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Abstract

Purpose The critical and follow-up headways are the two
gap-acceptance parameters which explain the traffic interac-
tion of a minor street vehicle when enters the roundabout,
merging into or crossing one or more circulating (major)
streams. Several studies and researches provide measurements
of critical and follow-up headways from real data at round-
abouts. The objective of our research is to synthesize the data
from the series of selected studies to interpret variation across
the studies.

Methods In order to match the research goal, a systematic
literature review on estimations of critical and follow-up head-
ways at roundabouts was undertaken. Since several studies
and researches developed worldwide were examined, we were
able to note that the effect size varied from study to study.
Thus the meta-analysis of effect sizes was performed as part
of the literature review through the random-effects model.
Results After discussing the assumptions of this model, the
dispersion in effects across studies was assessed and the sum-
mary effect for each of the parameters under examination was
computed. Calculations were made both for single-lane
roundabouts and double-lane roundabouts, as well as for turbo
roundabouts.

Conclusions Compared to the results of individual studies,
the single (quantitative) meta-analytic estimate provides an
accurate and reliable synthesis on the specific issue here ad-
dressed, and gives, with greater power of the individual
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reviewed studies, a comprehensive measure for the parameters
of interest.

Keywords Roundabouts - Critical headway - Follow up
Headway - Systematic Review - Meta-analysis

1 Introduction
1.1 The background

In recent years, roundabouts have gradually gained great pop-
ularity worldwide as they represent a type of intersection con-
trol without traffic signals which, by making use of a circular
geometric layout, establishes a self-regulated intersection con-
trol system. The vehicles entering the roundabout only con-
flict with vehicles coming from the immediate left since
roundabouts accommodate traffic flow in one direction
around a central island. Compared to all-way-stop-controlled
intersections, roundabouts reduce speed as well as number of
conflict points. However, the safety and operational perfor-
mance of a roundabout is a product of its design [1, 2]. At
the planning stage, there are a variety of possible reasons and/
or goals for determining whether a roundabout is feasible,
before expending the efforts required for further analysis and
design [3]. When developing a more detailed design, in turn,
the trade-offs of safety, capacity, cost, and so on must be
identified and evaluated throughout the design process [4].
The process of designing roundabouts, more so than other
intersection forms, requires a considerable amount of iteration
among geometric layout, operational analysis, and safety eval-
uation; thus the designer often needs to revise and refine the
initial layout attempt to enhance its capacity and safety [2, 5].
While the basic form and features of roundabouts are uniform
regardless of their location, the geometric design of a
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roundabout requires the balancing of competing design objec-
tives. Many design parameters can be different depending on
the speed environment, desired capacity, available space, and
other geometric attributes proper at each individual (rural or
urban) site, whereas many of the design techniques can be
substantially different for single-lane roundabouts than for
multi-lane roundabouts [2]. Alternative types of roundabouts,
such as turbo roundabouts and flower roundabouts, are a fairly
recent development and have only been implemented in a few
countries to date [6, 7].

Capacity methods for two-way-stop-controlled intersec-
tions represent the starting point for evaluating operational
performances at roundabouts. According to [8], entry capacity
calculations at steady-state conditions can be performed
through a variety of capacity formulas incorporating some
information on the roundabout configuration, represented by
the number of circle lanes and entry lanes [9, 10], or other
formulas incorporating some aspects of the roundabout geom-
etry in somewhat detailed way [11], as well as formulas incor-
porating, together with geometric aspects, the users’ behavior
through the critical and follow-up headways (see eg [12—14]).
Relevant concepts on capacity models at roundabouts can be
found in [2, 15-17]. When critical headway and follow-up
headway are involved, capacity estimations are being per-
formed by analytical gap-acceptance models [8]. The accura-
cy of capacity calculations at roundabouts largely depends on
the accurate estimation of critical and follow-up headways [2].
Several studies have concluded that the maximum likelihood
method is one of the most promising methods for estimating
critical headway; general guidelines on how to apply the max-
imum likelihood methodology to measure critical headway
have been already documented [18-20]. However, the critical
headway estimated by such a method represents an average
value of all the observed drivers. In turn, the follow-up head-
way value can be obtained from individual measurements;
indeed, it can be measured for individual vehicles whenever
two consecutive vehicles in a queue discharge from a minor
stream. As a result, the capacity estimates based on the values
of critical and follow-up headways also reflect average condi-
tions. The same data of critical and follow-up headways in-
cluded in the recent version of the Highway Capacity Manual
[21] are average values representing a range of field data and
site characteristics. Since most theories related to gap-
acceptance behavior, as employed for unsignalized intersec-
tions and roundabouts, presume that drivers are consistent and
uniform, the capacity estimations are performed assuming
constant values for the critical and follow-up headways,
whereas these parameters, which are actually stochastically
distributed, should be typically represented by a distribution
of values.

According to [22] the effect that uncertainty in the input
parameters has on the output results is a question that is not
often considered in capacity analysis for roundabouts and,
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more in general, for unsignalized intersections. Indeed, an
analyst provides a single number value for the critical head-
way and the follow-up headway which are used as input pa-
rameters for entry capacity estimations at roundabouts, with-
out statement of a likely range of variation in the result.
Several studies have documented that critical and follow-up
headways might vary based on intersection geometry, vehicle
type, approach grade, and traffic movements, so that more
accurate estimates of these headways can be obtained based
on specific conditions [18]. Kyte et al. [23] found that site-
specific data always yield superior forecasts compared to the
forecasts using general values. Thus, the level of variability
and uncertainty created by the critical and follow-up head-
ways may be high and great difference in empirical site-
specific estimations of these gap-acceptance parameters can
be found. As empirical evidence suggests, the quantification
of the critical and follow-up headways can also vary based on
the number of lanes, the diameter of the central island, the
entry width, the presence (or not) of bunched vehicles in the
circulating (major) streams, whereas at multi-lane round-
abouts, the different demand scenarios can produce dominant
and subdominant arrival flows at entries which in their turn
can influence the predictions of the gap acceptance parameters
[24, 25]. Analysts know that there is variability in input data
and overlook what is the impact of the uncertainty on capacity
analysis [26, 27].

1.2 Research aims and specific objectives of the paper

This paper presents a systematic literature review of empirical
studies and researches developed worldwide with the objec-
tive to measure the major parameters for gap-acceptance -
namely the driver’s critical headway and the follow-up head-
way - using data collected in the field at existing roundabouts.
It allowed us to summarize and evaluate the state of knowl-
edge or practice on measuring critical and follow-up head-
ways at single-, multi- and turbo roundabouts both installed
in countries with a long-standing tradition on roundabouts
(and turbo-roundabouts are already in operation), and realized
in countries where in more recent times these circular schemes
of intersections are becoming common as intersection control.
This review of existing knowledge represented for us a pre-
liminary step in a larger research activity aimed at summariz-
ing in some way the collective results and exploring the pres-
ence or not of heterogeneity among the examined studies.

To do this, we sorted the results of the examined studies
into categories based on what the existing studies, researches
and published reports had in common, what the studies dis-
agree about, and what they overlooked or ignored [28]. Thus,
in order to reach a judgment about the quality of the literature
overall, only the studies having the findings that appeared to
be valid for the complete information in terms of average
values of critical and follow-up headways (with the
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corresponding values of variance) and sample size were con-
sidered. An alternative approach to the traditional (simple)
literature review was then performed through a process of
synthesizing the data from a group of studies selected among
the separate studies which were collected systematically as
above specified.

In other words, a meta-analysis of effect size for each study,
namely a statistical and quantitative analysis of the individual
studies, was implemented as part of the literature review to
assess the consistency of the effect across studies and to com-
pute the summary effect [29]. This summary effect was
searched for helping advance our specific interests about
roundabouts and for designing further research on entry ca-
pacity estimations at roundabouts.

Beginning in the mid 1980s and taking root in the 1990s,
researchers in many fields have been moving away from the
narrative review, and adopting systematic reviews and meta-
analysis [29]. These approaches are usually preferred since
they offer an accurate and reliable summary on a specific issue
and provide, with greater power of the individual reviewed
studies, comprehensive measures, more accurate and repro-
ducible, for the parameters of interest through statistical tech-
niques to synthesize the data from the reviewed studies into a
single quantitative estimate or summary effect size [29].
Several applications of meta-analysis have been carried out
in the field of education, social science, biomedical studies,
business and even ecology; in the last case, meta-analyses are
being recently used to identify the environmental impact of
treatments, the reactions to global climate change, the effec-
tiveness of conservation management interventions, the impli-
cation of fuel consumption [30].

This paper is designed as follows. Based on the above
starting point, the systematic literature review on worldwide
studies incorporating estimations of critical and follow-up
headways at roundabouts will be presented in next section 2.
After a brief introduction to the meta-analysis principles and
the models on which the meta-analysis is based on (namely
the fixed-effect model and the random-effects model), the sta-
tistical approach performed to synthesize the best available
empirical data of critical and follow-up headways will be de-
scribed in section 3; the same section presents the results of the
meta-analysis. Conclusions will be presented in section 4.

