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Abstract

:

The article presents the calculation of roundabout entry capacity as a case study based on roundabouts located in Tokyo, Japan, and Tokyo surroundings. The analysis was conducted as part of the project entitled “Analysis of the applicability of the author’s method of roundabouts entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo (Japan) and in the Tokyo surroundings”. The main aim and the research question was whether the author’s model of roundabouts entry capacity calculation constructed for the conditions prevailing in Poland after calibration is suitable to calculate roundabout entry capacity of roundabouts located in Tokyo and in the Tokyo surroundings. In order to perform the calibration in 2019, measurements were taken at the single-lane roundabouts located in Tokyo and Tokyo surroundings. The model calibration revealed that it is possible to evaluate the entry capacity of roundabouts located in Tokyo and in Tokyo surroundings using the author’s model.
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1. Introduction


The issue of traffic flow behavior in the roundabout area has repeatedly been the subject of scientific research (e.g., [1,2,3,4,5,6]). There are various types of models and the resulting methods in the literature used to calculate the capacity of roundabouts and their individual entries. These methods vary depending on the modeling tool used, the geometric and traffic characteristics of the roundabout analyzed, and the computational complexity. The modern models, which were used to develop methods employed to assess roundabout capacity, can be divided into three categories. These are semi-probabilistic models based on the gap acceptance theory used for the main stream of vehicles, empirical models based on the results of empirical data regression analysis, and simulation models based primarily on micro-models of traffic within the intersection with stochastic processes of the presence of vehicles at entries and gap acceptance models. Analytical models adopt the distribution of headways between vehicles in a roundabout circulatory roadway, critical gaps (tg) and the follow-up times between vehicles entering from the queue at the entry (tf) adapted to the road (geometric), and traffic conditions at the intersection. The use of estimators, such as the critical gap and follow-up time between the vehicles queuing at the roundabout entry when the headway on the circulatory roadway enables at least two vehicles to enter from the subordinated entry, may result in inaccurate capacity determination. These models use the calibration of empirical data representing selected phenomena and model parameters. The reliability of results depends on the level of model complexity. Analytical models include those presented in the studies [7,8]. Furthermore, statistical models are obtained as a result of regression analysis and correlation of empirical data. Regression and correlation analysis tools are used to seek independent variables that determine the value of capacity. In these models, all identifiable and measurable capacity determinants are usually sought. The form of the function describing the capacity of a roundabout subordinate entry is then recorded in the following general way:


   C  w l   = f  (  G , S , D , W , T , L , M , E , O  )  ,  



(1)




where:




	
Cwl—roundabout entry capacity,



	
G—a set of geometrical features of a roundabout (e.g., external diameter, width of entries, width of exits, width of the circulatory roadway),



	
S—a set of characteristics of traffic streams at the intersection (including vehicle traffic volumes at entries, on the circulatory roadway of the intersection in collision areas, pedestrian traffic volumes in the area of the intersection, cyclist traffic volume, traffic directional structure, traffic type structure),



	
D—a set of characteristics of drivers of vehicles involved in road traffic (e.g., gender, age, personality traits, the motivation of driving, level of fatigue),



	
W—a set of characteristics describing weather conditions,



	
T—a set of temporal characteristics (e.g., year, month, day of the week, time, season),



	
L—a set of characteristics of the location of the intersection (e.g., land development area, outside the land development area, peripheries of the land development area),



	
M—a set of characteristics of the development of the intersection’s surroundings (e.g., strict city center, residential districts, green areas, recreational areas, dense land development),



	
E—a set of characteristics of environmental restrictions (including the permissible levels of noise of transportation origin, exhaust emission level),



	
O—other characteristics that are often difficult to identify unambiguously.








In statistical models, the behavior of drivers is represented by a relationship between the way an intersection functions and its characteristics, which are very often geometric. Unfortunately, some of the statistically important parameters, e.g., geometric ones, are difficult to interpret. Models designed based on empirical data have some disadvantages, e.g., the process of collecting data from measurements should take place when the entry capacity is exhausted, but this is difficult to achieve in practice. The reliability of the results depends on the way of representation and the sample size. Therefore, in order to obtain a reliable model, it is necessary to collect a large amount of data with many variants of each examined parameter. The group of statistical models includes models presented, among others, in [9,10,11,12,13,14,15,16].



In the third group of models, i.e., in the group of simulation models, in addition to the elements mentioned in the description of the two above groups of models, the dynamic characteristics of particular vehicles, composite geometric situations, and other factors affecting the processes of the presence and acceptance of gaps in the main stream may be taken into account.



The substantial foundations of the gap acceptance theory for the main stream were developed mainly by W. Siegloch [8], Harders [17], and W. Grabe [18]. One should also mention many valuable works by J.C. Tanner [19,20], N. G. Major and D.J. Buckley [21]. It is most often assumed in models designed based on the gap acceptance theory for the main stream of vehicles that the distribution of gaps in the main stream is exponential (due to its relative simplicity in use compared to complex multi-parametric distributions). This approach has been applied worldwide in a number of models and methods used to calculate roundabout capacity, e.g., in Germany by W. Brilon [22,23,24], W. Brilon, N. Wu and L. Bondzio [10], W. Brilon and B. Stuwe [25,26], W. Brilon, R. Koenig and R. Troutbeck [27], W. Brilon and M. Vandehey [28]. In Poland, in the studies of J. Chodur [29], it is also the basis of the model on which the method of calculating roundabout capacity was developed [30].



More precise representation of conditions in roundabout traffic streams is possible with the use of models in which the distribution of gaps between vehicles is described using distributions showing the dependent traffic of vehicles. These models are modifications of the model developed by J.C. Tanner, e.g., models based on the Cowan M3 distribution. J.C. Tanner was the first in 1962 to use the Cowan M3 distribution to describe the time gaps in the traffic flow, and it was only in later years that it began to be used to model the headways between moving vehicles. Its generalized form was used to describe traffic conditions on roundabouts e.g., in Australia by R. J. Troutbeck [31] and R. Akçelik [32], in Sweden by O. Hagring [33], or in Poland by E. Macioszek [34,35,36,37].



Although out of the three groups of models described above, models based on the gap acceptance theory for vehicles at entries are considered to be the most reliable (due to the fact that they are models that physically reflect given traffic phenomena), the latest research results, such as [11,12,38], indicate the high accuracy of statistical models in the assessment of roundabout entry capacity. Such models include the models contained in the HCM 2010 (Highway Capacity Manual) method [11] and in the HCM 6th Edition method [12]. The construction of such models required considerable financial outlays to perform numerous empirical studies under conditions of saturation of entries with traffic streams. It is generally accepted that statistical models are not suitable for use in countries other than those for which they were originally developed. The paper presents the effects of the analysis of the applicability of the author’s model of the calculation of single-lane roundabout entry capacity (referred to as the E. Macioszek model) developed for the conditions prevailing in Poland to the conditions prevailing at single-lane roundabouts located in Tokyo and in Tokyo surroundings. The present research has been financed from the funds of the Polish National Agency for Academic Exchange as part of the project within the scope of the Bekker Programme. The project has the title “Analysis of the applicability of the author’s method of roundabouts entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo (Japan) and in the Tokyo surroundings”.




