and
the parameter 𝑡 ∈ [0, 1] have a proportional relationship. It is
introduced {𝑠 ∈ [𝑠0, 𝑠0 + 5𝐷]} to make the calculation easier
(total distance of the speed curve).

The physical constraints of the vehicle (acceleration and
deceleration process) will have a direct relation with the
generated curve. In this case, it is considered the general
equation that relates speed to acceleration and doing a
variable change V𝑙 = 𝑑𝑠/𝑑𝑡, the resulting equation will be

𝑎𝑙 (𝑡) = 𝑑V𝑙 (𝑡)𝑑𝑡 ⇒ 𝑎𝑙 (𝑠) = V𝑙 (𝑠) 𝑑V𝑙 (𝑠)𝑑𝑠 (14)

where the variable 𝑎𝑙 is longitudinal acceleration, V𝑙 is longi-
tudinal speed, 𝑡 is time, and 𝑠 position. Doing a nomenclature
change from V𝑙 = 𝐵𝑦 and 𝑑𝑠 = 𝑑𝐵𝑥 = 5𝐷𝑑𝑡 will result in the
equation

𝑎𝑙 (𝑠) = 𝐵𝑦 𝑑𝐵𝑦𝑑𝐵𝑥 = 𝐵𝑦
𝑑𝐵𝑦𝑑𝑠 , 𝑠 ∈ [𝑠0, 𝑠0 + 5𝐷] (15)
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Applying derivative to (15) maximum points of accelera-
tion can be found. The resulting equation is

𝑑𝑎𝑙𝑑𝑠 = (𝑑𝐵𝑦𝑑𝑠 )
2 + 𝐵𝑦 𝑑2𝐵𝑦𝑑𝑠2 (16)

From (16), introducing the 5th order Bézier equation
and doing some approximations, the following roots can be
obtained:

𝑠𝑎𝑚𝑎𝑥 = 5𝐷
{{{{{{{
0.49 (V𝑜/𝑊) + 0.88

V𝑜/𝑊 + 1.41 , if
V0𝑊 > 0

0.52 (V𝑜/𝑊) − 0.03
V𝑜/𝑊 − 0.46 , if

V0𝑊 < −1 (17)

providing a direct solution for the maximum acceleration in
a speed curve.

The first step in the speed planning method is applying
the comfort speed limitation (reference speed) presented in
[32] with the equation

𝑎𝜔 = √(1.4𝑎𝑥)2 + (1.4V𝑙2𝐾)2 + 𝑎𝑧2 (18)

where 𝑎𝜔 is the total acceleration felt by passengers (comfort
criteria given by ISO2631-1); longitudinal acceleration 𝑎𝑥 and
vertical acceleration 𝑎𝑧 contributions are approximated to
zero (small changes ≈ 0), V𝑙 is longitudinal speed, and 𝐾 is
curvature in each point of the path.

Figure 6(a) depicts speed planning approach with some
segments overlapped one with the other. In this stage Bézier
curves will be generated using the maximum acceleration
criteria for each upward and downward (ensured to be
under the speed limit) reference speed step.The intersections
between curves will be calculated. In the example, these
intersections appeared three times. Calculating the Bézier
curve for each speed step (current segment is independent
of the segment before) will ensure that numerical instabilities
(accumulation of numerical errors by concatenated curves)
will not be present a long time.

Finally, Figure 6(b) depicts the last stage in the speed
planning calculation that will regenerate all the Bézier curves
considering the intersections in speed profile, generating a
smoother profile. This behavior can be easily understood
looking at Figure 7. The profile will be constrained to the
acceleration limits of the vehicle, considering comfort during
driving process and keeping speed safely under road limits.

3. Integration on Automated
Vehicle Architecture

The architecture presented in [22] is a versatile and modular
framework composed by six abstraction blocks which defines
the major areas of influence in automated driving appli-
cations: acquisition, perception, communication, decision,
control, and actuation. This section gives an introduction
to the aforementioned architecture combined with details of
simulated and experimental platforms used in this approach.
For further general details refer to [33].

Figure 8 shows a brief summary of each block that is
contained within the architecture. Acquisition is in charge
of gathering raw input data coming from real or simulated
sensors in the vehicle and obtaining information such as
position, velocity, acceleration, obstacles around, driver sta-
tus, actuators position, and others. Perception has the goal
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Simulation: Simulated
sensors and odometry

Real Vehicle:
Sensors (GPS, IMU,
Cameras, Radars,
LiDARs) and odometry
(steering position, etc.)

Actuation

Simulation: Actuator
commands (steering
Wheel, throttle, brake).

Real Vehicle:
Actuator commands to
low level control
(steering, brake, throttle
controllers).

Perception

• Sensor data fusion
(improving
measurements).
• Dynamic description
of the scenario
(camera, LiDAR, Radar).
• Ego Vehicle complete
description

Communication
• Reception of data
from vehicles,
pedestrians and
infrastructure.
• Broadcasting
information of ego
vehicle to other
participants

Decision

Control
Lateral control: Trajectory tracking considering comfort
and safety behaviours.
Longitudinal control: Speed tracking considering comfort
and safety behaviours

Global Planning:
Rough approximation of the route to
be followed.
Local planning:
Smooth trajectory to be followed. It
considers smooth changes in lateral
behaviours (related with steering
Wheel action) and smooth change in
speed actions (related with throttle
and brake actions).
Behavioral planning:
Planning under unexpected actions.
Dynamic trajectory generation for
overtaking, dealing with cooperative
intersections crossings, roundabouts
cooperation, lane changes, etc.

Figure 8: Control architecture of automated vehicles.

of postprocessing the information coming from acquisition
generating descriptions on physical unit of the environment
and the ego-vehicle. Communication refers to the capacities
of exchanging information with other participants during
driving (infrastructure, pedestrians, or other vehicles) to
cooperate or knowing current states of other participants.
Control is constituted for the lateral (steering) and longitu-
dinal (throttle and brake) tracking controllers of the vehicle,
and actuation contains the low level controllers of each
actuator.