2 Literature review on critical and follow-up
headway estimations at roundabouts

For the estimation of critical and follow-up headways from
observations at roundabouts, a long series of methods has
been proposed. Based on the considerations described above,
a literature review on critical and follow-up headway estima-
tions at roundabouts is presented. Focus is made on studies
which have addressed the problems of how to manage the

randomness and the variability of values of critical and
follow-up headways, and how to depict the distribution of
these gap acceptance parameters.

Without expecting to be exhaustive, studies and researches
developed worldwide have been examined, with reference to
the countries (as European countries and Australia) where the
roundabouts have an older tradition and schemes of turbo-
roundabouts are already in operation. Reference is also made
to non-European countries where in more recent times round-
abouts are becoming more and more common as intersection
control and great emphasis has been given to geometric design
and the appropriate use of the many roundabout installations
progressively realized.

The reader should be aware that UK and French studies
were excluded from our investigation despite the important
role of the experiences of these countries on improving the
roundabout installations [11, 12]. Experiences in Great Britain
[11] were based on a capacity formula which is not a gap
acceptance-based model, but the geometric design only is tak-
en into account at a reasonable level of detail. In turn, the
French procedure for capacity calculations at roundabouts is
based on the exponential regression technique [12]; in this
case, it is necessary to determine some geometric values of
the roundabout and to use a pre-fixed value of the follow-up
headway to implement the formula. Bearing in mind the in-
clusion criteria that we established for the analysis (see next
section 3), French and UK experiences on roundabouts are not
introduced in this literature review on critical and follow-up
headway estimations at roundabouts. It refers to the most re-
liable literature for further study; among the books most
accredited Mauro [8] is cited both for the illustration of the
most important procedures currently used to calculate capacity
at roundabouts and for the various issues that the calculation
of roundabouts requires.

2.1 European studies
2.1.1 German studies

The capacity of roundabouts has been studied over many
years by a series of investigations in Germany where for all
types of modern roundabouts, except the mini, the capacities
of entries have been established as independent from the flow
at the other entries [31]. Although both gap acceptance theory
and the empirical regression method have been in the scope of
these investigations, Brilon [31] affirmed that the currently
established official procedure in the German Highway
Capacity Manual [32] is related to gap acceptance theory
and uses Tanner’s equation [33] in a form which was adjusted
to the necessities of roundabout analysis [9, 34]. In order to
ease capacity calculations, the computer program KREISEL,
which can also apply capacity calculation procedures as they
are reported from many other countries, is in frequent use [35].
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According to Brilon [36], the values of critical, follow-up and
minimum headways at single-lane roundabouts are depending
on the inscribed circle diameter ranging from 26 m to 40 m,
whereas for multi-lane roundabouts the values of the behav-
ioral parameters could be derived from the capacity formulas
calibrated to German traffic conditions. Table 1 shows the
minimum and maximum values of the mean critical headway
derived from equations proposed by Brilon [36], where the
inscribed circle diameter was set equal to 14 m and 40 m,
respectively. Within these values of the inscribed circle diam-
eter we could recognize the mini and the compact roundabouts
as classified by several international guidelines. The same
table shows the minimum and maximum values of the mean
follow-up headway; similarly, the minimum headway values
resulted ranging from 2.04 s and 2.90 s.

Wau [37] proposed the values of the critical, follow-up and
minimum headways to be introduced in the formula for the
entry capacity of a roundabout (see Tables 1 and 2); these
parameters have been found to represent driver behavior at
roundabouts in Germany and used in the recent edition of
German HCM [36]. Wu [38] also estimated the distribution
function of critical headways at unsignalized intersections
based on equilibrium of probabilities; thus, he presented a
solution accounting for different predefined distribution func-
tions of critical headways. To carry out regression analysis, the
form of the function was specified; thus, the log-normal dis-
tribution and the Weibull distribution were calibrated to the
empirical distribution of critical headways. However, the
Weibull distribution gave the best results in representing the
distribution of critical headways.

Brilon et al. [39] proposed a framework for capacity esti-
mation at turbo-roundabouts entries. Table 3 shows the values
of the behavioral parameters depending on the scheme of con-
flict with one or two circulating streams; the same table shows
the mean values of the critical headways for left and right
lanes from major entries, where entering vehicles are faced
by one circulating stream, and from minor entries, where en-
tering vehicles are faced by two circulating streams.

2.1.2 Swiss studies

An extensive field data collection at 15 double-lane round-
abouts with high traffic volume and different geometric char-
acteristics provided a rich database for the analysis of the
behavioral parameters [40]. Based on the observations of
2013 gap times of 16 entries, the critical and the follow-up
headways were estimated. The maximum likelihood method
[19,41] was applied to measure driver’s critical headways; the
logarithmic normal distribution was used as mathematical
function for the statistic distribution of these parameters. In
turn, follow-up headways were determined with the arithmetic
mean of the gap times, which were used for a subsequent entry
in the roundabout. The minimum and maximum values of the
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mean critical and follow-up headways are summarized in
Table 2. It should be noted quite large differences among the
values of the critical headways (3.22 s for the minimum value
and 4.33 for the maximum value), whereas the variability in
the measured values of follow-up headway is kept small
(about 0.5 s).

2.1.3 Danish studies

In a Danish study aimed at estimating entry capacity and de-
lay, a double-lane roundabout in Copenhagen, Denmark, was
investigated; data were collected to enables the estimation of
critical and follow-up headways [42]. Mean values of critical
headways were estimated by using the maximum likelihood
methodology [19] for the left- and the right-lane at entries (see
Table 2). Critical headway estimates were provided for differ-
ent levels of circulating flows (low, medium and high) and for
the overall circulating flow. Moreover, in the case of the over-
all circulating flow, the mean critical headways for the left-
lane at entries resulted higher than the mean critical headways
for the right-lane. Estimations of the critical headways were
performed also when the headway distributions in each circu-
lating lane were considered separately. Thus critical headways
were also distinguished for the inner- and outer circulating
lane; for each entry lane, the values of critical headways for
the inner circulating lane resulted lower than the correspond-
ing values for the outer circulating lane, whereas the standard
deviation showed the opposite trend. However, in all cases
Hagring [42] observed that the values of critical headways
resulted stable, from a minimum value of 3.68 s to a maximum
of 4.68 s, with a spread of slightly over a second for the
various lanes and circulating flow combinations. Follow-up
headways were also estimated both considering different
types of vehicles (cars and heavy vehicles), and considering
all vehicles. Table 2 shows the all vehicles-related values of
follow-up headways. It should be noted that follow-up head-
ways did not vary appreciably by entry lane, but there was a
noticeable difference between cars and heavy vehicles; how-
ever, the sample size for heavy vehicles resulted small, and did
not lead itself to statistical testing. Further investigation was
conducted in Denmark [43]; based on field measurements,
estimations of critical and follow-up headways were done
(see Table 2).

2.1.4 Dutch studies

Further investigation by Fortuijn [44] covered several types of
roundabouts in The Netherlands. An extensive traffic data
collection formed the basis for the calibration of gap accep-
tance parameters for capacity models. Critical headways were
derived from the difference between the accepted and rejected
gaps. A maximum likelihood approach based on the assump-
tion that the critical headway distribution is log-normal gave
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Table 1  Critical and follow-up headways values for single-lane roundabouts
study name country estimation method applied critical headway follow-up headway

mean [s] st. deviation [s] ~ mean [s] st. deviation [s]

min  max min max min  max min max
Abrams et al. [73] usS RM. 220 - - - - - - -
Brilon [31, 36] Germany n.a. 4.07 445 - - 2.89 299 - -
Dahl & Lee [75] Canada RM., PE. 390 530 - - 210 420 - -
Fortuijn [44] The Netherlands n.a. 3.16 328 0.19 0.28 2.10 - - -
Gazzarri et al. [45] Italy M.LM. 3.54 410 0.67 0.95 252 276 0.68 0.90
Mensah S. et al. [74] UsS n.a. 2.50 2.60 - - - - - -
Nicolosi et al. [49] Italy M.LM., ERM. 319 399 1.13 - 3.15 211 0.59 -
Qu X et al. [69] Australia n.a. - - - - 276 - 0.62 -
Rodegerdts et al. [61]  US M.LM. 390 590 0.70 1.80 2.60 430 0.80 1.50

Vasconcelos et al. [5S3]  Portugal RM., M.LM,, LM., WM., PM. 323 450 - - - - - -
Vasconcelos et al. [S5]  Portugal RM,MLM,ERM,LM., WM. 337 428 - - 208 220 - -
Wu [37] Germany n.a. 412 - - - 2.88 - - -
Xu & Tian [72] UsS M.L.M. 450 530 0.90 1.10 230 2.80 0.30 1.00
Zheng et al. [17] UsS M.LM. 380 5.50 1.00 2.00 230 3.80 1.00 2.60

Note: R.M = Raff’s method [47]; PE. = Probability Equilibrium method; M.L.M. = Maximum Likelihood Method; M.M. = Median Method; E.R.M. =
Empirical Regression Method by Siegloch [51]; L.M. = Logit Model; W.M. = Wu’s Model; P.M. = Proposed Model by authors [53]; n.a. = not available

the best results. Follow-up headways were measured; the me-
dian values of this headway was selected as a better measure
than the mean. The minimum and maximum values of the
(mean) critical headway were estimated both for single-lane
roundabouts (see Table 1), and for double-lane roundabouts
(see Table 2), as well as for turbo roundabouts (see Table 3);
the same tables show the values of the follow-up headway. It
should be noted that for double-lane roundabouts the mean
values of critical and follow-up headways were differentiated
by each entry lane (i.e. for the left- and right-lane at entries,
where data were available) and distinguished for the inner-
and outer circulating lanes. Moreover, a further distinction
was made between the major road and the minor road at
turbo-roundabouts to consider two antagonist traffic streams
for the left entry lane of minor roads, and only an antagonist
traffic stream for the left- and the right-lane of major roads and
for the right entry lane of minor roads. The same tables also
show the corresponding values of the standard deviation.

