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� An investigation carried out to survey vehicle movements at roundabouts was presented.

� O/D matrix, classification, trajectories tracking, speed and acceleration from video images analysis.

� A number of camera set-up configurations were adopted.

� Performance of installation set-ups with different vehicle tracking strategies has been evaluated.
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Roundabout is still the focus of several investigations due to the relevant number of variables

affecting their operational performances (i.e., capacity, safety, emissions). To develop reliable

models, investigations should be supported by devices and related sensors to extract variables

of interest (i.e., flow, speed, gap, lag, follow-up time, vehicle classification and trajectory).

Notwithstanding that several sensors and technologies are currently used for data collection,

most of them present limitations. The paper presents the investigation carried out to survey

vehiclemovements at roundabouts as a comprehensive video image analysis system is able to

derive the origin/destination (O/D) matrix, compile a vehicle classification, track individual

vehicle trajectories togetherwith corresponding speeds and accelerations along paths. To this

end, the authors collected video-sequences that were analysed with a piece of software

developed for that task. To minimize the problems due to perspective distortion, environ-

mental effects, andobstructions, anumberof camera set-upconfigurationswere adoptedwith

equipment beingplacedon central or external poles, and onpermanent fixtures suchas raised

working platforms outside the confines of the intersection area. Performance of those instal-

lation set-upswith different vehicle tracking strategies has been evaluated. Particularly, speed

has been successfully related to trajectory tortuosity, the result of which emphasizes the

tremendouspotentialof imageanalysisandopensuptofurther studiesontheevaluationof the

operational effects of roundabout geometrics.
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1. Introduction

In many countries, roundabouts have increasingly become

the intersection of choice due to the positive and acknowl-

edged operational benefits deriving from their geometrics as

reported in literature (Curti et al., 2008; Rodegerdts et al., 2010,

2014). Nevertheless, operational performance in terms of ca-

pacity, speed, and safety still remains a focus of investigation

due to the number of variables, apart from geometric ones,

affecting trajectories and speeds of crossing vehicles (Sacchi

et al., 2011), and emissions (Fernandes et al., 2015; Salamati

et al., 2013).

With the objective of developing reliable models, in-

vestigations should be conducted using robust tools and with

attention being paid contextually to the circulating roadway

and all the legs. Such tools have to be able to: (a) extract traffic

variables of interest such as flow, speed, gap, lag, follow-up

time, vehicle length and weight, as well as vehicle position in

time (i.e., vehicular trajectory); (b) ensure that the recording

video system is not visible to drivers so as to avoid any

behavioural effects; and (c) contribute to a reduction in the

resources needed to run the system, also in terms of operator

time.

Although several sensors and technologies are currently

used for traffic data collection in roundabout, most of them

are limited in their ability to survey traffic variables, a point

which is discussed in the paper. In order to avoid the limita-

tions associated with their use, video recording surveys and

related image processing techniques can be successfully

employed (Messelodi et al., 2005; Migliore et al., 2006; Mussone

et al., 2013).

The paper proposes a methodological contribution to

analyse speed and trajectories of vehicles through round-

abouts. It presents the activities undertaken by the authors in

the development and use of a video recording system in

conjunction with a software developed for the derivation of:

(a) the origin/destination (O/D) flow matrix, (b) the vehicle

classification, and (c) the trajectories and associated speeds

and curvature diagrams along the paths traversing a

roundabout.
2. Background

2.1. Vehicle position data collection tools

At present, many multi-purpose detectors for traffic data

collection are available at affordable prices. Laser, radar, mi-

crowaves, infrared, acoustic, ultrasonic, capacitive, piezo-

electric, magnetometric, and magnetic loops are the

technologies employed in sensors. With more or less similar

levels of efficiency and precision, all the above-mentioned

technologies allow for the collection of macroscopic variables

such as flow, speed, density (or occupancy) and vehicle spe-

cific variables such as headway, gap, lag, follow-up time and

vehicle length and weight.

Their main disadvantage (apart from the fact that they

sometimes need to be physically supported or that, in some

cases, their installation can occasionally lead to an intrusion
into the traffic circulation area) is that their measurements

refer to a single road section or linear segment, and therefore

multiple measurement points require an array of collection

tools. None of them, in fact, may be employed for vehicle

tracking, especially in situations where vehicles move along

inflected trajectories (e.g., in case of roundabouts). This would

not be a serious problem unless it is strictly necessary that

information gathered by detectors relates uniquely to each

individual vehicle. This task is particularly crucial at round-

abouts where the construction of the O/D matrix is very

challenging (Grenard and Wei, 2012).