The decision module is the main target of the current
work (grey coloured module in Figure 8) and it is divided
into 3 main subtasks: those are as follows: (i) the global
planning is in charge of doing a first approximation of
the route; in the current work one general simple point
for each roundabout, intersection, or lane change will
be used; (ii) the local planning generates smooth and
continues trajectories to be tracked by the vehicle; the
major contributions of this work are done in this block with
the Bézier trajectory designing conditions and the speed
profile based on the same type of curves; finally, (iii) the

behavioral planning deals with all the unexpected conditions
occurring while driving, e.g., obstacle avoidance, overtaking,
etc.

4. Simulation Test Case

The current section explains the approach with a numerical
example using the simulation tool Dynacar [34]. The test
location corresponds with an urban scenario of the Basque
Country in Spain. This is depicted in Figure 9(a) and it
is constituted by 2 roundabouts, 3 right turns, and 6 left
turns.

The total amount of points used in the map definition
will be divided among: 1 starting point, 1 ending point,
9 intersections, and 2 roundabouts, resulting in 13 points
defining all the route. Table 3 shows the x-y coordinates in
meters (simulator absolute coordinate system), the reference
speed in [𝑚/𝑠], and the type of point (1 for intersections
and 2 for roundabouts). For roundabout global planning,
additional information for its description is required: the
radius (meters) and the angles of entrance and exit (radians).
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Figure 9: Simulated results based on real urban scenario.

The previously described points are shown in Figure 9(a)with
a cross marker.

From this map a global plan is generated, which gives
a better description of roundabouts in the bend segment
(completion of the circle arc). In case of intersections, points
in global planner coincide with those used to define the route

in the scenario. All the global planner points are depicted as
circles in Figure 9(a).

The soft and continuous black line represents the trajec-
tory generated using the Bézier approach. The values of 𝐷
(designing parameter of the approach) are set by hand but
they can be selected using optimization algorithmas in [31, 35].
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Table 3: Point description of the map used for global planning.

𝑋 𝑌 𝑉 Type 𝑅 𝑎𝑖 𝑎𝑜[𝑚] [𝑚] [𝑚/𝑠] [] [1/𝑚] [𝑟𝑎𝑑] [𝑟𝑎𝑑]0.00 0.00 11.11 1 − − −80.48 97.09 11.11 2 17.29 0.52 0.0988.04 177.90 11.11 1 − − −196.21 172.89 11.11 1 − − −203.72 266.16 11.11 1 − − −56.55 278.46 11.11 1 − − −86.24 371.34 11.11 1 − − −−49.30 397.61 11.11 2 17.76 0.00 0.005.08 281.16 11.11 1 − − −−29.37 283.73 11.11 1 − − −−39.17 187.34 11.11 1 − − −50.16 180.36 11.11 1 − − −53.19 227.94 11.11 1 − − −
An interesting example of the entrance/exit angle in the

roundabouts is the one located in the absolute coordinates[80.48; 97.09]. This point is an entrance of a roundabout and
it uses the definition of the entrance angle for its description
(see (9)):

𝑃𝑒 = [80.4897.09] + 17.29 [cos (−2.26)sin (−2.26)] = [69.483.8] (19)

The entrance point to present a numerical example is shown,
but the exit point can be calculated using the same data and
(9).

The speed planning defined for that trajectory is shown in
Figure 9(b). The continuous line is the reference acceleration
given by the speed profile of the urban scenario and the
application of a comfort parameter 𝑎𝜔 = 0.5[𝑚/𝑠2]; based on
[32] this amount of acceleration 𝑎𝑤 corresponds with a value
between “not uncomfortable” and “a little uncomfortable”
for vehicle passengers. Results show that vehicle succeed
on tracking the generated speed profile (by tracking the
acceleration profile shown in dashed line). One major cause
was the consideration of the maximum acceleration and
deceleration (red bounds of Figure 9(b)).

Figure 9(c) shows a surface plot representing the different
values of acceleration 𝑎𝑤 with respect to the speed profile
generated and the curvature of the path. Five different values
of 𝑎𝜔 were used: 0.5, 1.0, 1.5, 2.0, and 2.5[𝑚/𝑠2] to generate the
surface. Its objective is verifying the smooth and continued
relationship with the Bézier speed profile and the level of
comfort of the passenger.

5. Real Circuit Tests

The current section shows the trajectory planning approach
used with the real vehicle. In this sense, two possible def-
initions of the route were implemented (Figure 10(a)). For
both the center of the lane is used (taken from a manual
driving record using GPS) as guide for the implementation
of trajectories.

The first case is shown in the left side of Figure 10(a),
where the trajectory described by the manual driving is
modeled using intersection points in the 180[∘] turn (round-
about). In this case, the error in the turning points (top and
bottomof the circuit) is greater than using roundabout for the
definition of the curve (right side Figure 10(a)).

The trajectory in the right side was tested with 5 different
speed profiles and the behavior of the vehicle was analyzed
with the curvature. Figure 10(b) depicts the results for these
tests. Curvature of the vehicle in the trajectory is represented
with a grey line and calculated according to the formula:

𝐾 (𝑡) = 𝜔 (𝑡) cos (Φ (𝑡))𝑉𝑙 (𝑡) (20)

where 𝐾 is the curvature, 𝜔 is the rate of change of yaw, Φ is
the roll angle of the vehicle, and 𝑉𝑙 is the longitudinal speed.
Curvature of the path is depicted in black and the vehicle is
able to replicate the behavior of the planned curvature (the
overshoots in curvature are caused by controllers).

Figure 10(c) shows vehicle lateral acceleration (as func-
tion of the vehicle speed and the curvature of the circuit)
using different speed profiles, generated with 𝑎𝑤 equal to0.5, 1.0, 1.5, 2.0, and 2.5[𝑚/𝑠2]. Values of total acceleration
slightly overpass the limit of 2.5 at some points because the
actuators delay is not considered for longitudinal control and
the consideration of 𝑎𝑥 ≈ 0 in speed planning. Additionally,
this figure shows the lateral acceleration in relationship with
the curvature and the speed but without considering the
total acceleration because in the speed planner those are
assumed as zero. The lack of data taken, considerations
over longitudinal acceleration, and controllers delay during
tracking generate some surface holes without data. Table 4
shows themaximumacceleration obtainedwith the approach
after filtering all the values 𝑎𝑥 > 0.005[𝑚/𝑠2] (the approach
considers 𝑎𝑥 ≈ 0). It is relevant to understand that those
values must be filtered because actions like control behavior,
delay of the controllers, or even the longitudinal acceleration
are not considered and the magnitudes can differ. In general,
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Figure 10: Real life validation of the Bézier planning approach.

the results obtained are close to proposed values with param-
eter 𝑎𝜔 (designing).
6. Conclusion and Future Works

This work presents a trajectory and speed planning approach
based on Bézier curves used in the decision module of
an automated vehicle control architecture. The approach
considers urban scenarios with intersections, roundabouts,
and lane changes but it is not limited to those; the approach
could also be used in scenarios such as highways. In the
case of the speed planner, a parametric curve approach to

adapt future changes in the speed limit considering physical
constraints of the vehicle and traffic rules is presented (i.e.,
considering the maximum speed limit of the road).