2.1.5 Italian studies

The Italian experience on measurement of critical and
follow-up headways includes investigations recently con-
ducted by Gazzarri et al. [45] at single-lane and multi-
lane roundabouts. Various well-known techniques for
measuring the critical headway using field data were ap-
plied, i.e. maximum likelihood method [19], median
method [46] and Raff’s method [47]; however, the values
of the critical headways obtained by the maximum

likelihood method represented the best result and they
were used in the following statistical analysis (see next
section 3). Gazzarri et al. [45] assumed the log-normal
distribution for the probabilistic distribution of critical
headways and obtained the mean and the variance of
the log-normal function by maximizing the likelihood
function. The likelihood function was defined as the
probability that the critical headway distribution lies be-
tween the observed distribution of the largest rejected
headways and the accepted headways. Once obtaining
the individual follow-up headway, the mean follow-up
headway and the standard deviation were calculated from
recorded time events at sites under examination. The
range of variability of the (mean) critical and the
follow-up headways, identified by the minimum and
maximum values of these parameters, as well as the cor-
responding values of the standard deviation, are reported
in Tables 1 and 2.

Some further indications on the estimations of critical
headways were derived from Romano [48] at three multi-
lane roundabouts. For one site, the empirical distribution of
critical headways showed two peaks, that characterized two
classes of users and a double normal aleatory variable was
chosen to fit the empirical distribution. For the other round-
abouts the situation resulted more homogeneous and the gam-
ma function was selected to interpret the empirical distribu-
tions. Nicolosi et al. [49] investigated three roundabouts: one
single-lane roundabouts and two multi-lane roundabouts and
measured the values of critical and follow-up headways; the
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Table 2 Critical and follow-up headways values for double-lane roundabouts

study name country estimation method applied entry lane critical headway follow-up headway
mean [s] st deviation [s] mean [s] st deviation [s]
min max min max min max min max
Dahl & Lee [75] Canada R.M,, PE. 350 6.10 - - 1.60 5.00 - -
De Luca et al. [52] Italy n.a. 322 - 0.80 - - - - -
Fortuijn [44] The Netherlands n.a. left 2.89 3.16 0.04 132 224 226 - -
Gazzarri et al. [45] Italy M.LM. left 3.59 442 0.64 1.14  2.16 3.10 049 095
right 3.19 433 0.61 1.08 244 291 058 0.76
Greibe & La Cour Lund [43] Denmark KM. left 390 4.10 - - 2.60 - - -
right 390 420 - - 2.70 - - -
Guo [77] China RM.,, M.LM,, 262 320 - - - - - -
RR.M., AM.
Hagring et al. [42] Denmark M.LM. left 436 468 1.10 1.82 279 - 087 -
right 3.68 449 120 1.68 2.89 - 1.03 -
Leemann & Santel [40] Switzerland M.LM. 322 433 - - 227 263 - -
Lietal. [71] usS M.LM. left 430 - 1.00 - 3.10 - 120 -
Manage et al. (2003) [79] Japan n.a. 326 490 - - - - - -
Nicolosi et al. [49] Ttaly M.LM., ERM. 1.87 294 035 1.01 1.87 250 042  0.55
QuZetal. [76] China M.LM.,RM left 4.57 4.85 - - - - - -
right 441 458 - - - - - -
Rodegerdts et al. [61] usS M.LM. left 370 550 0.70 2,60 290 5.00 1.00 3.90
right 320 490 1.00 3.80 280 440 080 230
Romano [48] Italy n.a. 2.03 3.69 0.24 1.45 - - - -
Vasconcelos et al. [55] Portugal S.M,, RM.,, M.LM,, 2.56 4.46 - - 1.94 278 - -
WM., LM.
Wu [37] Germany n.a. 412 - - - - 2.88 - -
Xu & Tian [72] us M.LM. left 440 5.10 0.90 1.10 1.80 2.70 0.60  0.90
right 4.00 4.80 0.90 1.10  2.10 2.30 0.70 1.00
Zheng et al. [17] [N M.LM. left 330 4.80 0.60 1.40  2.10 3.10 0.70 1.40
right 3.00 440 060 1.50 220 3.00 0.50 1.20

Note: R.M = Raff’s method [47]; PE. = Probability Equilibrium method; M.L.M. = Maximum Likelihood Method; M.M. = Median Method; S.M. =
Siegloch’s Method [51); L.M. = Logit Model; W.M. = Wu’s Model [37]; K.M.= k wes Model as referred by [43); A.M. = Ashworth’s method [78]; n.a. = not

available

method proposed by Dawson [50] and the regression method
proposed by Siegloch [51] were applied. The analysis of ex-
perimental data showed that the hypothesis of Gamma distri-
bution was always verified for the follow-up headway. De
Luca et al. [52] investigated four existing rural roundabouts
and used real data to calibrate a simulation model. The anal-
ysis of the sample allowed to identify the Gumbel distribution
as the function that best approximated the observed distribu-
tion of the data. Table 2 reports the values of the estimated
critical headway and the standard deviation.

2.1.6 Portuguese studies

In a Portuguese study a new critical-headway model to de-
scribe the gap-acceptance process at microscopic level for
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roundabouts was proposed [53]. Basing on a data sample col-
lected at a one-lane urban roundabout in Coimbra, Portugal,
the model was calibrated and then validated against conven-
tional methods (i.e. such as Raft’s method [47], Logit methods
[54], maximum likelihood method [19]). The values of critical
headways are shown in Table 1.

In another study Vasconcelos et al. [55] estimated crit-
ical headways and follow-up times basing on observa-
tions at six Portuguese roundabouts; gap-acceptance data
were collected at each entry, for the left- and right-lanes
independently. The Authors applied several estimation
methods: Siegloch [51], Raff [47], Wu [38], maximum
likelihood [19] and logit method [54]. The results re-
vealed important specificities of the methods with signif-
icant effects on the capacity estimates. The comparison
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Table 3  Critical and follow-up headways values for turbo roundabouts

study name country entry entry lane circulating lane critical headway
mean [s] st. deviation [s]
min max min max
Brilon et al. [39] Germany major left 4.50 - - -
Fortuijn [44] The Netherlands major left 3.37 3.72 0.36 0.95
Brilon et al. [39] Germany major right 4.50 - - -
Fortuijn [44] The Netherlands major right 3.67 4.17 0.85 1.59
Brilon et al. [39] Germany minor left inner 4.00 - - -
minor left outer 4.50 - - -
Fortuijn [44] The Netherlands minor left inner 3.15 3.24 0.27 0.47
minor left outer 2.79 3.42 0.50 0.80
Brilon et al. [39] Germany minor right outer 4.50 - - -
Fortuijn [44] The Netherlands minor right outer 3.37 4.93 0.51 2.28

of the estimates with values from several countries indi-
cated significant differences among them and suggested
the presence of relevant driving style differences; as a
consequence, Vasconcelos et al. [55] came to the conclu-
sion that locally calibrated, country-specific, parameters
should be preferred for capacity calculations.

2.2 Non European studies
2.2.1 Australian Research

Various researches and studies were developed in Australia
focusing on geometric design, capacity and delays at round-
abouts (see e.g. [25, 56-58]). Troutbeck [59] addressed the
problem about suitability of the gap acceptance theory to ad-
equately predict the capacity of a roundabout and developed
an analytical equation based on gap acceptance characteristics
which were measured at roundabouts operating below capac-
ity. Critical and follow-up headways were related to round-
about geometry and capacity. Based on Troutbeck’s studies
for the Australian Road Research Board, some changes to
the analysis and design of roundabouts were proposed [56,
60]. Troutbeck’s critical headway research [56—60] led to the
development of a lane-based model that considers the conflict-
ing lane gaps as the combination of gaps between the vehicles
of the circulating streams; thus, for the right entry lane, all
conflicting vehicles have an influence on the entering drivers’
behavior, which will be true in some cases and generally con-
servative. If a vehicle in the right entry lane enters at the same
time as a vehicle is circulating in the inner conflicting lane, the
defined accepted gap may be quite small [61].