2. The E. Macioszek Model


The E. Macioszek model was designed based on empirical data obtained from measurements taken at roundabouts in Poland in 2004–2013. The model is constructed to calculate the value of initial capacity of single-lane roundabouts, two-lane roundabouts, and turbo roundabouts under the ideal conditions at the roundabout, i.e., without the influence of pedestrians and heavy traffic. The value of actual capacity of roundabout entry can then be calculated using data about pedestrians and heavy traffic volumes. This model is based on the gap acceptance theory with an empirical basis. A detailed description of the model as well as detailed data about the model parameters can be found in [39]. In the modeling process, a stepwise function of gap acceptance by vehicle drivers entering the roundabout circulatory roadway is assumed. The model uses two different circulating stream headway distributions according to the range of the circulating flow rate (Qnwl). There are:




	
for Qnwl ≤ 100 Pcu/h—shifted exponential distribution, and



	
for Qnwl > 100 Pcu/h—Cowan M3 distribution.








The model used to calculate the initial capacity of a single-lane roundabout entry has the following form:


   C  o w l   =  {        1.03 ⋅  Q  n w l   ⋅  e  −  [     Q  n w l     3600 −  Q  n w l   ⋅  t p    ⋅  (   t g  −  t p   )   ]      1 −  e  −  [     Q  n w l     3600 −  Q  n w l   ⋅  t p    ⋅  t f   ]          f o r      Q  n w l   ≤ 100    [    P c u  h   ]          1.03 ⋅  Q  n w l   ⋅ ϕ ⋅  e  −  [    ϕ ⋅  Q  n w l     3600 −  Q  n w l   ⋅  t p    ⋅  (   t g  −  t p   )   ]      1 −  e  −  [    ϕ ⋅  Q  n w l     3600 −  Q  n w l   ⋅  t p    ⋅  t f   ]       [    P c u  h   ]      f o r      Q  n w l   > 100    [    P c u  h   ]        ,  



(2)




where:




	
Cowl—the initial capacity for single-lane roundabout entry [Pcu/h],



	
Qnwl—the traffic volume on roundabout circulatory roadway [Pcu/h],



	
tg—critical gap [s],



	
tf—follow-up time [s],



	
tp—minimum headway between vehicles moving on roundabout circulatory roadway [s],



	
 ϕ —the proportion of unbunched vehicles for the circulating stream (  ϕ ∈  〈  0 , 1  〉   )[–].








The summary or research data from single-lane roundabouts in Poland used for calibrating the capacity model is presented in Table 1.



Figure 1 shows the initial capacity of single-lane roundabout entry calculated from the E. Macioszek model as a function of traffic volume on the roundabout circulatory roadway. The curves are presented for extreme values of observed data for the external diameter (Di) and circulatory roadway width (wc).




3. Roundabouts in Japan


Although roundabouts are popular and often designed in many countries in Europe, North America, Australia, and New Zealand, they are not a popular kind of intersections in Japan. The vast majority of intersections in Japan are controlled by traffic lights. The first roundabout in Japan was built in 2012 (by comparison, the first roundabout in the USA was designed in 1905 in New York City, whereas the first roundabout in Europe was built in 1905 in Paris. Both these roundabouts are still under operation). Some of the first roundabouts built in Japan included:




	
2012—Iida city and Karuizawa city in Nagano Prefecture—6 intersections were converted into roundabouts,



	
2013—Yaizu city in Shizuoka Prefecture—2 intersections were converted into roundabouts,



	
2013—Moriyama city in Shiga Prefecture—2 intersections were converted into roundabouts.








According to data [40], 38 roundabouts were built in Japan in 2014, 49 in 2015, while according to Japan Ministry of Land, Infrastructure, Transport, and Tourism [41], there are currently about 140 of them in 32 Japanese prefectures (Figure 2). Roundabouts are primarily sited in residential areas as well as in suburban areas and further on in urban areas (Figure 3). There are only single-lane roundabouts.



Although roundabouts have been operating within the transport network in Japan since 2012, they are still not very popular and are not much liked by the Japanese. However, the reason for their use is the fact that they allow for smooth driving on intersections in crises such as earthquakes that occur quite frequently in Japan, which is usually impossible during breakdowns at intersections with traffic lights caused by earthquakes.




4. Roundabouts Entry Capacity Calculation—Case Study Based on Roundabouts in Tokyo and Tokyo Surroundings


In order to analyze the applicability of the author’s model of roundabout entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo and in Tokyo surroundings, examinations of traffic streams were performed for vehicles moving around 6 single-lane roundabouts located in and around Tokyo using digital cameras from February to April 2019. These were the following roundabouts:




	
Minami Hanyu roundabout,



	
Sakuragaocka roundabout,



	
Suzaka Nagano roundabout



	
Hitachi Taga roundabout,



	
Iida Nagano 1 roundabout,



	
Iida Nagano 2 roundabout.








Over the empirical measurements, the following features of traffic flows were identified:




	
traffic volumes at roundabout entries at 15-min intervals,



	
traffic volumes on the circulatory roadways of roundabouts at 15-min intervals,



	
headways rejected and accepted by particular drivers at roundabout entries, which then were the basis for determination of critical gaps (tg),



	
follow-up times (tf) for drivers of vehicles from entries,



	
headways between vehicles on the circulatory roadway (tp),



	
vehicle type structure,



	
vehicle direction structure,



	
empirical capacity.








The outer diameter of intersections (Di) ranged from 24.0 to 37.0 m, whereas the roundabout roadway (wc) was between 4.0 and 5.0 m. The traffic was characterized by the volume ranging from 14 to 951 Pcu/h. There was between 0.1% and 10.0% of heavy vehicles recorded in the traffic stream. The measurements were performed under convenient weather conditions for traffic (no precipitation, good visibility). In each case, the measuring stands were located in places as inconspicuous as possible to the drivers (Figure 4). The number of samples for further analyses was selected from the Lapunov formula with the level of significance set at 0.05.



The trajectories of the vehicles on the circulatory roadway and those at the entry were analyzed using the Traffic Analyzer image processing system [46]. The position of vehicles was extracted in 0.5 s intervals, and then, the position coordinates were converted into a global coordinate system by the projective transformation. The vehicle trajectories transformed were smoothened by the Kalman smoothing method [47,48,49].



The analysis of the applicability of the E. Macioszek model of roundabouts entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo and in the Tokyo surroundings consisted in determining the forms of functions representing the parameters of the E. Macioszek model. These were functions that characterized:




	
critical gaps (tg),



	
follow-up times (tf) for drivers of vehicles from entries,



	
minimum gaps between vehicles moving on roundabout circulatory roadways (tp).








Due to the fact that the E. Macioszek model is based on the gap acceptance theory and the function of stepwise acceptance of the headways, it was also necessary to conduct analyses in order to determine the form of the function of the distribution of headways between vehicles moving on the circulatory roadway of a roundabout. The data obtained in this way allowed for the calibration of the E. Macioszek model to the conditions prevailing at roundabouts in Tokyo and in the Tokyo surroundings and then for the verification of the model using the measured empirical capacity.