One possible way to track vehicles could be the floating car

data method that, however, requires that a statistically sig-

nificant number of vehicles are equipped with positioning

sensors, i.e., global positioning system-global navigation sat-

ellite system (GPS-GNSS), inertial measuring unit (IMU) or

combined sensors, with data recorded on board and/or

transferred to a central system. With this method, in-

stallations and experiments are expensive and complicated

since it (the method) needs a large number of vehicles

together with the participation of the general public to be of

any use in a realistic setting. However, the current wide

diffusion of navigation systems working in real time and

connected to a central unit makes this feature of increasing

interest for the near future, at least for transport planning

purposes (average speed prediction and O/D matrix recon-

struction). Other emerging survey technologies, such as the

3D light detection and ranging (LiDAR), facilitate the collection

of clouds of data and could be used to track vehicles. At pre-

sent, however, they are more expensive than video-image

technology and entail a higher level of complexity and effort

in the collection and modelling of a large quantity of data.

Consequently, the most promising methodology available

at present for the tracking of vehicles is certainly represented

by the video analysis technique. Several contributions have

demonstrated that it may be employed in a variety of appli-

cations from simple vehicle detection (Messelodi et al., 2005;

Wei et al., 2005) to the gathering of comprehensive data for

trajectories in both time and space domains, thus allowing a

complete reconstruction of movements along sections

(Beymer et al., 1997) and at vehicle intersections (Alhajyaseen

et al., 2013; Apeltauer et al., 2015; Datondji et al., 2016; Dinh

and Tang, 2017; St-Aubin et al., 2013) or cyclist behaviour

trajectory analysis (Sakshaug et al., 2010; Zaki et al., 2013).

With the aim of providing information useful for the cali-

bration of microscopic simulation models, Alhajyaseen et al.

(2013) analysed the relationship between speed and

trajectory at at-grade urban intersections. Adopting the

survey technique described in Suzuki and Nakamura (2006),

those authors demonstrated the effect on vehicle trajectory

of geometry (angles between legs, corner radii, number of

exit lanes, and positions of hard noses of the medians) for

different vehicle types negotiating the intersection at

different speeds, confirming the potential of the image

analysis technique when conducting surveys to gather

positioning data at road junctions. In Mussone (2013), the

question of visibility on roundabouts was faced by using real

trajectories extracted from video image records.

Finally, the possibility to track vehicles in roundabouts by

video cameras mounted on drones has raised a certain
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interest. Guido et al. (2016) used them to detect and compare

tracking data with GPS-equipped vehicles only. According to

the authors, the methodology is promising but needs to be

improved for removing noise and inaccuracies due to

uncontrolled movements and vibrations of drones under the

effects of wind.
2.2. Position and speed data modelling at roundabouts

Operational data for modern roundabouts were investigated

for the first time in the National Cooperative Highway

Research Program (NCHRP) Project 3e65, when a compre-

hensive inventory of 103 US roundabouts with geometric,

operational, and safety data was carried out (Rodegerdts et al.,

2007). Of these, 31 roundabouts were the focus of video

recordings in the spring and summer of 2003, with 34 h of

traffic operation data accumulated (i.e., flow measurements,

gaps, delays and travel times, turning movement

proportions, and vehicle types). For this purpose, a video

recording system consisting of analogic and digital video

cameras was used. Operational data were recorded making

use of “event recording” software (Rodegerdts et al., 2006). In

the same study, sixteen single-lane and eleven multi-lane

roundabouts were considered for the operating speed

surveys (Fig. 1).

In Rodegerdts et al. (2007), speed data were collected

through the use of radar guns only at four specific locations:

one outside (i.e., at 60 m from the yield line) and three inside

the roundabouts. In particular, as seen in Fig. 1, they were

collected at the yield line (section 1), at the midpoint of the

adjacent splitter island (section 2), and at the exit (section 3),

with a minimum number of speed data per section greater

than 30 to achieve a statistical significance. Speed data

collected at the roundabouts were differentiated both by

movement type (i.e., left, through or right turn), and by

vehicle type (i.e., passenger cars, trucks), and only passenger

car data were used for that analysis.