Further detailed capacity expressions have been published
in Australia; these are most recently available in Akgelik [62,
63] and have been incorporated into the software aaSIDRA

[25, 64]. The roundabout capacity is calculated lane-by-lane.
An important feature of this method is to treat the lanes at
multi-lane entries as dominant and subdominant lanes to
which different values of critical and follow-up headways
are assigned; the lane with the largest flow rate is called dom-
inant lane and other lanes are called subdominant lanes. The
critical and follow-up headways for roundabouts were those
predicted by Troutbeck [65]; however, the values adopted in
Austroads [66] were modified. In order to prevent the predic-
tion of very low follow-up headways, the maximum value of
the inscribed diameter, used in the formula for calculating the
follow-up headway in the case of the dominant lane, was
limited to 80 m. Furthermore, a maximum follow-up headway
of'4 s (applied to dominant lanes only) and a maximum critical
headway of 10 s (applied to all lanes) were used; in order to
prevent the prediction of very large values of follow-up and
critical headways, the inscribed diameter value was limited to
20 m [66]. The minimum and maximum values of the follow-
up headway in use into the recent versions of the software
aaSIDRA are 1.2 s and 4 s (applied to all lanes), respectively;
in turn, the minimum and maximum values of the critical
headway are 2.2 and 8 s, respectively. Currently aaSIDRA
Intersection offers two roundabout capacity model options:
the US HCM 2010 model (see next sub-section) and the
aaSIDRA standard roundabout capacity model; there are var-
ious key parameters involved in changing between the two
models [67]. The reader is referred to the user guide for any
detailed information.

Further investigation on five multi-lane roundabouts
allowed to measure critical and follow-up headways [68].
The critical headway resulted equal to 3.2 s (ranging from
2.13 s to 4.31 s), whereas the follow-up headway resulted
equal to 2.3 s (with a minimum value of 1.44 s and a maxi-
mum value of 3.25 s).
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Qu et al. [69] estimated the follow-up headways at a single
lane roundabout in Australia during different periods. The
mean value of the follow-up headway was found equal to
2.76 s with the standard deviation equal to 0.62 s. In order
to obtain the best estimate of the distribution of the follow-up
headway, seven continuous distributions were used: inverse
Gaussian, exponential, Normal, Lognormal, Gamma,
Weibull, Erlang and Kolmongorov-Smirnov test. According
to this study the inverse Gaussian distribution gave the best fit.
Critical headways were also predicted (see Table 2).

2.2.2 US Research

The experience in design practice of modern roundabouts in
the United States can be found in the successive editions of
Roundabouts: informational guide [2, 5] which provide the
most effective approach to the solution of many problems
regarding planning, designing, and operational analysis for
this kind of intersections. The FHWA Roundabout Guide [5]
presents three capacity formulas for estimating the perfor-
mance of roundabouts. These were intended for use as provi-
sional formulas until further research could be conducted with
US data. The FHWA method for urban compact roundabouts
is based on German research [9, 34, 41], whereas the method
for single-lane is based on the UK’s Kimber equations [11]
with default values for each of the geometric parameters. The
FHWA method for double-lane roundabouts is also based on
the Kimber equations [11] with default values for each of the
geometric parameters. The NCHRP Report 572 [61] describes
some investigations undertaken at a representative sample of
single-lane and multi-lane roundabouts for the estimation of
the critical headways. Based on a driver’s critical headway
being larger than the largest rejected headway and smaller
than the accepted headway, calculation of critical headways
was made using the maximum likelihood method [19]; the
log-normal distribution was assumed as the probabilistic dis-
tribution of the critical headways. Critical headway estimates
at single-lane sites were performed using three different ways
of determining the critical headway: 1) inclusion of all obser-
vations of gap acceptance, including accepted lags s; ii) inclu-
sion of only observations that contain a rejected gap; iii) in-
clusion of only observations where queuing was observed
during the entire minute the driver rejected a gap. The critical
headway determined using method 1 resulted ranging be-
tween 3.9 s and 5.1 s, with a weighted mean of 4.5 s and the
mean standard deviation of 1.0 s, whereas the critical headway
determined using method 2 varied between 4.2 s and 5.9 s,
with a weighted mean of 5.0 s and the mean standard devia-
tion of 1.2 s; the critical headway determined using method 3
varied between 4.9 s and 5.6 s, with a weighted average of
5.1 s and the mean standard deviation of 1.3 s. Critical head-
way estimates at multi-lane sites were done using two differ-
ent techniques [61]. The first technique assumed each entering
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lane and conflicting lane separately; vehicles entering from
the right entry lane use the gaps in the outer circulating lane
(and yield only to conflicting vehicles in the outer lane),
whereas vehicles entering from the left entry lane use the
combined gaps of the inner and outer circulating lanes. The
second alternative technique allowed to estimate the critical
headway for the entire approach, combining the entering lanes
and conflicting lanes into single entering and conflicting
streams, respectively. Lots of investigations have also been
made for the purpose of calibrating the existing capacity
models for roundabouts [61]; thus the critical headway was
calculated with the original techniques used to develop those
models. The critical headways for the multilane-site data were
determined using observations conforming to methods 2 and 3
as described above for single-lane critical headway. The crit-
ical headways determined using method 2 varied between 3.4
s and 4.9 s in the right lane and 4.2 s and 5.5 s in the left lane
(with a weighted mean of 4.3 s and 4.8 s, respectively), where-
as the critical headways determined using method 3 varied
between 3.2 s and 4.9 s in the right lane and 3.7 s and 5.5 s
in the left lane (with a weighted mean of 4.2 s and 4.6 s,
respectively). It is noteworthy that some sites have less than
50 critical headway observations for individual lanes; thus,
while the average critical headway of each site could change
with a larger sample size, the result was indicative of the
average behavior of the site during those minutes when queu-
ing was observed.

Based on a recent analysis of lane-based US field data,
HCM [21] proposes a capacity model for single-lane and
multi-lane roundabout entries which can be viewed both as
an exponential regression model and a gap-acceptance model
[67]. The HCM multi-lane capacity model was also developed
for the right-lane and the left-lane of a two-lane entry; the
behavioral parameters are then related to each specific entry
lane [21]. The mean critical and the follow-up headways, as
derived from the capacity formula for single-lane round-
abouts, are equal to 5.19 s and 3.19 s, respectively. In turn,
the mean critical and the follow-up headways for right lane, as
derived from the capacity formula for double-lane round-
abouts, are equal to 4.11 s and 3.19 s respectively, whereas
the mean critical and the follow-up headways for left lane are
equal to 4.29 s and 3.19 s, respectively [21].

With regard to the follow-up headway estimations at
single-lane roundabouts, calculation was made basing on
a value of the move-up time - the time the next vehicle
takes to move into entry position - less than 6 s; this
value indicates a queued condition. The minimum and
maximum values of the mean follow-up headways for
the right and the left entry lanes with their standard de-
viation values are reported in Tables 1 and 2. The HCM
2010 roundabout capacity model [21] is based on re-
search on US roundabouts [61], and is fully integrated
into SIDRA intersection software [68].
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The values of critical and the follow-up headways above
are different from values proposed by the HCM 2000 [14].
Based on background provided by Troutbeck [70], the HCM
2000 [14] introduced the method only for single-lane round-
abouts [14]; thus an upper and a lower bound of4.1 sand 4.6 s
were proposed for the critical headway, whereas an upper and
lower bounds of 2.6 s and 3.1 s, respectively, were introduced
for the follow-up headway.

Further investigations for the estimation of the critical
and follow-up headways were conducted by Zheng et al.
[17]. Critical and follow-up headway data were extracted
for four roundabouts. The estimation of the critical head-
ways included the mean and the standard deviation, fol-
lowing the current state-of-practice maximum likelihood
method [19]; estimation of the follow-up headways in-
cluded the sample average and standard deviation. Other
factors as the consideration of the adjacent exiting vehi-
cles, vehicle type and queue lengths were also investi-
gated. The assumption of log-normal distribution for the
critical headway was made as suggested by Troutbeck
[24] and used in NCHRP Report 572 [61]. Critical and
follow-up headways were estimated considering (or not

Table 4 Summary results for critical headways at single-lane roundabouts

considering) exiting vehicles. For multi-lane round-
abouts, engineering judgment was required to examine
the different scheme of conflicts with one or two antag-
onist traffic streams faced by right- or left-turning vehi-
cles from entries. The minimum and maximum values of
the mean critical and follow-up headways at single- and
multi-lane roundabouts with their standard deviations are
reported in Tables 1 and 2.

Lietal. [71] also estimated the critical headway through the
maximum likelihood method [19]; the assumption of log-
normal distribution for the critical headway was made.
However, they refer only the mean values of the critical and
follow-up headways (with the corresponding values of devia-
tion standard) for the most congested entry lane (i.e. the left
entry lane) of the double-lane roundabout which was exam-
ined (see Table 2).