Simplified mathematical models for trajectory planning
using Bézier curves on intersections, roundabouts, and lane
changes are presented reducing the time of calculation and
allowing the use of these definitions for other applica-
tions, i.e., trajectory optimization processwith computational
efficiency. Additionally, the approach is evaluated using a
simulated urban scenario based on a location of Basque
Country showing that a great variety of urban scenario can
be managed using this approach.
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Table 4: Maximum lateral acceleration obtained in the real experiment using speed profile.

Uncomfortable levels Not A little Fairly Very Extreme
Uncomfortable magnitudes 𝑎𝜔[𝑚/𝑠2] 0.5 1.0 1.5 2.0 2.5
Filtered max. values [𝑚/𝑠2] 0.45 1.03 1.54 2.00 3.02

The trajectory planner was tested for automated driving,
using a comparison of the trajectory with the Bézier curves
and the one generated using a manual GPS recording in
manual driving. Additionally the generated curvature in
the vehicle for different conditions (variations in the speed
profile) was compared with the curvature of the trajectory
planned showing that it is feasible to be tracked by the vehicle.

The speed planning approach shows the capability of
using parametric curves to generate a profile to be tracked
correctly by the vehicle, giving a prediction of future behav-
iors. Consideration of longitudinal acceleration in curve
segments is one of the future improvements related to the
speed planner of this work.

This approach is considered better than others due to
the fact that it includes comfort and safety criteria during
trajectory and speed planning. For comfort the ISO2631-
1 standard to generate speed profiles based on geometric
information given by the trajectory planning was considered.
Comfortable speed profiles are related to trajectories and
this can be associated with safety during driving (vehicle
lateral forces are related to possible dangerous situations), and
additionally a continuous curvature of the trajectory planned
can reduce possible unexpected situations given by vehicle'
automatic control (increasing safety).

Some of the future works are related to using the
presented method to generate possible optimal solutions
in terms of the parameter 𝐷, road geometry, and vehicle
dynamics and in suchway, substituting the definition by hand
of parameter𝐷 during trajectory planning.
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A roundabout is generally known as an efficient, safe, and environmentally friendly intersection. Since 2010, the Korea government
has taken the lead in constructing roundabouts as part of a special project. During that time, many ideas have been put forward
to improve the safety, operation, and design of such roundabouts. In terms of improvements, it is particularly important to
understand roundabout gap acceptance behavior. As such, we investigated gap acceptance behaviors at four roundabouts based
on field observation during both good weather and rainy conditions. Based on the observed data, roundabout critical gaps were
estimated, and a logit model for gap acceptance using various roundabout variables was developed to investigate gap acceptance
maneuvering at roundabouts. A total of 2,421 data events for gap acceptance were collected from the field observation. Out of
these events, 64.6% of drivers (1,564 drivers) accepted the given gaps and 35.4% of drivers (857 drivers) rejected them. The values
for critical gaps were estimated using several different estimation methods and ranged from 3.3 to 4.7 seconds. The model was
developed using four variables including gap size, type of circulating vehicle, traffic volume at the circulating lane, and weather
conditions. The developed model shows that a longer gap results in a 3.669 times higher probability of entering roundabouts when
the gap is sufficiently great for acceptance than when the gap is smaller. The effects of other variables, such as circulating vehicle
types, circulating traffic volume, and weather conditions, are relatively lower than that of a gap size. Rain conditions influenced gap
acceptance maneuvering around a roundabout. Drivers need about a 10 percent longer gap to accept entry into roundabouts during
rainy conditions, and gap acceptance probabilities are 10 to 20 percent lower for the same given gap time during rainy conditions
compared to good weather conditions.

1. Introduction

A roundabout is generally defined as a form of a circular
intersection in which traffic travels counterclockwise around
a central island and in which entering traffic must yield to
circulating traffic [1]. Roundabouts are generally considered
an efficient intersection system to reduce intersection travel
time, a safe intersection design to decrease the number of
accidents and damage from accidents, and environmentally

friendly. As such, many countries have incorporated round-
abouts in their road designs, including Korea. Since 2010,
roundabouts have been constructed in Korea as part of a
special government-led project. After 87 roundabouts were
constructed in 2010, about 20 to 100 roundabouts are con-
structed every year. There have been improvements in safety
and efficiency benefits due to such construction. However,
there have also been many issues and ideas put forward to
improve those roundabouts in terms of safety, operation, and
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Table 1: Mean crash reductions of conversion to roundabouts.

Country Mean Reductions (%)
All Crashes Injury Crashes

Australia 41-61% 45-87%
Frances - 57-78%
Germany 36% -
Netherlands 47% -
United Kingdom - 25-39%
United States 35% 76%
Source: [1].

design. Of particular importance for design considerations
is an understanding of roundabout gap acceptance behav-
ior.

Although many studies regarding safety and efficiency
effects have investigated roundabouts, there were few empir-
ical studies investigating driver behavior at roundabouts. In
roundabouts, traffic flows move based on a yield mechanism
of the right-of-way principle that circulating traffic has a
right-of-way compared to entering traffic. Entering traffic
have to yield to circulating traffic inside roundabouts. Due
to this roundabout operation principle, the availability of
entering into roundabouts, which is a critical element that
influences capacity, is determined by considering the gap
size of circulating traffic inside the roundabouts. As such,
gap acceptance is very significant in roundabouts. In the
US Highway Capacity Manual (HCM), the most important
elements are the critical gap in circulating traffic and follow-
up time of entering traffic [2].