4.1. The Choice of the Distribution of Headways Between Vehicles on the Circulatory Roadway of a Roundabout


The main objective of the analysis in this research area was to assess the usefulness of theoretical models of a random variable to describe the headways between vehicles on the circulatory roadways of roundabouts. The following theoretical distributions were used for the statistical analysis consisting in the verification of the zero hypothesis (H0) of the compatibility of the empirical distribution of headways with the hypothetical distribution of the known form of F(t) distribution: exponential distribution, Erlang distribution, gamma distribution, log-normal distribution, exponential shifted distribution, Cowan M3 distribution.



Tests of compatibility of model distributions with the real distributions were performed with the    χ 2    Pearson’s test, assuming the significance level  α  = 0.05. The analyses were carried out independently for 20 classes of traffic volumes with the span of 50 PCU/h. The test statistics were in the form:


   χ  e m p  2  =   ∑  i = 1  k        (   n i  −  n i t   )   2     n i t      ,  



(3)






    n i t  = N  p i t  ,     N =   ∑  i = 1  k    n i    ,   



(4)






   p i t  =  P F    { X   adopted   the   value   of   class   i } ,  



(5)






  Critical   value    χ 2   (  α ; k − u − 1  )  ,  



(6)




where:




	
k—the number of classes,



	
ni—class size,



	
u—the number of unknown parameters of the hypothetical distribution F,



	
   n i t  = N  p i t   —theoretical (hypothetical) numbers,



	
 α —the significance level.








If    χ  e m p  2  >  χ 2   (  α ; k − u − 1  )   , the H0 hypothesis of the compatibility of empirical distribution with theoretical distribution was rejected. The calculations were performed using the Statgraphics software. They were performed independently for two states of the vehicle type structure, i.e., with and without heavy vehicles, including passenger car units.



The conversion factor for heavy vehicles was used to determine the traffic volumes in passenger car units per hour [Pcu/h]. It was determined based on the author’s own research as follows:


  E =     d  t  p c − h v    ¯      d  t  p c − p c    ¯    ,  



(7)




where:




	
E —the conversion factor for heavy vehicles [–],



	
    d  t  p c − h v    ¯   —average gap between passenger car and heavy vehicle on the roundabout circulatory roadway [s],



	
    d  t  p c − p c    ¯   —average gap between two passenger cars on the roundabout circulatory roadway [s].








The value of conversion factor for heavy vehicles (trucks and buses) to passenger car units was obtained as E = 2.10. Table 2 contains the results of testing of the compatibility of individual, accepted model distributions with the empirical distributions at the significance level  α  = 0.05 for individual ranges of traffic volume. A positive result (marked with “+” in Table 2) was found to be the one for which there were no grounds to reject the H0 hypothesis about the compatibility of the empirical distribution with the selected hypothetical distribution for all the intersections tested. Furthermore, a negative result (marked with “-” in Table 2) was considered to be a result for which at least one of the intersections tested had grounds to reject the zero hypothesis. Given that there are no grounds for rejecting the H0 hypothesis, there is no reason to question the compatibility of the spacing distribution between vehicles on the circulatory roadway of a roundabout with the adopted hypothetical distribution. The test is designed in such a way that as the value of the statistic    χ 2    gets closer to zero, the H0 hypothesis becomes more reliable.



The analyses revealed that for small values of traffic volume (0–200 Pcu/h), the theoretical distributions in most of the examined cases met the statistical conditions with the sufficient accuracy. It was also found that in many cases, the distributions such as: exponential, shifted exponential, log-normal, and gamma distribution can also describe the average traffic volume of vehicles passing through a given road section (~200–400 Pcu/h). This is consistent with the results of the studies published by C. Bennett [50], S. Yin et al. [51], E. Chevallier and L. Leclercq [52], or R. Rupali and P. Saha [53]. However, from a traffic volume of approximately 400 Pcu/h, vehicle traffic is mainly not smooth and these distributions (except for Cowan M3 and shifted exponential distribution) do not meet the test condition    χ 2   . According to the literature [54,55], in situations of high traffic volume, the distribution of headways between the vehicles on the circulatory roadways is mostly described by exponential shifted distribution or complex distributions, such as the Hyperlang distribution, which is a weighted sum of the shifted exponential and the Erlang distributions or the Cowan M3 distribution.



The aggregate results of the statistical tests presented in Table 2 prove that the most useful theoretical distribution to describe the time headways between vehicles on the circulatory roadway of a roundabout is the exponential shifted distribution. This is because it yields correct results for the entire range of traffic volumes and for all roundabouts. Positive test results for all roundabouts and traffic volumes greater than 250 Pcu/h were also obtained for the Cowan M3 distribution. Figure 5 presents a comparison of the accuracy of the description of empirical headway distributions for the distributions tested. The quotient of the mean value    χ 2    calculated from the study and the critical value was used to assess accuracy. As the value of this quotient gets closer to zero, the description becomes more accurate. Furthermore, a value above 1.0 indicates a negative result of the compatibility of the empirical distribution with the model distribution.



The results of the analyses contained in Figure 4 confirm very high usefulness of the shifted exponential distribution for describing the time headways between vehicles. It should be emphasized that the quotient      χ 2     χ  c r i t i c a l  2      obtained for this distribution in all tested ranges of traffic volume is very low, which proves the high accuracy of the description of actual headways. Similar results in terms of accuracy of the description of the analyzed distribution are obtained only for traffic volumes of above 250 Pcu/h when Cowan M3 distribution is used.




4.2. The Minimal Headways between Vehicles on the Circulatory Roadway of a Roundabout


One of the very important parameters of the distribution of headways between vehicles on the circulatory roadway of a roundabout is the minimum headway tp. The minimum headway between vehicles on the roadway of a roundabout plays an important role in calculating the capacity of the subordinate entries of roundabouts. According to the literature [33], the minimum observed value of the distance between vehicles ranges from 0.5 to 2.5 s. Gaps shorter than 1.0 s occur at intersections or multi-lane roads and are observed between vehicles travelling in different lanes. According to R. Akçelik and E. Chung [54] or V. Statens [56], for roundabouts with one lane on the roundabout roadway, the minimum headway tp ranges from 1.5 to 2.0 s and often is 1.8 s. Furthermore, some studies, e.g., [55], specify that the minimum values of tp headway greater than 2.0 s for roundabouts are rare.



Considering the values obtained from the author’s own tests, it can be stated that the minimum headway ranges from 2.31 to 5.74 s and clearly depends on the traffic volume. On the basis of data presented on Figure 6, it can be concluded that stabilization of the minimum values of tp headway exists for higher traffic volume on roundabout circulatory roadway which results from a significant increase in the likelihood of vehicles rear impacts. In cases of high traffic volumes, vehicles are moving in columns one vehicle after another, and the headways between vehicles are constants or they are similar values to each other. So, in these road traffic conditions, minimum values of tp headway should be sought. Considering the results of our own research, it was calculated that the average value of tp headway is equal to 2.45 s (for non-free traffic conditions).



