


1 INTRODUCTION

The paper presents a microsimulation approach for assessing the safety performance of turbo-round-

abouts where Connected Autonomous Vehicles �CAVs� are mixed with conventional vehicles 

�CVs�. Based on the analysis of vehicle trajectories from Blumenthal (1968) [1], the find of a more 

recent bibliography [2] [3] [4] has underlined the usefulness of adopting a general Systems Theory 

as an approach to the scientific and methodological study of �traffic safety�. According to the Systems 

Theory introduced by Von Bertalanffy [5], traffic can be considered as an �open system�. This per-

spective can be applied to describe and explain the main properties, the hierarchical structure and the 

set of dynamic and interactive processes that altogether form the traffic system. Systems Theory also 

constitutes a tool for the detailed systematic analysis and identification of properties and mechanisms, 

such as �the emergency�, that exist as a result of the interconnectivity and relationships between the 

system components at different structural levels.

The results of this research would provide indications regarding:

� Impact of technology on traffic flow and operations;

� Rules on the use of technology;

� Further research on autonomous and semi-autonomous technology.
 

The approach used to model traffic simulations allows two different types of analysis: simulation, 

which consists in observing how the model behaves if stimulated by particular conditions without 

these necessarily having to happen in reality (for example, the temporary closure of a lane of a road 

section);

Forecasting, i.e. a tool that allows you to formulate transport demand forecasts for future scenarios in 

the context of transport planning; this type of analysis requires continuous monitoring of vehicle 

traffic conditions in order to draw important indications regarding its possible evolution in the short 

future.

Traffic analysis and simulation models allow:

1. reducing cost: experiments carried out directly on the real system can be very expensive. A sim-

ulation study, on the other hand, drastically reduces costs because it allows to evaluate in advance 

the economic consequences linked to the assumed management choices, often linked to many 

factors that cannot be easily evaluated. It is therefore possible to identify errors before they are 

committed, thus avoiding costs generated by non-optimal choices;

2. greater understanding of the phenomenon and repeatability: in reality, it is impossible to experi-

ment the system more than once without there being variations in the initial parameters. In a 
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simulation, instead, the same sequence of events can be repeated under the same initial conditions 

but starting from different inputs: the results of the same problem are this way directly comparable 

and therefore allow to select the optimal solution. Furthermore, the experiment being repeatable, 

allows more chances to collect data, unlike the real case;

3. time reduction: the execution of an experiment on a real system can take a long time while the 

simulation requires a shorter period to obtain the same results;

4. risk reduction for the most innovative ideas: many times, for fear of failure, too innovative ideas 

(the riskiest) are not even tried. With simulation, all this is made possible given the low risk, thus 

encouraging innovations and improvements. Being able to dynamically study a system without 

really disturbing it offers the opportunity to test the hypothesized management choices safely and 

at low cost.

2 GOALS OF RESEARCH

Blumenthal (1968) [1] the discovery of the most recent bibliography stressed the usefulness of adopt-

ing a general systems theory as a scientific and methodological approach for the study of "road 

safety". According to the Systems Theory introduced by Von Bertalanffy [5], traffic can be consid-

ered as an "open system". 

Taking advantage of the aforementioned theory, this research will try to find the traffic conditions 

that determine the maximum performance if the vehicle flow is composed simultaneously of conven-

tional vehicles (CV) and connective and autonomous vehicles (CAVs) 75% and 25% respectively. 

For this it was analyzed, the impact that CAVs technology determines on vehicle flow and on any 

change in the performance level of turbo-roundabouts will be analyse, checking the variations that 

this technology determines on the safety levels.

The approach used for traffic simulation modelling allows two different types of analysis [6]:

Simulation, which consists in observing how the model behaves if stimulated by particular conditions 

without these necessarily having to happen in reality (for example, the temporary closure of a lane of 

a road section);

The approach used by traffic analysis and simulation models allows to reduce the costs and times of 

validation of the models. A simulation study, on the other hand, drastically reduces costs because it 

allows to evaluate in advance the economic consequences linked to the assumed management choices, 

often linked to many factors that cannot be easily evaluated. It is therefore possible to identify errors 

before they are committed, avoid costs generated by non-optimal choices and reduce processing 

times.
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Many times, the risk reduction that comes from innovative ideas is not achieved due to the fear of 

failure, and those ideas that are too innovative (the most risky ones) are not even experimented. With 

simulation, all this is made possible given the low risk, thus encouraging innovations and improve-

ments.