Therefore, our study investigated gap acceptance behav-
iors at roundabouts based on field observation. The purpose
of this study is to estimate the critical gap for roundabouts
by using various estimation methods. We also develop a logit
model for gap acceptance using various influencing factors
at roundabouts to investigate gap acceptance maneuvers.The
gap acceptancemaneuver at roundabouts is generally affected
by weather conditions including rain and snow. Thus, we
developed a logit model for gap acceptance at roundabouts
that included weather variables.

2. Literature Review

2.1. Roundabouts. The first roundabout was a circle-shaped
intersection built in 1905 at Columbus Circle in New York
City [1].This circle shape intersectionwas called a traffic circle
and was designed to enable high-speed entry with priority
and slow circulation that yielded to entering traffic. Before
traffic volumes significantly increased, traffic circles worked
well. However, as traffic volumes increased, traffic circles
started to have safety and efficiency problems. Rectifying
these problems led to the development of the modern
roundabout in the 1960s. The United Kingdom imposed a
new rule that required entering traffic to yield and give way to
circulating traffic.This rule prohibited vehicles from entering
the intersection as incoming traffic until there were sufficient
gaps in the circulating traffic. This approach improved the

safety and efficiency of circular intersections. Due to the
advantages of roundabouts, many countries adopted modern
roundabouts as a common circular intersection and have
developed extensive design guides and methods to evaluate
operational performance. Many studies have evaluated the
effects of roundabout adaptation, typically accident reduction
effects. In the United States, conversion to a roundabout
results in a reduction of 35% and 76% in total and injury
crashes, respectively. These accident reduction effects are
similar to results from studies in other countries, as shown
in Table 1.

Meanwhile, there have been recently many studies to
overcome disadvantages of standard roundabouts in partic-
ular actual circumstance. And they suggested to implicate
some alternative types of roundabouts such as a Turbo-
roundabout, an Assembly roundabout, a traffic signal con-
trolled roundabout, a Dog-bone roundabout, and other new
types of roundabouts [3]. Out of these alternative types
of roundabouts, a Turbo-roundabout was developed and
installed at the end of the 1990s in The Netherlands. The
Turbo-roundabout is a type of roundabouts to improve two-
lane roundabouts in safety and capacity through eliminating
the necessity of weaving and conflicts by the divided curbs
[4–6].

2.2. Critical Gap and Follow-Up Time in Roundabouts. The
capacity of a roundabout is determined by three traffic flows
around the roundabouts: entering traffic, circulating traffic,
and exiting traffic. The capacity of a roundabout decreases as
the circulating traffic flow increases. Maneuvering is similar
to the effect of a right-turning stream [2]. In the process
of estimating capacity, there are two main measures: critical
gap in circulating traffic and follow-up time for entry traffic.
The critical gap from circulating traffic is the minimum
time gap that an entering driver would accept to merge into
the circulating lane of the roundabout. A driver rejects any
gaps less than the critical gap and accepts any gap that is
greater. In US studies, critical gap and follow-up time were
4.5 to 5.1 seconds and 3.2 to 3.4 seconds, respectively, in
single roundabouts [7]. In Korea, a field experiment was
also conducted to estimate critical gap and follow-up time in
roundabouts and found them, estimated using Wu’s method,
to be 5.6 seconds and 2.3 seconds, respectively [8].The critical
gap and the follow-up time measured from the experiment
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were relatively greater and smaller than the results in other
countries.

2.3. Previous Studies of Gap Acceptance Behavior. Due to the
importance of gap acceptance maneuvers in unsignalized
intersections and roundabouts, methods have been devel-
oped to estimate critical gap, including the Raff method,
the Ashworth method, the Troubeck method, and the Wu
method.The Raff method is a critical gap estimation method
using two cumulative distributions of accepted and rejected
gaps [9], and theAshworthmethod is based on the hypothesis
that average critical gap may be evaluated from the mean
of accepted gaps [10]. Meanwhile, the Troubeck method
estimates critical gap estimation using amaximum likelihood
estimation [11] and is applied with an assumption that the
distribution of critical gaps follows a log-normal distribution
and calculates the probability that the critical gap would
be between the largest rejected and accepted gaps. The Wu
method was developed recently and estimates critical gaps
based on an equilibrium of a probability concept [12].

These critical gap estimation methods assume, however,
that drivers’ behavior remains consistent and all drivers are
homogeneous in a deterministic approach. As is well known,
a deterministic gap acceptance estimation can estimate only
the mean critical gap acceptance from the population, and
careful drivers may be overrepresented as a result of infor-
mation loss [13]. To overcome these limitations, a discrete
choicemodel is used to estimate gap acceptance as probability
and only the mean value of gap acceptance based on the
probability function for success in accepting a gap. Originally
in 1981, Daganzo developed a discrete choice model to
estimate gap acceptance based on this probability function.
This discrete choice model produces the probability function
for success in accepting a gap [14]. This discrete choice
model to estimate gap acceptance can be formularized based
on the distribution of the mean and variance of the gap
acceptance function parameter [15]. Mahmassani and Sheffi
used a probit model to investigate gap acceptance behavior.
They found that the critical gap decreases as long as drivers
are waiting for an acceptable gap [16]. The effects of waiting
time on gap acceptance were explained by Polus and his
research team [17]. A logit model is one of the currently
more popular models to explain gap acceptance behavior
[18–25].

Weather conditions generally influence driver behaviors
such as for speeding, braking maneuvers, gap acceptance
behaviors, and other driving behaviors. A FHWA study
showed that inclement weather influences such microscopic
traffic behavior [26]. This study investigated changes in
driver gap acceptance behavior on intersections during rainy
weather conditions. They found that there is a more careful
driving behavior for left-turn gap acceptance in the rain, and
drivers need greater critical gaps. Zohdy and colleagues found
that a larger value for the critical gap for a left turn is needed
as the intensity of rain increases [18].

2.4. Studies of Gap Acceptance Maneuver in Roundabouts.
Investigation of gap acceptance behavior in roundabouts
has been conducted thru two approaches. Most of studies

estimated critical gap and follow-up time, which are the two
key parameters for gap acceptance. Other studies developed
roundabout gap acceptance behavior models and there are
many different values for critical and follow-up time for
roundabouts, which are summarized in Table 2. Xu and Tian
investigated gap acceptance characteristics at roundabouts in
California, US [27], and the critical gaps were estimated in
the range of 4.5 to 5.3 seconds at eight single roundabouts.
They found that circulating flow rate and speed are twomajor
influencing factors for critical gap and follow-up time.