For the collected samples, the relationship between the minimum headway tp and the traffic volume on the circulatory roadway of the roundabout Qnwl was analyzed. Two different forms of the relationship were studied, but the power function was better suited to empirical data. The following form was obtained:


    t p  = 27.47 ⋅  Q  n w l      − 0.36      [ s ]      for    Q  n w l   > 100   P c u / h ,   



(8)




where:




	
tp—minimum headway between vehicles moving on the roundabout circulatory roadway [s],



	
Qnwl—the circulating flow rate (i.e., traffic volume on the roundabout circulatory roadway) [Pcu/h].








The graphical form of the above function and the obtained empirical values are presented in Figure 6.



Based on the analysis of estimation accuracy (Table 3), it was found that the assumed power relationship for logarithmic values is well fit (a relatively small value of the coefficient of residual variation (Ve) of 13% and coefficient of convergence (   φ 2   ) of 23%). Therefore, it can be assumed that the possible deviation of the actual headways between the vehicles moving on the circulatory roadway of a roundabout from the values of the headways determined based on power function is relatively small. Furthermore, the analysis yielded a satisfactory value of the coefficient of determination (0.77) and the non-linear correlation coefficient (0.88), which confirms the existence of the relationship between the variables under consideration.



As the traffic volume on the circulatory roadway of a roundabout increases, the value of the minimum headway between vehicles decreases. Apart from the traffic volume, the tp values may be affected by other factors not taken into account in the analysis, such as local determinants of geometric solutions, vehicle type structure, size of the city in which the roundabout was located, weather conditions, etc.




4.3. Critical Gaps and Follow-Up Times Parameters for Vehicle Drivers at Roundabouts


M. Raff defined the critical gap as a value of time interval for which the number of accepted gaps shorter than this value is equal to the number of rejected gaps longer than this value [57]. M. Raff and W. Hart are authors of one of the first method of critical gap estimating. According to M. Raff, the critical gap corresponds to the median (i.e., second quartile—50%) In the similar way, the critical gap value was later determined D. Drew [58]. Critical gaps could be also calculated using the maximum likelihood method [27]. In the estimation procedure of the maximum likelihood method, the probability of an event that critical gap value is located between logarithm values: the largest rejected gap and gap accepted by the individual drivers is determined. This method assumes that the sample obtained from the measurements is the implementation of the event with the highest possible probability, which is equivalent to the condition that credibility reaches a maximum.



The values of critical gaps were calculated using the cumulative distribution functions of the accepted and rejected gaps as well as using the gap acceptance curves. The gap acceptance curves were also used to calculate the critical gap as the gap for which the probability of acceptance is 50%. The gaps were only collected for the vehicles on roundabout entry without any other vehicles ahead of the entry give way line. An example of how the critical gaps were determined for the entry of the Minami Hanyu roundabout using cumulative curves and the acceptance curve is presented in Figure 7. The cumulative curves were calculated using the S. Raff method [57]. The values of critical gaps were also calculated according to D. Drew dependency [58]:


   t g  = t +    (   t 3  −  t 1   )  Δ t    (   t 2  +  t 3   )  −  (   t 1  +  t 4   )           [ s ]     ,  



(9)




where:




	
t1, t2, t3, t4—the value of gaps that are sought in the sample in such a way as to meet the condition that the number of accepted gaps (t1, t2) smaller than the specified value t is similar (in the ideal case equal) to the number of rejected gaps (t3, t4) larger than the specified value t [s],



	
t—time value corresponding to the beginning of the interval in which the values were



	
located: t1, t2, t3, t4 [s],



	
Δt—time interval [s].








The average value of the critical gap was equal to 4.69 s.



Next, the obtained data were subjected to regression and correlation analysis, which yielded the dependence of the critical gap on the outer diameter of the roundabout (Di) and width of the circulatory roadway (wc), and has the following form:


    t g  = 12.80 − 0.19 ⋅  D i  − 0.56 ⋅  w c      [ s ] ,    for   24   m ≤  D i  ≤ 37   m   ,   4.0   m ≤  w c  ≤ 5.0   m ,   



(10)




where:




	
tg—critical gap [s],



	
Di—external diameter of the roundabout [m],



	
wc—width of the circulatory roadway [m].








A graphical representation of the linear multiple regression function is shown in Figure 8. The evaluation parameters of the estimated linear multiple function for the critical gap is presented in Table 4.



It can be concluded from the obtained correlation matrix (Table 4) that there is a linear negative correlation between the variables tg and Di (the linear correlation coefficient for tg and Di is −0.88), whereas the linear negative correlation between tg and wc is lower (linear correlation coefficient for tg and wc is −0.60).



The multiple correlation coefficient (R) is 0.90, which indicates a very strong relationship of tg with Di and wc. The multiple determination factor (R2 = 0.81), indicates that 81% of the tg variability was explained by the variability of both Di and wc. The standard deviation of the residual component is 0.33, which indicates that the theoretical values of tg, determined from the estimated regression function, differ from the actual tg by ±0.33s. The coefficient of residual variability is 0.07. This means that the standard deviation of the residual component accounts for 7% of the average tg value, which in turn indicates moderate random variation. The coefficient of convergence is 0.19. Based on this measure of fit, it can be concluded that, in terms of the estimated multiple regression function, 19% of the tg variability was not explained by the simultaneous change of the other two variables.



In addition to the explanatory variables adopted for the analysis (Di and wc), many other variables affect the critical gap simultaneously. Factors that may affect the critical gap values are also: traffic factors (traffic volume for the main relation, distribution of gaps between vehicles of the main relation, type of subordinate and closing vehicles, traffic volume of vehicles leaving the circulatory roadway of a roundabout), and geometric factors (visibility restriction for subordinate vehicles, number of roundabout entries, angle of intersection road axes, inclination of entries, separating islands at the entries, etc.).



Meanwhile, the follow-up times were estimated as an average value from follow-up times of particular vehicle drivers at each roundabout entry. Individual values of follow-up time were analyzed for the vehicles queuing at the roundabout entry, and then the average value of follow-up time was established for the roundabout entry. The average value of follow-up time was equal to 2.93 s (detailed analysis is presented in research work [59]). The obtained data were subjected to regression and correlation analysis, which yielded the dependence of the follow-up time on the outer diameter of the roundabout (Di) and width of the circulatory roadway (wc) and has the following form:


    t f  = 3.70 − 0.02 ⋅  D i  − 0.06 ⋅  w c      [ s ] ,    for   24   m ≤  D i  ≤ 37   m   ,   4.0   m ≤  w c  ≤ 5.0   m ,   



(11)




where:




	
tf—- follow-up time [s],



	
Di—- external diameter of the roundabout [m],



	
wc—- width of the circulatory roadway [m].








A graphical representation of the linear multiple regression function is shown in Figure 9. Furthermore, the evaluation parameters of the estimated linear multiple function for follow-up time is presented in Table 5.