The power of dynamically study a system without disturbing it offers the opportunity to test the as-

sumed management choices safely and at low cost.

The simulation of a transport system can be done with the use of various models, both as regards their 

nature and for the results they allow to obtain. Thanks to specific guidelines published by the Federal 

Highway Administration (FHWA, Traffic Analysis Toolbox Volume II) [7] they can be grouped in: 

macroscopic models; microscopic models; mesoscopic models.

Macroscopic models are usually continuous in time and space, and they are based on equations that 

take into account the average quantity of properties such as vehicle density and average flows.

Micro-simulation models reproduce the motion of individual vehicles, giving information on flows, 

tail lengths, travel times, speeds, and number of stops.

Mesoscopic or mixed models focus their attention on the behaviour of sets of users, and the outputs 

that are obtained refer precisely to these groups and not to individual vehicles.

In this study a micro-simulation model has been adopted, along with a psycho-physiological approach 

based on the study of the human behaviour. This approach is based on Wiedemann’s model of psy-

chophysical perception and its consequent Car-Following and Lane-Changing logics.

One of the main debates about microscopic vehicle flow models concerns their level of abstraction to 

represent the real phenomenon, in relation to the purpose for which they must be integrated. Beyond 

that, it is possible to define some basic behaviours that should be well represented in order for the 

model to be coherent enough with reality.

As is often reported in the literature [8], the determination of the number of run "R" in microsimula-

tion is of fundamental importance, as it allows to take into account the variation of driving behavior 

of users in traffic conditions (instantaneous speed, queue length, number of stop, etc.). This consid-

eration derives from the fact that the vehicles are inserted into the network in a random way following 

different dynamics to each simulation, as happens in reality. To this end, in order to obtain a more 

precise precision in the estimation of the results, it needs to increase the number of R [8]. The first 

step in assessing the reliability of the model and possibly proceeding with the calibration of the same 

is the determination of the minimum number of R to be carried out on which results base the verifi-

cation.
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Based on what is proposed To determine the minimum number of R, Federal Highway Administration 

guidelines [9], also taken as a reference by the Virginia Transportation Research Council, were used 

in this research.�

The minimum number of simulations is estimated by an iterative process, in which a first set of sim-

ulations is assumed, which will then determine the average value of the variable and the relative 

standard deviation. These last parameters are used to estimate the minimum number of repetitions as 

shown in the equation below.

( 2.1)

( 2.2)

Below is shown the procedure to estimate R.

As a first hypothesis it is considered:

N = number of initial runs hypothesized;

= variable of the model for which the sample variable is required;

= arithmetic average;

s = standard deviation;

=interval of confidence, that is, the range of values within which the real average value 

can reside. The size of the interval is at the discretion of the analyst and may vary according to the 

purposes for which the results will be used.

=represents the quantile of the T-Student distribution, it is set according to the value 

of a and the number of runs R.

Considering the turbo-roundabout having the following design parameters� use �Turbo-roundabout, 

considered for this paper, has the following design elements: outer diameter 40.00 m; width of traffic 

lane on the main road east-west 3.50 m; Width of the traffic lane on the secondary road north-south 

3.00 m; width of the circulatory roadway 7.00 m.

Considering the Origin - Destination matrix that best approximates the distribution of traffic in the 

case where two road infrastructures of different levels intersect 

Table 1. It will not take into account the maneuvers of come-backs, linked to errors of travel, when 

this maneuver is linked to a very low percentage of turning that does not influence the final result.
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Table 1. O/D Matrix 

a b c d

a 0.00 0.15 0.70 0.15

b 0.45 0.00 0.45 0.10

c 0.70 0.15 0.00 0.15

d 0.45 0.10 0.45 0.00

Taking into account as variables: the average speed in the input section of the legs A, B, C and D; the 

average duration of queue in the entry section of the legs A, B, C and D. Then, assuming an initial 

number of R * runs equal to 12, the mean values of the variables for each run and the relative standard 

deviation are determined by means of a PTV-VISSIM Table 2.