Xu and Tian [72] collected headway and gap-
acceptance characteristics, measurement of geometry
and vehicle speeds at Californian roundabouts. Critical
headways were obtained for single-lane and multi-lane
roundabout sites; the maximum likelihood methodology
was used to estimate these headways [41]. At single-lane

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q % [%]
Gazzarri et al. [45] Ay 3.80 71 0.11 35.98 0.00 23.28 1.19
Gazzarri et al. [45] Ay 3.99 98 0.08 50.00 0.00 23.28 1.19
Gazzarri et al. [45] Az 4.10 47 0.14 29.59 0.00 23.28 1.19
Gazzarri et al. [45] Ay 3.54 61 0.09 41.27 0.00 23.28 1.19
Rodegerdts et al. [61] B, 4.20 733 0.04 113.71 0.00 23.28 1.19
Rodegerdts et al. [61] B, 4.90 76 0.15 32.08 0.00 23.28 1.19
Rodegerdts et al. [61] B; 4.30 1062 0.05 107.47 0.00 23.28 1.19
Rodegerdts et al. [61] B, 420 820 0.02 272.12 0.00 23.28 1.19
Rodegerdts et al. [61] Bs 5.10 98 0.05 85.04 0.00 23.28 1.19
Rodegerdts et al. [61] B 420 557 0.04 94.21 0.00 23.28 1.19
Rodegerdts et al. [61] B, 4.60 92 0.10 47.46 0.00 23.28 1.19
Rodegerdts et al. [61] Bg 4.40 237 0.03 140.13 0.00 23.28 1.19
Rodegerdts et al. [61] Bo 4.20 1314 0.03 133.63 0.00 23.28 1.19
Rodegerdts et al. [61] Bio 4.80 197 0.10 50.49 0.00 23.28 1.19
Rodegerdts et al. [61] By 4.90 481 0.05 90.11 0.00 23.28 1.19
Rodegerdts et al. [61] B 430 3244 0.07 63.03 0.00 23.28 1.19
Rodegerdts et al. [61] B3 3.90 233 0.12 37.63 0.00 23.28 1.19
Rodegerdts et al. [61] B 4.10 528 0.03 138.41 0.00 23.28 1.19
Zheng et al. [17] C, 5.50 548 0.09 64.38 0.00 23.28 1.19
Zheng et al. [17] C, 4.60 588 0.05 92.95 0.00 23.28 1.19
Zheng et al. [17] C; 4.80 282 0.08 57.58 0.00 23.28 1.19
Zheng et al. [17] Cy 3.80 318 0.06 67.76 0.00 23.28 1.19
Fortuijn [44] D, 3.16 101 0.03 113.42 0.00 23.28 1.19
Fortuijn [44] D, 3.28 108 0.02 179.40 0,00 23.28 1.19
summary effect (random) 4.27 0.11 37.46 0.00 23.28 1.19
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roundabouts the critical headway resulted ranging be-
tween 4.5 s and 5.3 s, with a mean value of 4.8 s, where-
as at double-lane roundabouts the critical headway for
the left lane varies between 4.4 s and 5.1 s with a mean
value of 4.7 s, and the critical headway for the right lane
varied between 4.0 s and 4.8 s, with a mean value of
4.4 s. Unlike for critical headway estimation, follow-up
headways were obtained directly from recorded time
events; the minimum and maximum values of the critical
and follow-up headways estimated for the examined sites
are shown in Tables 1 and 2. Further field observations
were made by Abrams et al. [73]. The Raff’s method
[47] was used to calculate the critical headway. For the
single-lane roundabout a value 2.2 s was found for the
critical headway.

Mensah et al. [74] measured the behavioral parame-
ters at two roundabouts in Maryland, US; they collected
the accepted and rejected gaps and the follow-up

headways. These headways were compared with those
obtained in the same sites four year before and the
critical headway values resulted reduced, probably due
to experience gained by users in the meantime with this
type of intersections. The mean values of critical head-
ways were recorded equal to 2.50 s and 2.60 s for the
two sites examined, against values of 3.91 s and 3.85 s
obtained in 2005.

2.2.3 Canadian Studies

Dahl and Lee [75] observed vehicle movements at 11 round-
abouts in Vermont, Wisconsin, and Ontario, Canada, and es-
timated gap-acceptance parameters for cars and heavy vehi-
cles separately in order to examine the effect of heavy vehicles
on the entry capacity of roundabouts. Two conventional
methods were used to estimate the critical headway at all
roundabouts. The mean critical headway resulted ranging

Table 5 Summary results for follow-up headways at single-lane roundabouts

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q 2 [%]
Gazzarri et al. [45] Ay 2.59 500 0.04 64.35 0.00 33.90 20.40
Gazzarri et al. [45] A, 2.65 155 0.06 47.81 0.00 33.90 20.40
Gazzarri et al. [45] Az 2.76 190 0.05 55.95 0.00 33.90 20.40
Gazzarri et al. [45] Ay 2.52 226 0.05 47.35 0.00 33.90 20.40
Nicolosi et al. [49] B, 3.15 386 0.03 104.89 0.00 33.90 20.40
Rodegerdts et al. [61] C, 3.20 637 0.04 73.42 0.00 33.90 20.40
Rodegerdts et al. [61] C, 3.80 28 0.11 35.55 0.00 33.90 20.40
Rodegerdts et al. [61] Cs 3.60 1225 0.04 82.32 0.00 33.90 20.40
Rodegerdts et al. [61] Cy 3.10 522 0.08 40.47 0.00 33.90 20.40
Rodegerdts et al. [61] Cs 3.20 39 0.03 127.39 0.00 33.90 20.40
Rodegerdts et al. [61] Ce 3.10 41 0.09 33.96 0.00 33.90 20.40
Rodegerdts et al. [61] (o 3.10 262 0.05 65.98 0.00 33.90 20.40
Rodegerdts et al. [61] Cy 2.90 33 0.12 23.58 0.00 33.90 20.40
Rodegerdts et al. [61] Cy 2.90 86 0.06 52.73 0.00 33.90 20.40
Rodegerdts et al. [61] Cio 2.60 126 0.04 60.46 0.00 33.90 20.40
Rodegerdts et al. [61] Cy 3.50 753 0.25 14.25 0.00 33.90 20.40
Rodegerdts et al. [61] Ciy 3.30 334 0.03 105.00 0.00 33.90 20.40
Rodegerdts et al. [61] Ci3 3.40 2282 0.05 70.62 0.00 33.90 20.40
Rodegerdts et al. [61] Cua 430 120 0.24 17.90 0.00 33.90 20.40
Rodegerdts et al. [61] Cis 3.50 453 0.22 16.01 0.00 33.90 20.40
Rodegerdts et al. [61] Cis 3.10 80 0.06 50.18 0.00 33.90 20.40
Rodegerdts et al. [61] Cyy 3.40 400 0.19 17.76 0.00 33.90 20.40
Rodegerdts et al. [61] Cig 3.30 438 0.12 27.82 0.00 33.90 20.40
Zheng et al. [17] D, 2.60 1223 0.04 64.95 0.00 33.90 20.40
Zheng et al. [17] D, 3.80 1198 0.08 50.59 0.00 33.90 20.40
Zheng et al. [17] Ds 2.30 828 0.03 66.18 0.00 33.90 20.40
Zheng et al. [17] D, 3.10 768 0.08 39.05 0.00 33.90 20.40
Qu X et al. [69] E, 2.76 171 0.05 58.21 0.00 33.90 20.40
summary effect (random) 3.10 0.07 41.82 0.00 33.90 20.40
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between 3.9 s and 4.8 s for cars, whereas the critical
headway resulted ranging between 4.5 s and 6.1 s for
heavy vehicles. However, as expected, the critical head-
way for heavy vehicles was longer than that for cars since
heavy vehicles require longer headway to enter the round-
about because of their larger size and slower acceleration.
The follow-up headways for different vehicle-following
conditions were also calculated [75]. The follow-up head-
way resulted longer when a heavy vehicle was a lead
vehicle, a following vehicle, or both. The follow-up head-
way for the heavy vehicle—car case was longer than the
follow-up headway for the car-heavy vehicle case, be-
cause it took a longer time for the lead heavy vehicle to
enter the roundabout than for the lead car [75]; it was also
found that the follow-up headway for the heavy vehicle—
heavy vehicle case was the longest because of the lead
heavy vehicle’s slow entry and the following heavy vehi-
cle’s low acceleration.

2.2.4 Chinese studies

In a Chinese study concerning capacity prediction
models, the values of critical headways were obtained
for a double-lane roundabouts [76]. The values of behav-
ioral parameters both for the right and the left entry lane
with two different methods were estimated. Thus, based
on the field data, the maximum likelihood method [19]
and the Raff’s method [47] were applied. Assuming that

critical headways followed the log-normal distribution,
the mean value and the deviation standard of critical
headway were obtained. The results of two methods were
similar with a maximum difference of about 3.8 %.
Further investigations at an existing roundabout were car-
ried out by Guo [77] which estimated the value of mean crit-
ical headway using different conventional methods (i.e. max-
imum likelihood method [19, 41], Raff’s method [47],
Ashworth’s method [78]). The Ashworth’s method gave the
highest value, whereas maximum likelihood method provided
the lowest value of critical headway. Despite its simplicity in
calculating the critical headway the Ashworth’s method [78]
assumes the exponential distribution for the headway of cir-
culating stream and the normal distribution for the accepted
gaps; this situation is often difficult to satisfy on field because
traffic streams can result influenced by upstream traffic con-
ditions or low flow rates in undersaturated conditions.