It can be concluded from the obtained correlation matrix (Table 5) that there is a very strong linear negative correlation between the variables tf and Di (linear correlation coefficient for tg and Di is −0.99) and strong linear negative correlation between tf and wc (linear correlation coefficient for tf and wc is −0.72). The linear positive correlation between the explanatory variables Di and wc is 80% (linear correlation coefficient for Di and wc is 0.80).



The multiple correlation coefficient (R) is 0.99, which indicates a very strong relationship of tf with Di and wc. The multiple determination factor (R2 = 0.98), indicates that as much as 98% of the tf variation was explained by the variability of both Di and wc. The standard deviation of the residual component is 0.02, which indicates that the theoretical values of tf, determined from the estimated regression function, differ from the actual tf only by ±0.02 s. The coefficient of residual variability is 0.01. This means that the standard deviation of the residual component accounts for 1% of the average tf value, which in turn indicates very low random variation. The coefficient of convergence is 0.02. Based on this measure of fit it can be concluded that, in terms of the estimated multiple regression function, only 2% of the follow-up time variability was not explained by the simultaneous change of the other two variables. With very small traffic volume on the circulatory roadway of the roundabout, the follow-up times mainly determine the capacity of a given entry. Therefore, the relationship describing the follow-up time should adequately reflect the actual conditions at the roundabout entry.




4.4. Implementation of the E. Macioszek Model to the Conditions Representing Driver Behaviour at Roundabouts Located in Tokyo and Tokyo Surroundings


The E. Macioszek model presented in Section 2 was implemented to the conditions representing driver behavior at roundabouts located in Tokyo and its surroundings. The implementation consisted in using the model distribution of headways between vehicles on the circulatory roadway of a roundabout obtained from empirical studies and analyses conducted at roundabouts in Tokyo and Tokyo surroundings (Section 4.1), submodel representing the minimum headways between vehicles moving on the circulatory roadway of a roundabout (Section 4.2), and submodels characterizing the psychotechnical parameters i.e., critical gap and follow-up time representing the behavior of vehicle drivers at roundabout entry (Section 4.3). The graphical form of the E. Macioszek model implemented to the conditions representing the behavior of drivers at roundabouts in Tokyo and Tokyo surroundings compared to the original model is shown in Figure 10.



The correctness of the implemented traffic model for single-lane roundabouts was verified by determination of the empirical capacities in the state of entry saturation with traffic. Based on the obtained results, it can be concluded that on each of the analyzed single-lane roundabouts, the relative error values were lower than 9.4% (according to [60], the model can be considered correct in terms of accuracy when the relative error values do not exceed 10.0%). Low absolute error values were also obtained, which in all cases did not exceed 17 Pcu/h. The low values of relative and absolute errors prove that the capacity calculated by the proposed model is highly consistent with the actual capacity of single-lane roundabout entries. This demonstrates the adoption of appropriate headway distributions describing the flow of vehicles on the circulatory roadway of a single-lane roundabout, and functions describing the parameters of these distributions. An additional factor that ensured the most adequate representation of traffic in the area of single-lane roundabouts was the use of digital cameras in measurements which guaranteed the appropriate accuracy of measurement of the tested characteristics. The results of the analysis of model accuracy also indicate that all the average error values can be considered as small, falling within the accuracy range of the currently used measurement methods.





5. Discussions


The article presents the calculation of roundabout entry capacity as a case study based on roundabouts located in Tokyo and Tokyo surroundings. The analysis was conducted as a part of a project entitled “Analysis of the applicability of the author’s method of roundabouts entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo (Japan) and in the Tokyo surroundings” financed by the Polish National Agency for Academic Exchange.



The author’s literature studies, the research and analysis of the results of the research, and the experience gained during the work on the project in Japan lead to the following conclusions:




	
The accuracy of the representation of the roundabout entry capacity is significantly influenced by the adopted model of the distribution of headways between vehicles on the circulatory roadway of a roundabout. Undoubtedly, the theoretical distributions which are the most useful for the description of the headways between the vehicles on the circulatory roadways of roundabouts are the Cowan M3 distribution and the shifted exponential distribution as they yield accurate results over the entire range of traffic volumes.



	
Based on the implemented model used to calculate the capacity of the entries of single-lane roundabouts with external diameter from 24.0 to 37.0 m and the width of the roadway of the roundabout from 4. to 5.0 m, it can be concluded that the entry capacity depends on many geometrical and traffic factors of the intersection. In addition to the geometric characteristics of the roundabout, the proposed model also takes into account quantitative and qualitative traffic characteristics, such as the vehicle type structure of the traffic and minimum headways between vehicles on the roundabout circulatory roadway. This allows for performing the effective assessment of the entry capacity of such intersections.



	
Values of critical gaps and follow-up times between vehicles entering the roundabout circulatory roadway from a queue at the entry of the analyzed single-lane roundabouts in Tokyo and the Tokyo surroundings ranged respectively between 3.10 and 6.60 s for critical gaps and between 2.70–3.10 s for the follow-up times. With reference to the previous studies involving measurements of values of psychotechnical parameters performed at roundabouts in Japan, the following can be established: according to S. Manage, H. Nakamura, K. Suzuki [61], the critical gap values ranging between 3.00 and 3.80 s, and according to N. Kang, H. Nakamura, and M. Asano [62], between 3.5 and 4.0. Meanwhile, the follow-up time values according to S. Manage, H. Nakamura, K. Suzuki [61], ranged between 3.26 and 4.90 s, and according to N. Kang, H. Nakamura, and M. Asano [62], between 2.6 and 3.8. However, it should also be noted that in the studies addressed in both these papers, the relevant measurements were performed at the entries of only one single-lane roundabout. The obtained values of psychotechnical parameters in the author’s own studies conducted at entries of six single-lane roundabouts are similar to the values provided in the mentioned papers for critical gaps and follow-up times.



	
Taking into account the obtained results of the analyses, the E. Macioszek model implemented to the conditions representing the behavior of drivers at roundabouts in Tokyo and Tokyo surroundings (Figure 9) can be considered to be correct in terms of accuracy since e.g., relative errors ranged from 2.2% to 9.4%. The advantages of the form of this model from the standpoint of possible further practical implication should be also stressed.








The results of the research and analysis presented in this paper do not exhaust all the problems concerning roundabout entry capacity calculation of roundabouts located in Tokyo and Tokyo surroundings. Some of the research topics started in the paper clearly confirm the need for further research and the determination of its directions. In the author’s opinion, this should concern in particular:




	
further field research conducted on much larger number roundabouts throughout Japan. Single-lane roundabouts in Japan are a relatively new road solution and are not too diverse in terms of geometric, moreover the measurements were carried out only on 6 roundabouts,



	
further testing of roundabout capacity under traffic saturation conditions with the changing load of individual entries using computerized traffic simulation tools,



	
monitoring of trends in the changes in behaviors of drivers moving on roundabouts in Tokyo and Tokyo surroundings for a longer time gap and identification of the factors causing these changes (ongoing monitoring will allow for periodic updating of the implemented model),



	
designing the method of capacity calculation and measures for the assessment of traffic conditions based on the E. Macioszek model implemented for traffic conditions at roundabouts in Tokyo and Tokyo surroundings and further implementation work.