It is possible to see in the Table 2. that: setting the ratio between the "CI" confidence interval and the 

"DS" standard deviation equal to 1.5; considering a desired 95% confidence, the calculated value is 

obtained CI calculated using the (Equation ( 2.2)), therefore the value of N° run assumed initially can 

be considered statistically exact. It follows that on all the schemes considered 12 runs will be per-

formed and the final result will be linked to the average values of the variables considered.

Table 2. Determination of minimum number of simulation
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3 CALIBRATION OF CV TO THE TURBO ROUNDABOUT 

MODEL

The calibration process applied consists in reporting the traffic conditions of the turbo-roundabout in 

VISSIM [10] using the predefined parameters. Vehicle traffic flows were assigned by all entries; it 

was assumed that the eastbound approach was the subject entrance for observing the capacity of each 

access lane. Therefore, the O / D matrices were assigned to the roundabout built in a virtual environ-

ment with due consideration of the direction of turn, in order to reproduce a circulating flow (facing 

the subject’s entrance) from 0 veh / h to 1,400 veh / h, with a step of 200 veh / h. A saturated condition 

has been reached in each entrance lane; the corresponding maximum number of vehicles approaching 

the roundabout indicated the capacity of the entrance lane. The layout of the turbo roundabout model 

is shown in Fig.  1, where priority was given to approaching traffic from the left. Priority rules have 

been established to model the right of way and reduce the opportunities for collisions between cor-

nering vehicles.

According to the schemes of conflict at entries, it is established that in both the left and right lanes, 

the flow in conflict refers to a single lane in the ring, therefore for both lanes of entry the estimate of 

the capacity has been carried out considering the Equation ( 3.1) of Hagring’s theory, operating ac-

cording to how right-handed for single roundabout

 

Fig.  1. layout of the turbo roundabout

 

According to the schemes of conflict at entries, it is established that in both the left and right lanes, 

the flow in conflict refers to a single lane in the ring, therefore for both lanes of entry the estimate of 

the capacity has been carried out considering the equation ( 3.1)

( 3.1)
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of Hagring’s theory, operating according to how right-handed for single roundabout wools.

Therefore by varying the calibration parameters of the Wiedemann 74 until the capacity deriving 

from equation (3) and leaving the VISSIM determines a GEH [11] greater than 85%. This index is a 

global indicator widely used in practice for the validation of traffic simulation models, especially 

when only aggregate values such as traffic flow counts in time-based detection stations and input 

capacity are available [12].

The results of the sensitivity analyses and manual calibration are shown in Table 3
 

Table 3. Default and set values of parameters used in manual calibration for the turbo roundabout

VISSIM Parameters W74 Default values Set Value 
Average Standstill Distance 2,00 1,20 

Additive Part Of Desired Safety distance 2,00 1,80 
Multiplicative Part Of Desired distance 3,00 3,60 

 

4 Carfollowing model Calibration �Wiedemann 99�  for CAVs oper-

ation

To be able to model as faithfully as possible, the behavioural model of the CAVs when they interact 

with all the users present in a network, it was decided to use the preloaded car-following model W99 

in VISSIM, modifying it in order to adapted to the technical characteristics of driving an CAVs.

� CC0 is the front-to-rear spacing between stationary vehicles. In the case of classis vehicles, 

this parameter assumes an average value of 1.2 m (as per calibration) but in the case of CAVs 

it can be set to 1.00m when the magnetic or ultrasonic sensors on the market guarantee high 

efficiency and determine a risk of minimal contact due to distances between 1.00 and 1.5 m.