2.2.5 Japanese studies

In a Japanese study critical and follows up headway measure-
ments were made at a multi-lane roundabout [79]. In order to
estimate the behavioral parameters, the accepted and rejected
gaps in the circulating stream were collected. Based on these
data the cumulative curves of the rejected and accepted gaps
were built; mean critical headways were found ranging between
3.00 s and 3.80 s depending on the entry approach, while the
mean follow-up headway ranged between 3.26 s and 4.90 s.

Table 6 Summary results for critical headways at double-lane roundabouts - outer circulating lane

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q ? [%]
Gazzarri et al. [45] Ay 433 59 0.14 30.80 0.00 15.12 0.00
Gazzarri et al. [45] A, 3.50 36 0.13 26.25 0.00 15.12 0.00
Gazzarri et al. [45] Az 3.85 56 0.12 32.74 0.00 15.12 0.00
Gazzarri et al. [45] Ay 3.56 43 0.09 38.27 0.00 15.12 0.00
Gazzarri et al. [45] As 3.19 69 0.10 33.12 0.00 15.12 0.00
Rodegerdts et al. [61] B, 4.90 307 0.12 40.88 0.00 15.12 0.00
Rodegerdts et al. [61] B, 3.40 35 0.20 16.76 0.00 15.12 0.00
Rodegerdts et al. [61] B; 4.10 813 0.06 73.06 0.00 15.12 0.00
Rodegerdts et al. [61] B, 420 604 0.05 79.40 0.00 15.12 0.00
Rodegerdts et al. [61] Bs 4.00 115 0.11 35.75 0.00 15.12 0.00
Rodegerdts et al. [61] Bg 4.40 182 0.10 42.40 0.00 15.12 0.00
Zheng et al. [17] C, 3.50 319 0.04 78.14 0.00 15.12 0.00
Zheng et al. [17] C, 3.80 268 0.07 51.84 0.00 15.12 0.00
Zheng et al. [17] C; 4.10 194 0.08 51.91 0.00 15.12 0.00
Zheng et al. [17] Cy 4.40 194 0.11 40.86 0.00 15.12 0.00
Zheng et al. [17] Cs 3.00 639 0.02 126.39 0.00 15.12 0.00
Zheng et al. [17] Cs 3.40 670 0.04 88.01 0.00 15.12 0.00
Fortuijn [44] D, 2.89 11 0.40 7.26 0.00 15.12 0.00
summary effect (random) 3.82 0.13 28.79 0.00 15.12 0.00
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3 Statistical treatment of the systematic review
on critical and follow-up headways

The above systematic review was completed performing
the statistical treatment of data of the individual studies
with the objective to summarize the results and to cal-
culate the summary effect; for this purpose a meta-
analysis was implemented as part of the literature re-
view [29]. Unlike the narrative review, where the re-
viewers implicitly assign some level of importance to
each study, in meta-analysis the weights assigned to
each study are based on objective criteria that will be
specified in advance. According to the meta-analysis
principles, the studies included in the analysis were se-
lected through a set of rules. The inclusion criteria, used
for the selection of the studies, were consistent with the
following objectives: i) to handle the same geometric
scheme of roundabouts (i.e. single-lane roundabouts,
double-lane roundabouts or turbo-roundabouts); ii) to
face with comparable estimation methods of headways
and/or similar detection techniques; iii) to get the entire
distribution of the headways (i.e. mean, variance and
sample size).

Before introducing the calculations and the modelling re-
sults, a brief overview of the models on which the meta-
analysis is based on will be described.

3.1 Fixed-effect model Vs random-effects model

The meta-analyses are based on one of two statistical models,
the fixed-effect model or the random-effects model [29].

Under the fixed-effect model, all studies in the analysis
share the same true effect size (namely the effect size in the
population); all differences in observed effects are due to sam-
pling error. Thus the summary effect is the estimate of this
common effect size. On the contrary, under the random-
effects model, the true effect is different from study to study
and the summary effect is the estimate of the mean of the
distribution of effect sizes. Since in this case, studies can differ
in the number of observations or some characteristics of the
geometric design (e.g. the width of the roundabout ring or the
entry lanes, population characteristics, etc.), there may be dif-
ferent effect sizes to the base of each study. It is noteworthy
that if it is possible to consider an infinite number of studies,
the true effect sizes for these studies would be distributed
about the mean. The effect sizes in the studies that were car-
ried out, indeed, are assumed to represent a random sample of
these effect sizes; hence the term random effects is used since
there is an array of true effects.

Furthermore, when setting weights to the different studies
in the fixed-effect model, we can largely ignore the informa-
tion in the smaller studies since we have better information
about the same effect size in the larger studies. This

Table 7 Summary results for critical headways at double-lane roundabouts - inner circulating lane

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q 2 [%]
Gazzarri et al. [45] A 4.05 62 0.10 39.37 0.00 16.78 0.00
Gazzarri et al. [45] A, 3.59 53 0.09 40.84 0.00 16.78 0.00
Gazzarri et al. [45] As 442 51 0.16 27.69 0.00 16.78 0.00
Gazzarri et al. [45] Ay 371 54 0.10 36.35 0.00 16.78 0.00
Gazzarri et al. [45] As 371 82 0.11 33.93 0.00 16.78 0.00
Rodegerdts et al. [61] B, 5.50 468 0.12 45.76 0.00 16.78 0.00
Rodegerdts et al. [61] B, 4.20 275 0.14 30.28 0.00 16.78 0.00
Rodegerdts et al. [61] B3 430 17 0.39 11.08 0.00 16.78 0.00
Rodegerdts et al. [61] B4 420 99 0.22 19.00 0.00 16.78 0.00
Rodegerdts et al. [61] Bs 4.40 237 0.09 48.38 0.00 16.78 0.00
Rodegerdts et al. [61] Bs 430 100 0.09 47.78 0.00 16.78 0.00
Rodegerdts et al. [61] B, 5.00 73 0.16 30.51 0.00 16.78 0.00
Zheng et al. [17] C 4.20 343 0.06 64.82 0.00 16.78 0.00
Zheng et al. [17] C, 4.10 966 0.03 127.43 0.00 16.78 0.00
Zheng et al. [17] Cs 4.80 492 0.06 76.05 0.00 16.78 0.00
Zheng et al. [17] Cy 3.70 414 0.03 107.55 0.00 16.78 0.00
Zheng et al. [17] Cs 3.30 875 0.02 162.69 0.00 16.78 0.00
Zheng et al. [17] Ce 440 490 0.05 88.54 0.00 16.78 0.00
Lietal. [71] D, 430 648 0.04 109.46 0.00 16.78 0.00
Fortuijn [44] E, 3.16 12 0.01 273.66 0.00 16.78 0.00
summary effect (random) 4.16 0.13 31.24 0.00 16.78 0.00
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consideration does not apply to random model because in this
case, the objective is to estimate the average effect for the
studies considered; since each study provides information
about a different effect size, the overall estimate cannot be
influenced by a particular study. According to this logic, in a
random model, it is not possible to give more weight to a study
rather than another. So, in the fixed-effect model the only
source of uncertainty is within the studies, whereas under the
random-effects model there is the same source of uncertainty
plus an additional source (i.e. between-studies variance) [29]. It
follows that the variance, standard error, and confidence inter-
val for the summary effect will always be larger in the random-
effects model than in the fixed-effect model. In general, the
fixed-effect model is properly used when two conditions are
met: 1) all studies included in the analysis are functionally iden-
tical; ii) the scope is to compute the common effect size for the
identified population, and not to generalize to other
populations.

By contrast, under the random-effects model we allow that
the true effect could vary from study to study [29].
Considering that the critical and follow-up headways are
country/region-related, and then they can depend on traffic
regulation, traffic behaviour, age and mentality of drivers pop-
ulation, types of vehicles, tradition of using roundabouts, etc.,
the effect size might be higher (or lower) in studies where the
participants are older, or more educated, or healthier than in
others, or when a variant of an installation (in our investigation
the roundabout) is used more intensively, and so on. Because
studies can differ in the mixes of participants and in the

implementations of interventions, among other reasons, there
may be different effect sizes underlying different studies.

Because in the case under examination data were collected
from a series of studies conducted by several researchers op-
erating independently, the choice to use the random-effects
model was more justified than the fixed-effect model, as fur-
ther specified in the next two sections.

3.2 The Random-effects model

The random-effect model, discussed above, starts with the as-
sumption that the true effect size is not the same in all studies
[29]. Indeed the effect size might differ from study to study as a
consequence of the different sample size, geometric features of
the roundabout, the context of insertion, the driver population
characteristics, and so on. In order to estimate the mean of the
distribution (the summary mean or the summary effect), we
need to take account of two sources of variance: the original
variance within-study and the variance between-studies.