Polus and his colleagues developed a disaggregate logit
model to evaluate the waiting time effect on critical gaps at
a roundabout [17] and included only two variables: waiting
time and gap size. In their study, critical gaps at roundabouts
were calculated in the range of 2 to 5 seconds and the waiting
time may affect gaps in those ranges. However, gaps lower
than 2 seconds were not likely to be accepted because the risk
was considered too high.

2.5. Effects of Roundabout Construction in Korea. In Korea,
roundabout construction has been led by federal agencies,
typically the Presidential Council on National Competitive-
ness, the Ministry of Land, Transport and Maritime Affairs,
the Ministry of Public Administration and Security, National
Police Agency, and some research institutes. Currently, there
are more than 500 roundabouts that have been constructed
with federal government subsidies and with only local gov-
ernment funding. The roundabouts have been considered
successful, and the construction of roundabouts continues
to accelerate. Half of the roundabouts were constructed
in urban areas and the others in rural areas. In most of
these roundabouts, the number of crashes and the damage
from the crashes were significantly reduced, and intersection
traffic operational performance improved. Most residents
were also satisfied with the conversion from signalized and
unsignalized intersections to roundabouts. Overall, there has
been an observed reduction of 46.1% in total crashes and
66.7% in fatality as shown in Table 3.

3. Methodology

3.1. Data Collection. Field observations for this study were
conducted in Seoul, South Korea, at four typical roundabouts
designed using the Korean roundabout design guide [15].
Preliminary observations were conducted at 19 roundabouts,
and then four roundabouts were selected for study sites
after a final consideration of final design layouts and traffic
volume. The field observations were conducted via video
recording on both sunny and rainy days. Rainy days selected
for data collection were days withmore than 5mmof rainfall.
Videos were recorded at time periods from 7:00 A.M. to
9:00 A.M. for morning peak time, from 12:00 P.M. to 2:00
P.M. for afternoon nonpeak time, and from 6:00 P.M. to
8:00 P.M. during evening peak time. Basic characteristics of
the four intersections are summarized in Table 4. Data for
gap acceptance behaviors were extracted from the recorded
video images using video editing equipment tomeasuremore
detailed values of gaps.
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Table 2: Critical and follow-up headways values in previous studies.

Study name Country Critical Gap
(Sec.)

Follow-up headway
(Sec.)

Abdullah Ahmad India 2.5 ∼ 3.0 -
Abrams et al. US 2.20 -
Brilon Germany 4.07 ∼ 4.45 2.89 ∼ 2.99
Cheng Jie China 4.1 ∼ 5.4 -
Dahl & Lee Canada 3.90 ∼ 5.30 2.10 ∼ 4.20
Feng Xu US 4.5 ∼ 5.3 -
Fortuijn The Netherlands 3.16 ∼ 3.28 2.10
Gazzarri et al. Italy 3.54 ∼ 4.10 2.52 ∼ 2.76
Guo Ruijun China 2.7 -
HCM (2010) US 4.1 -
Iraj Bargego Iran 2.52 ∼ 4.03 -
KHCM (2013) South Korea 3.21 -
Kim, T South Korea 2.42 ∼ 2.7 -
Liang Ren Australia 4.6 ∼ 4.8 -
Mensah S. el al. US 2.50 ∼ 2.60 -
NCHRP (3-65) US 4.2 ∼ 5.9 -
Nicolosi et al. Italy 3.19 ∼ 3.99 3.15 ∼ 2.11
Park, S South Korea 3.7 ∼ 4.1 -
Qu X et al. Australia - -
Rodegerdts et al. US 3.90 ∼ 5.90 2.60 ∼ 4.30
Shweta Rao India 1.36 ∼ 2.52 -
Vasconcelos et al. Portugal 3.23 ∼ 4.50 -
Vasconcelos et al. Portugal 3.37 ∼ 4.28 2.08 ∼ 2.20
Wu Germany 4.12 2.88
Xu & Tian US 4.50 ∼ 5.30 2.30 ∼ 2.80
Zheng et al. US 3.80 ∼ 5.50 2.30 ∼ 3.80
Sources: [27–37].

Table 3: Accident reduction effects of roundabout in Korea.

Before/After Roundabouts Average Annual Crashes
Total Fatality Severe Injury Injury Minor Injury

Before 571 15 258 274 24
After 308 5 118 171 14
% -46.1% -66.7% -54.3% -37.6% -41.7%
Source: Korean Roundabout Research Center (http://www.roundabout.or.kr/).

Figure 1 shows the maneuvering of gap acceptance at
roundabouts according to the sequence of arriving vehicles
at the entry lane and circulating vehicles in the circulatory
lane. As shown in Figure 1, the difference in the times when
circulating vehicles are passing the gap acceptance decision
line can be explained as a gap. This decision line is an
imaginary line that drivers at the entry lane use to decide
whether to enter or not a circulatory lane while looking
at oncoming circulatory vehicle traffic. The gap acceptance
maneuver is preceded by the decision to accept or decline the
circulating vehicle gap as adequate for entry.

This maneuver is illustrated in Figure 1. When entering
vehicle #1 arrives at the yield lineA in themiddle of the gap of
the conflicting vehicles (#1 and #2), the entering vehicle using
gap (a) is rejected because the gap (a) is insufficient to safely
enter the roundabout as shown in Figure 1(a). In comparison,
the gap between circulating vehicles #2 and #3 is sufficiently
large that entering vehicle #1 accepts the gap and leaves the
yield line on the entry lane to enter the roundabout. At this
time, entering vehicle #2 is waiting behind vehicle #1 before
vehicle #1 accepts the gap, and then itmight leave immediately
after the first vehicle starts to enter a roundabout using
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(b) The concept of gaps and lags based on time sequence

Figure 1: The concept of gap acceptance data extraction from time series maneuvers of roundabouts.

the gap between circulating vehicles #2 and #3. Figure 1(b)
illustrates the concept of measured gaps and lags based on a
time sequence.