� CC1 is the time gap that a following vehicle wants to keep behind the lead vehicle. In the case 

of CV the differences in the front-to-rear time gaps of cars and heavy vehicles are illustrated 

by Durrani et al [13] in Fig.  2. For each 5-km/h speed interval of the following vehicle speed, 

the mean gap was computed. The curves on B��d! Nie mo�na odnale�� �ród�a odwo�ania.

are local polynomial regression which was fit to the observed data for each vehicle following 

case. For all cases, the gap was generally longer at very low speeds and decreased as the speed 

of the following vehicle increased. These values were 1.5, 2.7 and 1.2 s for cars, heavy vehi-

cles and motorcycles, respectively. In the case of CAVs, the LIDAR sensors allow to keep 
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this distance constant regardless of the type of vehicle that follows and their speed, therefore, 

in agreement with the bibliography you have chosen to set this parameter to 0.5s.

Fig.  2. Comparison of time gaps among different vehicle-following cases.

� CC2 is the spacing that the following vehicle keeps in addition to the minimum safety distance 

before it intentionally accelerates. This additional safety distance (X) for the CVs was esti-

mated based on the spacing between two vehicles during the unconscious following process. 

Menneni et al. [14] estimated it as the difference between maximum and minimum spacing 

on the oscillation loop in the relative speed-spacing plot (i.e., unconscious following process) 

as shown in (Fig.  3). The distribution of X for each vehicle-following case is shown in (Fig.  

4). The figure suggests that there were large variations in these additional distances for each 

vehicle-following case. The dashed line shows the mean value. This mean distances in addi-

tion to safety distance for cars, heavy vehicles and motorcycles are 11.6 m, 14 m and 9.1 m, 

respectively [13]. The mean value of X can be considered smaller for the CAVs case than the 

cases indicated above. This is because the CAVs, thanks to its sensors, are attention and con-

scious at 100% when they follow vehicles. Furthermore, they are able to maintain constant 

speed and distance avoiding the typical oscillations of the CVs. In function of this considera-

tion the parameter X, for the CAVs, has been set to 1m.
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Fig.  3. CC2, CC4 and CC5 parameters from vehicle trajectory data

  

Fig.  4.  Comparison of spacing in addition to safety distance among different vehicle-following cases

� CC3 is a measure of number of seconds before reaching the safety distance when a vehicle 

starts decelerating while perceiving a slower vehicle ahead. It was estimated for each vehicle 

pair based on the duration of the closing process. It was assumed that the closing process starts 

when the deceleration is less than or equal to -0.31 m/s2. (Fig.  5) shows the distributions of 

duration of the closing process for each vehicle-following case. Higher mean values of CC3 

for the heavy vehicles case than the CVs case suggest that the following heavy vehicle drivers 

recognize slow-moving lead cars and decelerate sooner than the following car drivers. This is 

because heavy vehicle drivers� sight distance is longer than car drivers� due to higher position
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of driver�s seat. Similarly, higher mean values of CC3 for the heavy vehicles case than the 

CVs case indicate that the following car drivers recognize the lead heavy vehicles sooner than 

the lead cars because of larger size of heavy vehicles than cars. On average, car drivers start 

decelerating for about 6 and 4 s before reaching the minimum safety distance behind the lead 

heavy vehicle and the lead car, respectively (i.e., when the unconscious following process 

starts). The estimated values of CC3 for cars, heavy vehicles and motorcycles are 4.00, 4.55 

and 4.20 s, respectively.

� CC3 in the case of CAVs equipped with Lidar sensors, CACC, breaking emerging systems, 

allow to recognize the vehicles that precede them regardless of their size and speed, therefore, 

the CAVs allow a quick recognition of all users present in its trajectory, starting the deceler-

ation process at a greater distance. In the case of CAVs this parameter has been set equal to -

6s.

Fig.  5. Comparison of duration of the closing process among different vehicle-following cases

� CC4 and CC5 control the variation in relative velocity around zero during the unconscious 

following process. Because positive relative velocity could not be identified for some vehicle 

pairs, the absolute value of negative relative velocity was assumed to be values of both CC4 

and CC5. The estimated absolute values of relative velocity are 1.65 m/s, 2.07 m/s and 1.86 

m/s for cars, heavy vehicles and motorcycles, respectively. For the CAVs the variation in 

relative velocity between two vehicles not change it does not change much because in this 

type of vehicles the acceleration and deceleration process typical of a human driver is lost, 

this because the motion sensors of which the CAVs are equipped, like the CACC, estimates 
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the speed of the vehicle that follows determines the distance and in the case of queuing main-

tains these two variables constant over time. For this reason the parameters CC4 and CC5 for 

the CAVs have been set equal to 0.1.