For the purpose to obtain the most precise estimate of the
overall mean, we compute a weighted mean, where the weight
assigned to each study is the inverse of that study’s variance
[29]:

1

W= — 1
P (1)

where V;l. = Vy; + T?, in which Vy, is the variance within-
study for study i and 7? is the variance between-studies. The

Table 8 Summary results for follow — up headways at double-lane roundabouts - right entry lane

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q P [%]
Gazzarri et al. [45] Ay 2.70 205 0.05 54.45 0.00 17.77 9.98
Gazzarri et al. [45] A, 2.44 29 0.11 22.65 0.00 17.77 9.98
Gazzarri et al. [45] As 291 143 0.06 45.79 0.00 17.77 9.98
Gazzarri et al. [45] Ay 2.58 87 0.07 39.45 0.00 17.77 9.98
Gazzarri et al. [45] As 2.59 92 0.07 36.00 0.00 17.77 9.98
Rodegerdts et al. [61] B, 3.10 648 0.06 52.61 0.00 17.77 9.98
Rodegerdts et al. [61] B, 4.40 2 1.63 2.71 0.00 17.77 9.98
Rodegerdts et al. [61] B; 3.10 104 0.11 28.74 0.00 17.77 9.98
Rodegerdts et al. [61] B4 2.80 478 0.04 76.52 0.00 17.77 9.98
Rodegerdts et al. [61] Bs 3.10 1340 0.03 94.57 0.00 17.77 9.98
Rodegerdts et al. [61] Bs 3.00 1773 0.03 114.84 0.00 17.77 9.98
Zheng et al. [17] C, 3.00 425 0.06 51.54 0.00 17.77 9.98
Zheng et al. [17] C, 2.80 2206 0.02 119.56 0.00 17.77 9.98
Zheng et al. [17] Cs 2.20 22 0.11 20.64 0.00 17.77 9.98
Zheng et al. [17] Cy 2.60 128 0.11 24.51 0.00 17.77 9.98
Zheng et al. [17] Cs 2.20 600 0.03 67.36 0.00 17.77 9.98
Zheng et al. [17] Ce 2.02 17 0.12 18.14 0.00 17.77 9.98
summary effect (random) 2.72 0.08 35.74 0.00 17.77 9.98
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Table 9  Summary results for follow — up headways at double-lane roundabouts - left entry lane

study name subgroup within study mean [s] sample size st error [s] Z - value p - value Q ? [%)]
Gazzarri et al. [45] A4 3.10 145 0.08 39.29 0.00 22.32 19.36
Gazzarri et al. [45] A, 2.16 57 0.06 33.28 0.00 22.32 19.36
Gazzarri et al. [45] As 2.77 59 0.09 29.55 0.00 22.32 19.36
Gazzarri et al. [45] Ay 2.66 82 0.07 39.49 0.00 22.32 19.36
Gazzarri et al. [45] As 2.56 124 0.06 43.19 0.00 22.32 19.36
Rodegerdts et al. [61] B, 3.10 1792 0.03 119.30 0.00 22.32 19.36
Rodegerdts et al. [61] B, 3.30 315 0.07 48.81 0.00 22.32 19.36
Rodegerdts et al. [61] B; 4.70 6 0.98 4.80 0.00 22.32 19.36
Rodegerdts et al. [61] By 3.20 73 0.13 24.86 0.00 22.32 19.36
Rodegerdts et al. [61] Bs 3.40 85 0.13 26.12 0.00 22.32 19.36
Rodegerdts et al. [61] Bg 3.30 180 0.08 40.25 0.00 22.32 19.36
Rodegerdts et al. [61] B, 3.50 28 0.28 12.35 0.00 22.32 19.36
Zheng et al. [17] C, 3.10 698 0.05 63.00 0.00 22.32 19.36
Zheng et al. [17] C, 2.80 1768 0.03 98.11 0.00 22.32 19.36
Zheng et al. [17] Cs 2.50 142 0.12 21.28 0.00 22.32 19.36
Zheng et al. [17] Cy 2.50 233 0.07 38.16 0.00 22.32 19.36
Zheng et al. [17] Cs 2.20 475 0.03 68.50 0.00 22.32 19.36
Zheng et al. [17] Cs 2.10 100 0.08 26.25 0.00 22.32 19.36
Lietal. [71] D, 3.10 638 0.05 65.25 0.00 22.32 19.36
summary effect (random) 2.85 0.10 29.58 0.00 22.32 19.36

Table 10  Summary results for critical headways at turbo roundabout

study name subgroup within study mean [s] sample size sterror [s] z-value p-value Q 2 [%]

major entry

left entry lane Fortuijn [44] Ay 3.37 253 0.05 61.61 0.00 4.84 3798
Fortuijn [44] A, 3.62 648 0.04 97.00 0.00 484 3798
Fortuijn [44] As 3.66 145 0.03 12242 0.00 4.84 3798
Fortuijn [44] Ay 3.72 269 0.03 13558  0.00 4.84 3798
summary effect (random) 3.60 0.06 61.22 0.00 4.84 37098

right entry lane Fortuijn [44] Ay 3.67 421 0.04 88.59 0.00 1.00  0.00
Fortuijn [44] Ay 4.17 273 0.10 43.33 0.00 1.00  0.00
summary effect (random) 391 0.25 15.66 0.00 1.00  0.00

minor entry

left entry lane

outer circulating lane  Fortuijn [44] Ay 2.79 83 0.05 50.84 0.00 291 3122
Fortuijn [44] Ay 3.07 154 0.06 54.43 0.00 291 3122
Fortuijn [44] A 342 35 0.14 25.29 0.00 291 3122
summary effect (random) 3.07 0.15 20.85 0.00 291 3122

inner circulating lane  Fortuijn [44] Ay 3.15 255 0.03 107.02  0.00 1.87  0.00
Fortuijn [44] Ay 3.23 54 0.04 87.91 0.00 1.87  0.00
Fortuijn [44] As 3.24 206 0.03 98.94 0.00 1.87  0.00
summary effect (random) 3.20 0.03 10636  0.00 1.87  0.00

right entry lane Fortuijn [44] Ay 3.37 69 0.06 54.89 0.00 10.66 81.23
Fortuijn [44] Ay 348 434 0.04 99.31 0.00 10.66 81.23
Fortuijn [44] As 493 118 0.21 23.49 0.00 10.66 81.23
summary effect (random) 3.83 0.20 18.70 0.00 10.66 81.23
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Table 11  Comparison between summary effect (random) and mean values for critical headways

study name roundabout entry entry lane circulating lane mean values [s]
Gazzarri et al. [45] single-lane 3.86
Rodegerdts et al. [61] single-lane 430
Zheng et al. [17] single-lane 4.77
Fortuijn [44] single-lane 322
summary effect (random) 4.27
Gazzarri et al. [45] double-lane outer 3.69
Rodegerdts et al. [61] double-lane outer 426
Zheng et al. [17] double-lane outer 3.49
Fortuijn [44] double-lane outer 2.89
summary effect (random) 3.82
Gazzarri et al. [45] double-lane inner 3.88
Rodegerdts et al. [61] double-lane inner 4.77
Zheng et al. [17] double-lane inner 4.01
Lietal. [71] double-lane inner 430
Fortuijn [44] double-lane inner 3.16
summary effect (random) 4.16
Fortuijn [44] turbo major left 3.60
summary effect (random) 3.60
Fortuijn [44] turbo major right 3.87
summary effect (random) 391
Fortuijn [44] turbo minor left inner 3.19
summary effect (random) 3.20
Fortuijn [44] turbo minor left outer 3.03
summary effect (random) 3.07
Fortuijn [44] turbo minor right 3.74
summary effect (random) 3.83

Table 12 Comparison between summary effect (random) and mean
values for follow-up headways

study name roundabout entry lane mean values [s]
Gazzarri et al. [45] single-lane 2.61
Nicolosi et al. [49] single-lane 3.15
Rodegerdts et al. [61] single-lane 322
Zheng et al. [17] single-lane 2.99
Qu X et al. [69] single-lane 2.76
summary effect (random) 3.10
Gazzarri et al. [45] double-lane  right 2.70
Rodegerdts L. et al. (2007) double-lane right 3.03
Zheng D. et al. (2011) double-lane  right 2.70
summary effect (random) 2.72
Gazzarri et al. [45] double-lane  left 2.72
Rodegerdts et al. [61] double-lane  left 3.16
Zheng et al. [17] double-lane  left 2.72
Lietal. [71] 3.10
summary effect (random) 2.85

weighted mean, M*, is then computed with the following
formula:

(2)

1

k

> Wi
i=1

in which Y; is the mean for study i. The variance of the sum-
mary effect is estimated as the reciprocal of the sum of the
weights:

Vi = 3)

and the estimated standard error of the summary effect is then
the square root of the variance as follows:

SEy =V (4)
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The 95 % lower and upper limits for the summary effect are
computed as follows:

LLy =M" —1.96 SE, (5)
UL,y =M +1.96 SE, (6)

Finally, in a random model we must take into account the
heterogeneity of studies. There are several measures of het-
erogeneity, one of which is the parameter tau-squared ( %),
defined as the variance of the true effect sizes (the variance of
the effect size parameters across the population of studies).
According to [29] five ways of measuring heterogeneity are
recognized: 1) the Cochran’s Q test [80], that is the sum of the
squared deviation of each effect size from the mean, weighted
by the inverse-variance for each study; ii) the p-value for any
observed value of Q; iii) the between-studies variance (T); iv)
the between-studies standard deviation (T); v) the Higgin’s
index I%, or the ratio of true heterogeneity to total observed
variation [81].