3.2. Model Estimation. A gap acceptance maneuver is a
binary problem having only two events: success or failure. A
driver waiting at the entrance to a roundabout faces a series of
binary choices. For each gap at the circulatory lane, the driver
has to decidewhether to accept it and enter the roundabout or
reject it andwait for the next gap.This process continues until
a sufficiently large-enough gap occurs, and the driver accepts

the gap to enter the roundabout. Therefore, the probability
of gap acceptance occurrence under given conditions has to
be estimated as dependent variables, which can change due
to driving environments instead of the event itself. Since this
assists in analysis of the gap acceptance decision-making pro-
cess and for simplicity and wide applicability, a logit model
was selected to model estimation of acceptance probability.
This study assumes that all gap acceptance decisions aremade
independently. For every moment, the driver has a utility
from accepting or rejecting a confronting gap. The utility
from accepting a gap results from avoiding having to wait
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Table 5: Data summary and variable descriptive statistics.

Category Normal Rainy Total
# of data 1,681 740 2,421

Gap (sec)

Mean 5.12 5.25 5.16
S.D 2.81 2.97 2.86

Acceptance (%) 1,135 (67.5%) 429 (58.0%) 1,564 (64.6%)
Reject (%) 546 (32.5%) 311 (42.0%) 857 (35.4%)

Waiting Time (sec) Mean 4.06 6.73 4.88
S.D 5.59 8.99 6.92

Follow-up time (sec) Mean 17.30 15.78 16.83
S.D 18.62 15.90 17.84

# vehicles observed on Entrance

Mean 265.1 323.5 282.9
S.D 84.50 102.05 94.13

Passenger Car (%) 1,498 (89.1%) 678 (91.6%) 2,176 (89.9%)
Heavy Vehicle (%) 183 (10.9%) 62 (8.4%) 245 (10.1%)

# vehicles observed on Circulation

Mean 374.5 502.6 413.6
S.D 143.01 152.45 157.41

Passenger Car (%) 1,466 (87.2%) 670 (90.5%) 2,136 (88.2%)
Heavy Vehicle (%) 215 (12.8%) 70 (9.5%) 285 (11.8%)

Weather (%) 1,681 (69.4 %) 740 (30.6%) -

longer to enter the roundabout, whereas the utility from
rejecting a gap is the added safety from not accepting a short
and dangerous gap. The traffic situation variables that affect
these utilities and the decision whether to accept or reject a
gap includes traffic volume, waiting time, types of circulating
and entering vehicles, and other attributes.

Probability that a driver n accepts a gap:

𝑃𝑛 (accept) = 𝑃𝑛 (𝑈𝑎𝑛 ≥ 𝑈𝑟𝑛) =
1

1 + 𝑒−(𝑉𝑎𝑛−𝑉𝑟𝑛)
(1)

𝑈𝑎𝑛 = 𝑉𝑎𝑛 + 𝜀𝑎𝑛 (2)

𝑈𝑟𝑛 = 𝑉𝑟𝑛 + 𝜀𝑟𝑛 (3)

where 𝑈𝑎𝑛 and 𝑈𝑟𝑛 are utility function of accept and reject,
respectively; 𝑉𝑎𝑛 and 𝑉𝑟𝑛 are the systematic components of
the utility of accept and reject, respectively, and are assumed
linear in their parameters; 𝜀𝑎𝑛 and 𝜀𝑟𝑛 are the independent
and identically Gumbel distributed random components of
the utility of accept and reject, respectively.

3.3. Model Validation. Because the logit model in this study
produces two outcomes, either “accept” or “reject” for each
gap, two different errors type can occur: Type 1 and Type
2. A Type I error is committed if the model predicts that
a driver rejects the gap when the driver actually accepts it.
Meanwhile, a Type II error is committed if themodel predicts
that a driver accepts the gap when the driver actually rejects
it. The validation for a logit model is generally conducted
using the receiver operating characteristics (ROC) curve to
test for these two types of errors. ROC curves can showmodel
performance in predicting gap acceptance decisions [15, 38].
The ROC graph is a 2D graph having two axes that include a
False Positive Rate (FPR) and True Positive Rate (TPR). If the

ROCgraphdeducted fromamodel is closer to the point (FDR
= 0, TPR = 1), it can be concluded that the developed model
is more accurate and is validated. Statistical significance by a
numerical value in the ROC graph method can be evaluated
thru a C-statistic value. This C-statistic value means the area
under the curve (AUC). If the C-statistic value is closer to 1,
it means the ROC curve is close to the point (FPR = 0. TPR =
1), and means that it is a better model.

4. Results

4.1. Data Collection Results. The 2,421 events for gap accep-
tance were collected from the field observation. Out the total,
64.6% of drivers (1,564 drivers) accepted the given gaps and
35.4% of drivers (857 drivers) rejected it as shown in Table 5.
Thepercentage of events for accepted gaps in rainy conditions
was relatively smaller than that in good weather conditions
at 58.0% and 67.5%, respectively. Data for 1,681 vehicles were
observed under good weather conditions, with 740 vehicles
during rainy conditions. About 90% of cars were classified
as a passenger car under good and rain weather conditions.
The traffic flowwas not congested for the observation, and the
average volumes for entering roundabouts and for circulating
were 283 vehicles/hour and 414 vehicles/hour, respectively.

To test statistical significance of the difference of gap
acceptance between good weather and rain weather condi-
tions, K-S tests were conducted as can be seen in Table 6.This
K-S test results show that there is statistical difference of gap
distributions relatedweather conditions for both the accepted
gap and rejected gap. From these results, it was found that
the data analyzed in this study can explain sufficiently the
weather's influence on gap acceptance behavior for both gap
acceptance and rejection on roundabouts.
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Table 6: K-S test results for effects of weather conditions (Rain).

Statistics K-S test for accepted gaps K-S test for rejected gaps
Z 2.091 1.911
p < 0.001 0.001

Table 7: Critical gaps using various methods.

Location/Time Raff (Sec.) Wu (Sec.)
Normal Rainy Normal Rainy

Total 3.75 4.25 3.84 4.23

Location

RB #1 4.05 4.05 4.14 4.11
RB #2 3.80 3.75 3.76 3.59
RB #3 3.70 4.05 3.80 4.12
RB #4 3.85 4.65 3.33 4.69

Time
Morning Peak 3.55 - 3.77 -
PM Non-peak 4.00 - 4.03 -
Evening Peak 3.75 4.30 3.82 4.23

Table 8: A Logit model development.