� CC6 represents how the following vehicle�s speed oscillation varies as the distance to the lead 

vehicle changes. However, although CC6 is used to estimate CLDV and OPDV in a mathe-

matical function [15], no study has clearly explained how to estimate CC6. In fact, the effect 

of changing the value of CC6 on the capacity was not significant in past studies e.g., [16]. 

This is because the impact of larger speed oscillation with longer spacing (i.e., higher CC6) 

is not likely to be significant in congested conditions. Nevertheless, in the case of CAVs this 

parameter can be set to 1 when the speed variation, thanks to the automatic control of the 

driving system.

� CC7 is the following vehicle�s acceleration during the unconscious following process. It was 

found that there was not much difference in CC7 among the three vehicle classes. Both car 

and heavy vehicle drivers apply low acceleration/ deceleration during the unconscious fol-

lowing process because they try to maintain the ideal gap at zero relative speed. The suggested 

values for cars, heavy vehicles and motorcycles are 0.090 m/s2, 0.097 m/s2 and 0.085 m/s2, 

respectively. In the case of autonomous driving, the vehicle can maintain this variation equal 

to 0,1.

� CC8 desired acceleration when starting from standstill (limited by maximum acceleration de-

fined within the acceleration curves) In the case of autonomous driving, it has been defined 

according to the technical characteristics of the CACC which determines an average acceler-

ation of 3 m/s2.

� CC9 is the following vehicle�s acceleration rate at speed of 80 km/h. Umair Durrani in her 

work have showed that the mean values of acceleration cars, heavy vehicles and motorcycles, 

at speed bigger of 80 km/h, were 0.45 m/s2, 0.25 m/s2, and 0.41 m/s2, respectively. In the 

present thesis work this parameter for the CAVs has been set at 0.5 m/s2 it does not in any 

way influence the simulations, since in the roundabout taken into consideration the speed of 

80 km/h is never reached, as they are located in urban areas where the maximum speed limit 

is set at 50 km/h.
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Table 4. Default and set values of parameters used for car-following model Wiedemann 99

VISSIM Parameters W99 Default 

values

Set Value 

CC0 1.50 1.00 
CC1 0.90 0.50 
CC2 4.00 1.00 
CC3 -8.00 -6.00 
CC4 -0.35 -0.10 
CC5 0.35 0.10 
CC6 11.44 1.00 
CC7 0.25 0.10 
CC8 3.50 3.00 
CC9 1.50 0.50 

Reaction time [s] 1.20 0.00 
Standstill distance [m] 2.00 1.00 

Maximum waiting time [s] 120.00 0.00 
Look ahead distance min 0.00 20.00 
Look ahead distance max 250.00 200.00 
Look back distance min 0.00 20.00 
Look back distance min 150.00 100.00 

Observed vehicles 4.00 10.00 
Temporary lack of attention: Duration (sec) 0.00 0.00 
Temporary lack of attention: Probability (%) 0.00 0.00 

Desidered position ad free flow Any Middle of lane 

Fig.  6. W99 Car Following Model - How It Works for CVs 

The Fig.  6 shows the link between the safety distance and the vehicle speed defined by the car-

following model Wiedemann 99 not calibrated for CAVs, in particular 

Fig.  6. W99 Car Following Model - How It Works for CVs 

show the 30 ’second of a simulation that evolves into a circular path within which there are 12 CVs.
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Fig.  6. W99 Car Following Model - How It Works for CVs 

The obvious inability of a human user to maintain the speed constant, this determines the following 

consideration: the average speed of the vehicles due to the continuous phases of acceleration and 

deceleration is extremely low = 11.1 m/s and very variable � = 2.5 m/s, a condition that involves a 
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