3.3 Calculations

The cases of single-lane, double-lane and turbo roundabouts
were examined separately both for the critical and the follow-
up headways. The groups of studies which have been subject-
ed to meta-analysis varied for each case; each of these groups
included a variable number of sub-groups (see tables herein-
after). Each sub-group contained on-field observations char-
acterized by mean, standard deviation, and sample size; these
data represented the data input of the meta-analysis. Note that
the values of the critical headways considered in the calcula-
tions were obtained by the maximum likelihood method only
[19].

Tables 4 and 5 show the outputs of the meta-analysis re-
garding the assessment of the critical and follow-up headways
for the single-lane roundabouts; from left to right, we find the
values of the variance that is referred to the summary effect,
lower and upper limit, Z-values and p-values, the values of the
Q test and the index I°. Since the Cochran’s Q test [80] has to
be used with caution as literature has repeatedly referred that
has low power, the Higgin’s index I? has been associated [29];
it measures the share of inconsistencies of the individual stud-
ies that cannot be explained by the sampling error. I? repre-
sents only the proportion of variance that is true, but it says
nothing about the absolute value of the variance.

In order to estimate what proportion of the observed vari-
ance reflects real differences among studies rather than ran-
dom error, we start with O, remove its dependence on the
number of studies, and express the result through the ratio of
excess dispersion to total dispersion (namely 7). Importantly,
P is not directly affected by the number of studies in the
analysis, whereas Q depends on number of studies [29].

@ Springer

Moreover the index I allows us to discuss the amount of
variance on a relative scale: values on the order of 25 %,
50 %, and 75 % might be considered as low, moderate, and
high, respectively [81]. These benchmarks refer to the ques-
tion of what proportion of the observed variation is real, and
not to the variation on an absolute scale. Indeed, an I value
near 100 % means only that most of the observed variance is
real, but does not imply that the effects are dispersed over a
wide range; they could fall in a narrow range but be estimated
precisely [29, 81]. It is noteworthy that, for the cases in Tables
4 and 5, the p-value is approximately equal to zero, and the
Higgin’s index is around values of 1.2 % for the critical head-
way and around values of 20.4 % for the follow headway;
both parameters confirm the absence of heterogeneity.
Analogously the results of meta-analysis for double-lane and
turbo roundabouts are shown in Tables 6, 7, 8, 9 and 10. In
some case turbo roundabouts reveled moderate or high values
of F; however, still few empirical studies to estimate the crit-
ical headway have been aimed at these roundabouts.

Tables 11 and 12 show a comparison between the summary
effects and the weighted mean values (with regard to the sam-
ple size) of each study considered in the meta-analysis; it can
be easily noted that the summary effect can be far from the
single study estimate since it is independent and does not
account for similar experimental data; however it gives, with
greater power of the individual reviewed studies, a compre-
hensive measure, more accurate and reproducible, for the pa-
rameters of interest at each roundabout under examination.

4 Conclusions

With an ever-increasing plethora of studies, already published
or being published in transportation engineering and behav-
ioral science, it is challenging, if not impossible, for re-
searchers to keep up with the literature on worldwide studies
incorporating estimations of the major parameters for gap ac-
ceptance (namely the driver’s critical headway and the follow-
up headway), which are based on data collected in the field at
existing roundabouts. Reviews conducted not only to synthe-
size the evidence on the effects of an intervention, or to sup-
port evidence-based policy or practice in road geometric de-
sign and evaluations of performance for roads and intersec-
tions, can represent therefore an extremely efficient method
for obtaining the appropriate information on what has already
been done well and what did not.

The primary objective of this research was to synthesize the
measurements of critical and follow-up headways at round-
abouts from the set of studies that were selected from the
literature on roundabouts since this type of intersections can
operate by gap acceptance rules. The goal of our analysis was
to provide a synthesis from a body of data of critical and
follow-up headways at single-lane, double-lane and turbo
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roundabouts from various and appropriately selected sources.
In order to match the research goal, these data of critical and
follow-up headways were compiled as the outcome of a sys-
tematic review which involved a detailed and comprehensive
search strategy, the specification of the question to be ad-
dressed, the determination of the methods to be used for
searching the literature and for including (or excluding) stud-
ies, and the specification of the methods to apply for
performing the statistical analysis. This was done since the
narrative reviews are often simply descriptive, do not consist
of a systematic search of the literature derived a priori, and
thereby often focus on a subgroup of studies in an area which
is chosen basing on availability or author selection; moreover,
narrative reviews can often include an element of selection
bias.

Once formulated the review question, the inclusion and
exclusion criteria were defined, the search strategy was devel-
oped to locate and select the studies, the data were extracted;
therefore, the results were analyzed and interpreted.

Based on the considerations described above, a systematic
literature review on critical and follow-up headway estima-
tions at roundabouts was performed. Focus was made on stud-
ies which have addressed the problems of how to manage the
randomness and the variability of values of critical and follow-
up headways, and how to depict the distribution of these gap
acceptance parameters. Thus, several studies and researches
developed worldwide were examined, with reference to the
countries where the roundabouts have an older tradition and
schemes of turbo-roundabouts are already in operation; refer-
ence was also made to the countries where in more recent
times roundabouts are becoming more and more common as
intersection control and great emphasis has been given to geo-
metric design and the appropriate use of the many roundabout
installations progressively realized. Thus we were able to note
dispersion in effect sizes, that is the effect size varied from one
study to the next.

After this study activity, therefore, we focused on the meta-
analysis of effect sizes, that is the analysis where each study
yielded an estimate of the statistic chosen from the corre-
sponding sample of data; thus we assessed the dispersion in
these effects across studies and then computed the summary
effect. This summary effect is nothing more than the weighted
mean of the individual effects; moreover, the mechanism to
assign the weights (and then the meaning of the summary
effect) depends on the assumptions about the distribution of
effect sizes from which the studies were sampled. Indeed,
differently from the case of the fixed-effect model where all
studies in the analysis share the same true effect size, and the
summary effect is the estimate of this common effect size,
under the random-effects model the true effect size varies from
study to study, and the summary effect represents the estimate
of the mean of the distribution of effect sizes. Thus, the single
(quantitative) meta-analytic estimate, as shown in the Tables

11 and 12 for each parameter under examination, provides an
accurate and reliable synthesis on the specific issue addressed,
and gives, with greater power of the individual reviewed stud-
ies, a comprehensive measure, more accurate and reproduc-
ible, for the parameters of interest. The accurate estimation of
critical and follow-up headways, in turn, make accurate the
capacity calculations at roundabouts.

It is noteworthy that most theories related to gap acceptance
behavior, as employed for unsignalized intersections and
roundabouts, presume that drivers are consistent and uniform,
so that the capacity estimations based on the gap acceptance
models are performed assuming constant values for the critical
and follow-up headways which represent an average value of
all the observed drivers. As empirical evidence suggests, the
quantification of the critical and follow-up headways can also
vary based on the number of lanes, the diameter of the central
island, the entry width, the presence (or not) of bunched vehi-
cles in the circulating (major) streams, whereas at multi-lane
roundabouts, the different demand scenarios can produce
dominant and subdominant arrival flows at entries which in
their turn can influence the predictions of the gap acceptance
parameters. As a result, the capacity estimates based on the
values of critical and follow-up headways also reflect average
conditions. However, these assumptions could lead to errone-
ous or inflated capacity estimates due to the driver variability
and heterogeneity.

Based on these considerations, a meta-analysis of effect
size for each study, namely a statistical and quantitative anal-
ysis of the individual studies, was implemented as part of the
literature review to assess the consistency of the effect across
studies and to compute the summary effect. This quantitative
meta-analytic estimate for each of the parameters of interest
gave us a comprehensive measure for critical and follow-up
headways more powerful than that given by each single study.
This research was made for helping advance our specific in-
terests about roundabouts and for designing further research
on entry capacity estimations at roundabouts. It should be
recalled that the critical and the follow-up headways are sto-
chastically distributed and should be properly represented by a
distribution of values, whereas for entry capacity calculations
at steady-state conditions constant values for each of them are
usually incorporated into capacity models. Analysts know that
there is variability in gap acceptance parameters and often
overlook what is the impact of the uncertainty on capacity
analysis. Starting from the results derived from statistical treat-
ment of the literature performed by the meta-analysis, one
possible area of additional work is to assess the effect that
the range of variation in the input parameters — namely the
gap acceptance parameters — has on the estimation of entry
capacity at roundabouts and to propose a framework for con-
sidering this issue in the operational analysis of different types
of roundabouts as single-lane, multi-lane and turbo
roundabouts.
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