Author Contributions


Conceptualization, E.M.; methodology, E.M.; validation, E.M.; formal analysis, E.M.; investigation, E.M.; resources, E.M.; data curation, E.M.; writing-original draft preparation, E.M.; writing-review and editing, E.M.; visualization, E.M.; supervision, E.M.; project administration, E.M.; funding acquisition, E.M. All authors have read and agreed to the published version of the manuscript.




Funding


The present research has been financed from the means of the Polish National Agency for Academic Exchange as a part of the project within the scope of Bekker Programme “Analysis of the applicability of the author’s method of roundabouts entry capacity calculation developed for the conditions prevailing in Poland to the conditions prevailing at roundabouts in Tokyo (Japan) and in the Tokyo surroundings”.




Acknowledgments


The author is grateful to the Eng. Nan Kang and Terabe Shintaro from Department of Civil Engineering, Tokyo University of Science, Tokyo, Japan for additional video recordings files sharing, research software provided, Supplementary Materials and technical support during field research on roundabouts located in Tokyo surroundings. Moreover, the author would like to thank you very much Hitachi Taga Station Police for their support and assistance in conducting field research.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Stanimirovic, D.; Bogdanovic, V.; Davidović, S.; Kazimieras Zavadskas, E.; Stević, Ż. The influence of the participation of non-resident drivers on roundabout capacity. Sustainability 2019, 11, 3896. [Google Scholar] [CrossRef]

	



Gallelli, V.; Vaiana, R. Safety improvements by converting a standard roundabout with unbalanced flow distribution into an egg turbo roundabout: Simulation approach to a case study. Sustainability 2019, 11, 466. [Google Scholar] [CrossRef]

	



Wan, H.; Chen, X.; Du, Z. Improving safety and efficiency of roundabouts through an integrated system of quide signs. Sustainability 2019, 11, 5202. [Google Scholar] [CrossRef]

	



Deluka Tibljaś, A.; Giuffre, T.; Surdonja, S.; Trubia, S. Introduction of autonomous vehicles: Roundabouts design and safety performance evalustion. Sustainability 2018, 10, 1060. [Google Scholar] [CrossRef]

	



Giuffre, T.; Trubia, S.; Canale, A.; Persaud, B. Using microsimulation to evaluate safety and operational implications of newer roundabout layouts for European Road Networks. Sustainability 2017, 9, 2084. [Google Scholar] [CrossRef]

	



Guerrieri, M.; Corriere, F.; Rizzo, G.; Lo Castro, B.; Scaccianoce, G. Improving the sustainability of transportation: Environmental and functional benefits of right turn by-pass lanes at roundabouts. Sustainability 2015, 7, 5838–5856. [Google Scholar] [CrossRef]

	



Linse, L. Capcal for Small Roundabouts. Current Status and Improvements; LiU-ITN-TEK-A-10/052-SE; Department of Science and Technology, Linkoping University: Linkoping, Sweden, 2010; pp. 1–92. [Google Scholar]

	



Siegloch, W. Die Leistungsermittlung an Knotenpunkten ohne Lichtsignalsteuerung; Bundesminister für Verkehr: Strassenbau, Germany, 1973; pp. 1–173.

	



Brilon, W. Intersections without Traffic Signals; Springer: Berlin, Germany, 1991; Volume II, pp. 1–361. [Google Scholar]

	



Brilon, W.; Wu, N.; Bondzio, L. Unsignalized Intersections in Germany. A State of the Art 1997; Transportation Research Board: Portland, OR, USA, 1997; pp. 61–70.

	



Transportation Research Board. Highway Capacity Manual 2010; Transportation Research Board: Washington, DC, USA, 2010.

	



Transportation Research Board. Highway Capacity Manual 6th Edition. A Quide for Multimodal Analysis; Transportation Research Board: Washington, DC, USA, 2016.

	



Kimber, R.M. The Traffic Capacity of Roundabouts. Report LR 942; Transport and Road Research Laboratory: Crowthorne, Grand Britain, UK, 1980; pp. 1–43.

	



Guichet, B. Roundabouts in France. Development, safety, design and capacity. In Proceedings of the Third International Symposium on Intersections Without Traffic Signals, Portland, Oregon, 21–23 July 1997; pp. 100–105. [Google Scholar]

	



Guichet, B. Roundabouts in France and new use. In Proceedings of the Transportation research Board. National Roundabout Conference Proceedings, Vail, CO, USA, 22–25 May 2005; pp. 22–25. [Google Scholar]

	



Louah, G. Panorama critique des modeles francais de capacite des carrefours giratoires. Actes Du Semin. Int. Giratories 1992, 92, 14–16. [Google Scholar]

	



Harders, J. Die Leistungsfähigkeit Nicht Signalregelter Städtischer Verkshrsknoten. Straßenbau und Strassenverkehrstechnik 76; Bundesminister für Verkehr: Bonn, Germany, 1968; pp. 1–104.

	



Grabe, W. Leistungsermittlung von Nicht Licht Signalsteuerten Knotenpunkten des Strasenverkehrs. Forschungsarbeiten aus dem Strassenwesen, Neue Folge 11; Kirschbaum Verlag: Bielefeld, Germany, 1954. [Google Scholar]

	



Tanner, J.C. A theoretical analysis of delays at an uncontrolled intersection. Biometrica 1962, 49, 163–170. [Google Scholar] [CrossRef]

	



Tanner, J.C. The capacity of an uncontrolled intersection. Biometrika 1967, 54, 657–658. [Google Scholar] [CrossRef]

	



Major, N.G.; Buckley, D.J. Entry to a traffic stream. Aust. Road Res. Board 1962, 1, 206–228. [Google Scholar]

	



Brilon, W.; Grossmann, M.; Blanke, H. Verfahren für die Berechnung der Leistungsfahigkeit und Qualitat des Verkehrsablaufes auf Strassen. Forsch. Straßenbau Und Strassenverk. 1994, 669, 338–350. [Google Scholar]

	



Brilon, W. Roundabouts: A state of the art in Germany. In National Roundabout Conference 2005 Proceedings; Transportation Research Circular: Washington, DC, USA, 2005; Volume E-C083, pp. 1–15. [Google Scholar]

	



Brilon, W.; Wu, N. Kapazitaet von Kreisverkehren-Aktualisierung. Strassenverkehrstechnik 2008, 5, 280–288. [Google Scholar]

	



Brilon, W.; Stuwe, B. Capacity and safety of roundabouts in West Germany. In Proceedings of the 15th ARRB Conference, Darwin, Australian, 26–31 August 1990; Volume 15, pp. 275–281. [Google Scholar]

	



Brilon, W.; Stuwe, B.; Bondzio, R. Kleine Kreisverkehre - Empfehlungen zum Einsatz und zur Gestaltung; Ministerium Stadtentwicklung und Verkehr des Landes NRW: Duisburg, Germany, 1993.