Variables 𝛽 S.E, P Exp (𝛽)
X1
(Gap, Seconds) 1.300 0.059 < 0.001 3.669

X2
(Type of Circulating Vehicles, 0: Passenger Car, 1:
Heavy Vehicle)

-0.437 0.217 0.045 0.646

X3
(Traffic Volume at the Circulating lane) -0.003 0.000 < 0.001 0.997

X4
(Weather Condition, 0: Good weather, 1: Rainy
Condition)

-0.815 0.170 < 0.001 0.443

Constant -3.158 0.274 < 0.001 0.043
Number of Observations 2,181
Log-likelihood Function -635.530
Restricted Log-likelihood Function -1417.961

4.2. Critical Gap Estimation. This study estimated the values
of critical gaps using two different estimation methods, the
Raff method and Wu method, as shown in Table 7. Critical
gap estimation was conducted under normal weather and
rainy conditions, as well as for specific data collection times,
such as morning peak, P.M. nonpeak, and evening peak
time. Critical gaps under rainy conditions were higher than
during good weather. As such, rain conditions influenced
gap acceptance maneuvering in a roundabout, and drivers
needed about an 8 to 13 percent longer gap to accept entry
into a roundabout under rainy conditions. These critical gap
estimation results are similar to the critical gap times from
previous studies in many different countries (Table 2).

4.3. Development of a Logit Model for Gap Acceptance at
Roundabouts. A logit model with various independent vari-
ables investigates the effects of the factors on gap accep-
tance at roundabouts.Themodel parameter coefficients were
estimated using the maximum likelihood method. Before

developing the model, the dataset was separated into two
groups, one for model development and the other for model
validation through a random selection process. Out of the
total data, about 90 percent of data (2,181 data) were used for
the model development and other data (240 data) were used
for the model validation.

In order to develop the gap acceptance model using a
logit model formula, eight variables were originally reviewed,
and the variables that are significantly correlated with gap
acceptance at a 95% significance level were selected. The
model was finally developed using four variables including
a gap size, a type of circulating vehicle, traffic volume at
the circulating lane, and weather conditions, and the model
development results are shown in Table 8. The results were
as expected, where the utility from accepting a gap increases
as the gap increases due to a decrease of the risk in entering
roundabouts. The developed model shows that a longer gap
results in a 3.669 times higher probability of entering round-
abouts when the gap is sufficiently great for acceptance than
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Table 9: Validation results using the ROC graph method.

C-Statistic S.D. P 95% Confidence Interval
Min Max

0.936 0.016 < 0.001 0.904 0.968

ROC Curve
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Figure 2: Deducted ROC graph from the model.

when the gap is smaller. When heavy vehicles are circulated
inside roundabouts, drivers have a 0.646 times more difficult
time accepting gaps to enter the roundabout compared to
when there were only passenger cars inside the roundabouts.
When the circulating traffic volume is lower, the probability
of gap acceptance increases. Lastly, drivers need a longer gap
time to accept when it is raining due to a more conservative
driving behavior. In the developed model, there was a 0.443
times lower probability of entering roundabouts when it is
raining compared to good weather conditions. Through this
model development, the limitation of critical gap estimation
that the estimation assumes homogenous driving behaviors
for all drivers which is unlikely in real situations can be
overcome.

This research used 240 data events out of a total 2,421
data events to validate the developed model. The deducted
ROC graph is closer to the point (FPR = 0. TPR = 1) as
shown in Figure 2 and Table 9. The C-statistic value is 0.936
and validates that the results from the developed model are
statistically significant and accurate.

Figure 3 shows the estimated probabilities and elasticity of
accepting a gap as a function of the gap size for good weather
and rain conditions. Figure 3(a) shows the effects of rain
conditions on drivers’ gap acceptance probabilities. Drivers
need about a 10 percent longer gap to accept entry into
roundabouts under rainy conditions, and their probabilities

of gap acceptance are 10 to 20 percent lower with the same
given gap time under rainy conditions than good weather
conditions. In the case of three-second gaps, there was a
20% lower probability in a rainy condition compared to good
weather conditions. The elasticity of the logit model repre-
sents the responsiveness of an individual’s choice probability
in regard to a change in the value of some attribute [17].
As Figure 3(b) explains, when the given gaps are less than
five seconds, drivers’ gap acceptance probabilities in rain
conditions did not change more than the change of gap time
in good weather conditions because drivers are not willing
to enter roundabouts due to riskier conditions during rain.
Meanwhile, when the given gaps are greater than five seconds,
drivers’ acceptance probabilities in rain conditions changed
more with a change in gap time.

5. Conclusions

A roundabout is generally defined as a form of a circular
intersection in which traffic travels counterclockwise around
a central island and in which entering traffic must yield to
circulating traffic. This roundabout is generally known as an
efficient, safe, and environmentally friendly intersection. In
Korea, roundabouts have been constructed as a government-
led special project since 2010, and many issues and improve-
ments for roundabouts have been suggested in terms of
safety, operation, and design. Of particular importance is
understanding gap acceptance behavior in roundabouts.

Gap acceptance behaviors at a roundabout were inves-
tigated based on field observations at four roundabouts
during both good weather and rainy conditions. Based on
the observed data, roundabout critical gaps were estimated,
and a logit model for gap acceptance was developed using
various variables to investigate gap acceptance maneuvering
at roundabouts. Data for 2,421 gap acceptance events were
collected from the field observation. Out these events, 64.6%
of drivers (1,564 drivers) accepted the given gaps and 35.4%
of drivers (857 drivers) rejected them. Critical gap values
were estimated using the different estimation methods and
ranged from 3.3 to 4.7.These critical gap estimation results are
similar to the critical gap times fromprevious studies inmany
different countries (Table 3). The model was developed using
four variables: gap size, type of circulating vehicle, traffic
volume at the circulating lane, andweather conditions.Model
validation was conducted using 240 events out of the 2,421
events, which were not used in the model development. For
this model validation, the receiver operating characteristics
(ROC) curve was tested for two types of errors that occur in
binary choice models. This validation process found that the
results from the developed model are statistically significant
and accurate. This gap acceptance probability model enables
overcoming weakness of critical gap estimation that the crit-
ical gap estimation assumes homogenous driving behaviors
for all drivers unlikely in real situations.