	



Brilon, W.; Koenig, R.; Troutbeck, R. Useful estimation procedures for critical gaps. Transp. Res. Part A 1999, 33, 161–186. [Google Scholar] [CrossRef]

	



Brilon, W.; Vandehey, M. Roundabouts - the state of the art in Germany. ITE J. 1998, 68, 48–54. [Google Scholar]

	



Chodur, J. Funkcjonowanie Skrzyżowań Drogowych w Warunkach Zmienności Ruchu; Monografia 347; seria Inżynieria Lądowa: Politechnika Krakowska, Kraków, 2007; pp. 1–205. [Google Scholar]

	



GDDKiA. Metoda Obliczania Przepustowości Rond. Instrukcja Obliczania; Generalna Dyrekcja Dróg Krajowych i Autostrad: Warsaw, Poland, 2004; pp. 1–76.

	



Troutbeck, R.J. Average delay at an unsignalized intersection with two major streams each having a dichotomized headway distribution. Transp. Sci. 1986, 20, 272–286. [Google Scholar] [CrossRef]

	



Macioszek, E.; Akçelik, R. A Comparison of Two Roundabout Capacity Models. In Proceedings of the 5th International Roundabout Conference, Transportation Research Board, Green Bay, WI, USA, 8–10 May 2017. [Google Scholar]

	



Hagring, O. Vehicle-vehicle Interactions at Roundabouts and their Implications for the Entry Capacity: A Methodological Study with Applications to Two-lane Roundabouts. Ph.D. Thesis, University of Lund, Lund Institute of Technology, Department of Traffic Planning and Engineering 159, Lund, Sweden, 1998. [Google Scholar]

	



Macioszek, E. Relationship between Vehicle Stream in the Circular Roadway of a One-Lane Roundabout and Traffic Volume on the Roundabout at Peak Hour. In Transport Systems Telematic. Communication in Computer and Information Science; Mikulski, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2014; Volume 471, pp. 110–119. [Google Scholar]

	



Macioszek, E. Analysis of the Effect of Congestion in the Lanes at the Inlet to the Two-Lane Roundabout on Traffic Capacity of the Inlet. In Activities of Transport Telematics. Communications in Computer and Information Science; Mikulski, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2013; Volume 395, pp. 97–104. [Google Scholar]

	



Szczuraszek, T.; Macioszek, E. Proportion of Vehicles Moving Freely Depending on Traffic Volume and Proportion of Trucks and Buses. Balt. J. Road Bridge Eng. 2013, 8, 133–141. [Google Scholar] [CrossRef]

	



Macioszek, E. Geometrical Determinants of Car Equivalents for Heavy Vehicles Crossing Circular Intersections. In Transport Systems Telematics. Communications in Computer and Information Science; Mikulski, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 329, pp. 221–228. [Google Scholar]

	



Vaiana, R.; Capiluppi, G.F.; Gallelli, V. Roundabout intersections: Analysis for scenarios by micro-simulation. In Proceedings of the 4th International SIIV Congress, Advances in Transport Infrastructures and Stockeholders Expectations, Palermo, Italy, 12–14 September 2007; Universita degli Studi di Palermo: Palermo, Italy, 2007; pp. 1–15. [Google Scholar]

	



Macioszek, E. Modele przepustowości wlotów skrzyżowań typu rondo w warunkach wzorcowych. Open Access Libr. 2013, 3, 1–260, (In English: Models of traffic capacity in roundabout inlets in ideal conditions). [Google Scholar]

	



Kazunori, M. Roundabouts in Japan. Available online: http://trbroundabouts.com/wp-content/uploads/2015/12/Appendix-G-Munehiro-Japan-2016.pdf (accessed on 8 August 2019).

	



Japan Ministry of Land, Infrastructure, Transport and Tourism. Current status of roundabouts. Available online: http://www.mlit.go.jp/road/ir/ir-council/roundabout/pdf01/4.pdf (accessed on 21 August 2019).

	



International Association of Traffic and Safety Sciences. Available online: http://www.iatss.or.jp/en/search.html?q=roundabout (accessed on 15 March 2019).

	



Ministry of Land, Infrastructure, Transport and Tourism in Japan. Available online: http://www.mlit.go.jp/en/road/index.html (accessed on 8 April 2019).

	



Kobayashi, H.; Imada, K.; Nakano, T.; Takamiya, S. Study of the introduction of roundabouts in Japan. Available online: http://www.nilim.go.jp/english/annual/annual2014/50.pdf (accessed on 21 May 2019).

	



Takemoto, A.; Munehiro, K.; Kasai, S. Experiment of driving behavior at roundabout on snow and ice pavement. J. Jpn. Soc. Civ. Engineers. Infrastruct. Plan. Manag. 2011, 67, 67_I_689–67_I_696. [Google Scholar]

	



Suzuki, K.; Nakamura, H. Traffic Analyzer - the Integrated video Image Processing System for Traffic Flow Analysis. In Proceedings of the 13th ITS world congress, London, UK, 8–12 October 2006; pp. 1–8. [Google Scholar]

	



Aravkin, A.; Burke, J.V.; Ljung, L.; Lozano, A.; Pillonetto, G. Generalized Kalman smoothing: Modeling and algorithms. Automatica 2017, 86, 63–86. [Google Scholar] [CrossRef]

	



Ardeshiri, T.; Ozkan, E.; Orguner, U.; Gustafsson, F. Approximate Bayesian Smoothing with Unknown Process and Measurement Noise Covariances. IEEE Signal Process. Lett. 2015, 22, 2450–2454. [Google Scholar] [CrossRef]

	



Berberidis, D.; Giannakis, G.B. Data Sketching for Large-Scale Kalman Filtering. IEEE Trans. Signal Process. 2017, 65, 3688–3701. [Google Scholar] [CrossRef]

	



Bennett, C.R. A Speed Prediction Model for Rural Two-Lane Highways. Ph.D. Thesis, Department of Civil Engineering, The University of Auckland 456, Auckland, New Zealand, 1994. [Google Scholar]

	



Yin, S.; Li, Z.; Zhang, Y.; Yao, D.; Su, Y.; Li, L. Headway distribution modelling with regards to traffic status. IEEE Intell. Veh. Symp. 2009. [Google Scholar] [CrossRef]

	



Chevallier, E.; Leclercq, L. A macroscopic theory for unsignalized intersections. Transp. Res. Part B Methodol. 2007, 41, 1139–1150. [Google Scholar] [CrossRef]

	



Rupali, R.; Saha, P. Headway distribution models of two-lane roads under mixed traffic conditions: A case study from India. Eur. Transp. Res. Rev. 2018, 10, 1–12. [Google Scholar]

	



Akçelik, R.; Chung, E. Calibration of the bunched exponential distribution of arrival headways. Reprint with minor revisions. Road Transp. Res. 1994, 3, 42–59. [Google Scholar]

	



Tanyel, S.; Yayla, N. A discussion of the parameters of Covan M3 distribution for Turkey. Transp. Res. Part A 2003, 37, 129–143. [Google Scholar]

	