The developed model showed that a longer gap results
in a 3.669 times higher probability of entering roundabouts
when the gap is sufficiently great for acceptance than when
the gap is smaller. The effects of other variables, such as cir-
culating vehicle types, circulating traffic volume, and weather
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Figure 3: Evaluation of the rain condition effects on gap acceptance behavior.

conditions, are relatively lower than that of a gap size. When
heavy vehicles are circulated inside roundabouts, drivers had
difficulties reflected in a 0.646 times higher value for accept-
ing gaps for entering roundabouts compared to when there
were only passenger cars inside the roundabouts.When there
is less circulating traffic, the probability of gap acceptance
increases. Lastly, drivers need a longer gap acceptance time
when it is raining due to a more conservative driving pattern.
The developed model gave a 0.443 times lower probability
of entering roundabouts when it is raining compared to
good weather conditions. Thus, rain conditions influenced
gap acceptance maneuvering into a roundabout. Drivers
need about a 10 percent longer gap to accept entering into
roundabouts under rainy conditions, and the probabilities of
gap acceptance are 10 to 20 percent lower given the same
given gap time under rainy conditions than good weather
conditions.

This study investigated gap acceptance behaviors at
roundabouts by analyzing and estimating critical gaps and
the developed a gap acceptance logit model for good weather
and rainy conditions. Waiting time was not considered
as a statistically significant influence factor based on the
analysis results in this study, even though previous studies
indicated that waiting time affected gap acceptance behav-
iors.

There are some limitations to this study, and more field
data should be collected as roundabout driving behavior and
attitudes mature in Korean. There are still many problems
when driving thru roundabouts in Korea due to violations
of the right-of-way rule. For more sophisticated weather
effect analysis, other types of severe weather conditions
such as snow and heavy fog should be considered. Lastly,
precipitation may also be an interesting influence factor for
gap acceptance behavior analysis.
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The operations of multilane roundabouts, especially three-lane roundabouts, are unique andmore 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 gapwas estimated accordingly.The study provides a new explanation for the operation atmultilane
roundabouts. The use of this simple method is recommended when estimating critical gaps for multilane roundabouts.

1. Introduction

Roundabouts are popular inmany 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 anddelay 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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Decision Vehicle

Gap Vehicle

Gap Closes

Gap Opens

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 Raff ’s procedure estimated critical lags on the basis of
lags accepted and rejected.Miller corrected the Raff ’smethod
by including the entire gap data instead of lags only [10].This
newmethod is known as themodifiedRaffmethod.As shown
in Figure 2, the modified Raff method determines the critical
gap value (𝑡

𝑐
), graphically, by finding the intersection point

between the two functions:

1 − 𝐹 (𝑡
𝑟
) , 𝐹 (𝑡

𝑎
) , (1)

where 𝑡
𝑎
and 𝑡
𝑟
are accepted and rejected gap times and 𝐹(𝑡

𝑎
)

and 𝐹(𝑡
𝑟
) 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 𝑡

𝑐
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 threemethods 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’smethodwill 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. GroupGapAcceptance. 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
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Table 1: Summary of past studies.

Author(s) Year Analysis method Critical
gap (s) Type of roundabout City, country

Flannery and Datta [3] 2007 Maximum likelihood method 3.94

1-lane

Florida and Maryland, USA
Xu and Tian [4] 2008 Maximum likelihood method 4.8 California, USA
Mensah et al. [5] 2010 Raff ’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 L: 4.70/
R: 4.40

2-lane

California, USA

Guo [7] 2010

Raff ’s method 2.91

Dalian, ChinaRevised Raff ’s method 2.78
Maximum likelihood method 2.65

Ashworth method 3.2
Kusuma and Koutsopoulos [8] 2011 Maximum likelihood method 3.58 Stockholm, Sweden

N2 C2
F2

F1
C1
N1

I M
O

F: Far
C: Center
N: Near

I: Inside
M: Middle
O: Outside

Case 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Vehicle Interactions 
Vehicle I with Vehicles F1 & F2 
Vehicle I with Vehicles F1 & C2 
Vehicle I with Vehicles F1 & N2 
Vehicle I with Vehicles C1 & F2 
Vehicle I with Vehicles C1 & C2 
Vehicle I with Vehicles C1 & N2 
Vehicle I with Vehicles N1 & F2 
Vehicle I with Vehicles N1 & C2 
Vehicle I with Vehicles N1 & N2 
Vehicle M with Vehicles C1 & C2 
Vehicle M with Vehicles C1 & N2 
Vehicle M with Vehicles N1 & C2 
Vehicle M with Vehicles N1 & N2 
Vehicle O with Vehicles N1 & N2 

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
caseswere observed (A toG) in the field. CasesA, B, andC 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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Case A Case B

Case C Case D

Case E Case F

Case G

Decision vehicle accepting the gap with follow vehicles
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 inQatar. 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 footagewas captured covering the peak and off-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 framewith 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 Raff ’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.Themajority 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 lanewith enough gap that
can fit a decision vehicle.Thegap is considered acceptedwhen
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
of its 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 informationwas 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 Raff ’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 Awas 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 ofmodifiedRaff ’smethod
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%

Vehicle type
Passenger vehicle 2210 96.05% 2262 94.92% 4472 95.47%
Medium vehicle 62 2.69% 63 2.64% 125 2.67%
Heavy vehicle 29 1.26% 58 2.43% 87 1.86%

Group gap

A 1860 80.83% 1652 69.32% 3512 74.98%
B 118 5.13% 302 12.67% 420 8.97%
C 205 8.91% 180 7.55% 385 8.22%
D 23 1.00% 4 0.17% 27 0.58%

Individual gap
E 87 3.78% 239 10.03% 326 6.96%
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%
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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 2.40 s. The critical
gap for passenger vehicles was the lowest (2.39 s) compared
to medium (2.53 s) 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
2.45 s.

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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Figure 7: Critical gap for different cases.
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Table 3: Summary of critical gap values.

Classification Type Critical gap (s)

Overall 2.40

Vehicle types
Passenger vehicle 2.39
Medium vehicle 2.53
Heavy vehicle 3.03

Interaction cases

A 2.45
B 2.22
C 2.33
D 2.47
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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