Statens, V. Capcal, model description. In Part III: Roundabouts; Report 1995: 007E-1995:010E; Borlänge, Sweden, 1995. [Google Scholar]

	



Raff, M.S. A Volume Warrant for Urban Stop Signs; The Eno Foundation for Highway Traffic Control: Saugatuck, CT, USA, 1950; pp. 1–121. [Google Scholar]

	



Drew, D.R. Traffic Flow Theory and Control; Mc Graw - Hill Series in Transportation: New York, NY, USA, 1968. [Google Scholar]

	



Macioszek, E. Empirical analysis of gap acceptance parameters at roundabouts located in Tokyo (Japan) and the Tokyo surroundings. In Nodes in Transport Networks - Research, Data Analysis and Modelling. Lecture Notes in Intelligent Transportation and Infrastructure; Macioszek, E., Kang, N., Sierpiński, G., Eds.; Springer: Cham, Switzerland, 2020; pp. 3–15. [Google Scholar]

	



Zeliaś, A.; Pawelek, B.; Wanat, S. Metody Statystyczne. Zadania i Sprawdziany; Polskie Wydawnictwo Ekonomiczne: Warszawa, Poland, 2002. [Google Scholar]

	



Manage, S.; Nakamura, H.; Suzuki, K. Performance Analysis of Roundabouts as an Alternative for Intersection Control in Japan. J. East. Asia Soc. Transp. Stud. 2003, 5, 871–883. [Google Scholar]

	



Kang, N.; Nakamura, H.; Asano, M. An Empirical Analysis on Critical Gap and Follow-up Time at Roundabout Considering Geometry Effect. Available online: http://library.jsce.or.jp/jsce/open/00039/201211_no46/pdf/129.pdf (accessed on 5 May 2019).








[image: Sustainability 12 01533 g001 550] 





Figure 1. The initial capacity of single-lane roundabout entry calculated from the E. Macioszek model. 
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Figure 2. Roundabouts in different prefectures in Japan. Source: own research based on [41]. 
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Figure 3. Selected roundabouts classification in Japan, according to: (a) location; (b) external diameter; (c) the number of roundabout arms; (d) types of intersecting roads. Source: Own research based on [41,42,43,44,45]. 
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Figure 4. Examples of the location of measuring stations. 
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Figure 5. Relative values of    χ 2    statistic for theoretical distribution gaps between vehicles on the roundabout circulatory roadway. 
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Figure 6. The dependence of the minimum headway between vehicles on the circulatory roadway as a function of the traffic volume on the roundabout circulatory roadway. 
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Figure 7. The critical gap values for the Minami Hanyu roundabout entry estimated using (a) cumulative curves and (b) acceptance curve. 
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Figure 8. The dependence of the critical gap as a function of the circulatory roadway width and roundabout external diameter. 
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Figure 9. The dependence of the follow-up time as a function of the circulatory roadway width and roundabout external diameter. 
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Figure 10. Implemented form of the E. Macioszek model to the conditions prevailing at roundabouts in Tokyo and Tokyo surroundings. 
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Table 1. The brief of research data from single-lane roundabouts used for calibrating the capacity model.
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	Parameter
	Single-Lane Roundabout





	External diameter [m]
	26.0–45.0



	Central island diameter [m]
	15.0–26.0



	Circulating road width [m]
	4.0–10.0



	Total entry width [m]
	3.0–4.0



	Entry radius [m]
	6.0–15.0



	Total exit width [m]
	4.0–4.75



	Exit radius [m]
	12.0–15.0



	Number of intersection arms
	4



	Existence of splitter island
	Yes, at all entries



	---
	---



	Critical gaps [s]
	3.16–6.05



	Follow-up times [s]
	2.50–3.08



	Follow-up headway/critical gap ratio [–]
	0.51–0.79



	Traffic volume on circulatory roadway [Veh/h]
	120–690



	Total traffic volume on roundabout entry [Veh/h]
	186–794
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Table 2. The outcome of the accuracy analysis of fit for the empirical and theoretical distributions on a significance level  α  = 0.05 (where: “+” lack of reasons for rejecting the null hypothesis H0 about compliance of the empirical distribution with the theoretical distribution for all investigated roundabouts, “-” there are reasons for rejecting the null hypothesis H0 for at least one test roundabout).
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Traffic Volume Range [Pcu/h]

	
Theoretical Distribution Type




	
Exponential

	
Gamma

	
Erlang

	
Lognormal

	
Shifted Exponential

	
Cowan M3






	
0–50

	
+

	
+

	
+

	
+

	
+

	
-




	
50–100

	
+

	
+

	
+

	
+

	
+

	
-




	
100–150

	
+

	
+

	
+

	
-

	
+

	
-




	
150–200

	
+

	
+

	
+

	
-

	
+

	
-




	
200–250

	
-

	
+

	
-

	
-

	
+

	
-




	
250–300

	
+

	
+

	
-

	
+

	
+

	
+




	
300–350

	
+

	
+

	
-

	
+

	
+

	
+




	
350–400

	
+

	
+

	
-

	
-

	
+

	
+




	
400–450

	
+

	
-

	
-

	
-

	
+

	
+




	
450–500

	
-

	
-

	
-

	
-

	
+

	
+




	
500–550

	
-

	
-

	
-

	
-

	
+

	
+




	
550–600

	
-

	
-

	
-

	
-

	
+

	
+




	
600–650

	
-

	
-

	
-

	
-

	
+

	
+




	
650–700

	
-

	
-

	
-

	
-

	
+

	
+




	
700–750

	
-

	
-

	
-

	
-

	
+

	
+




	
750–800

	
-

	
-

	
-

	
-

	
+

	
+




	
800–850

	
-

	
-

	
-

	
-

	
+

	
+




	
850–900

	
-

	
-

	
-

	
-

	
+

	
+




	
900–950

	
-

	
-

	
-

	
-

	
+

	
+




	
950–1000

	
-

	
-

	
-

	
-

	
+

	
+
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Table 3. The evaluation parameters of the estimated power function.
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	Parameter
	Parameter Value





	Standard deviation of the residual component (Se)
	0.12



	Coefficient of the residual variation (Ve)
	0.13



	Convergence factor (   φ 2   )
	0.23



	Nonlinear correlation coefficient (R)
	0.88



	Determination coefficient (R2)
	0.77
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Table 4. The evaluation parameters of the estimated linear multiple function for the critical gap.
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	Parameter
	Parameter Value





	Standard deviation of the residual component (Se)
	0.33



	Coefficient of the residual variation (Ve)
	0.07



	Convergence factor (   φ 2   )
	0.19



	Multiple correlation coefficient (R)
	0.90



	Multiple determination coefficient (R2)
	0.81
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Table 5. The evaluation parameters of the estimated linear multiple function for follow-up time.
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	Parameter
	Parameter Value





	Standard deviation of the residual component (Se)
	0.02



	Coefficient of the residual variation (Ve)
	0.01



	Convergence factor (   φ 2   )
	0.02



	Multiple correlation coefficient (R)
	0.99



	Multiple determination coefficient (R2)
	0.98











© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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