Starting from the elementary arc with theminimum radius

on which the minimum speed is reached in the circulatory
Fig. 1 e Layout of the operating speed surveys (Rodegerdts et a

Schematic speed profile.
roadway (V2), speeds at the entry (V1) and exit (V3) gates can be

derived under the hypothesis of naturally decelerated/accel-

erated motion and adopting average deceleration (a12) and

acceleration (a23) values from observational data (Robinson

et al., 2000).

The predictive speed equations (Rodegerdts et al., 2007) for

the through movement for entry (V1) and exit (V3) speeds in

km/h (Fig. 1) are

V1 ¼min

8<
:V1base; 3:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
V2

3:6

�2

� 2a12d12

s 9=
; (1)

V3 ¼min

8<
:V3base; 3:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
V2

3:6

�2

þ 2a23d23

s 9=
; (2)

where a12 is the deceleration between the point of interest

of the entry path and the midpoint of the path (assumed

equal to �1.3 m/s2), a23 is the acceleration between the

midpoint of the path and the point of interest of the exit

path (assumed equal to 2.1 m/s2), and d12 and d23 are the

distances between the points of interest along the entry

and exit paths, and the midpoints of these paths respec-

tively, which are measured along the vehicle trajectory. In

Eqs. (1) and (2), V1base, V2 and V3base represent the predicted

speeds at the entry, midpoint and exit points based on path

radii R1, R2 and R3 (Fig. 1) using the basic formula of vehicle

equilibrium on curves (Eq. (3)).

8>><
>>:

V1base ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gR1ðf þ qÞ

q
V2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gR2ðf þ qÞ

q
V3base ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gR3ðf þ qÞ

q (3)

where g is the acceleration of gravity (equal to 9.81 m/s2), f is

the side friction factor, and q is the super-elevation, which is

normally �2% in the case of modern roundabouts (Rodegerdts

et al., 2007). Eq. (3) may also be used to evaluate the speed

along a left turn movement, using the value of R4 indicated

in Fig. 1 as a radius.
l., 2010). (a) Geometric characteristics of trajectories. (b)
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A comparison between the 85th percentile speed observed

in the field and the corresponding values predicted using Eqs.

(1) and (2) demonstrated that the proposed model was appli-

cable to those maneuvers in which vehicles interact with the

central island (left turn and through movements), and that it

was considered conservative because it tends to overestimate

the operating speed. The regression analyses performed on

these models with available data showed the coefficients of

determination to be too low, thus indicating that the variables

considered could not provide a reliable prediction of speed on

the circulatory roadway. This leads to the conclusion that the

evaluation of operating speed at roundabouts still remains a

challenge at both the analysis level and design stage (Perco et

al., 2012; Surdonja et al., 2018).

Currently, TORUS (Transoftsolutions, 2018) and CIVIL 3D

(Autodesk, 2018) software packages consider the fastest path

analysis according to literature (Robinson et al., 2000;

Rodegerdts et al., 2007). These programs calculate the

expected speed on the circulatory roadway along the

minimum radius along the “fastest vehicle path”, which

represents the smoothest possible trajectory of a vehicle, in

the absence of other vehicles and ignoring all lane markings,

from the entry to the exit gates (Ahac et al., 2016; Rodegerdts

et al., 2006).
3. Methodology

Starting from this literature review, the authors proposed a

comprehensive methodology to collect video records from

existing roundabouts and derive information useful to model

the relationship between speeds and trajectories of vehicles.

The tracking of trajectories gives also the possibility for the

derivation of trajectory tortuosity parameters, as well as the

reconstruction of O/D matrix. From the length of moving ob-

jects in the road scene, a neural network was trained to clas-

sify vehicles along each movement.

To minimize the problems due to perspective distortion,

environmental effects, and obstructions, a number of camera

configurations were adopted with equipment being placed on

central or external poles (with respect to central island), or on

permanent fixtures such as raised working platforms outside

the confines of the intersection area. Strengths and weak-

nesses of the selected installations are described in order to

determine the optimal set-up. Three case studies in Northern

Italy were considered. Up to three video cameras were used in

different set-ups. Each installation exhibited a different

behaviour under the effects of wind, cloud cover, shadows,

dazzle, perspective deformation, and obstructions. Two

additional aspects, namely ease of perspective correction and

synchronization between video cameras, were also investi-

gated and solved.

An important issue faced in the paper is the synchroniza-

tion of recorded images when using more than one video

camera. This was achieved by inserting a timestamp for every

recorded stream. This task is easier when cameras are

mounted on the same pole and camera output can be con-

nected directly to the same computer. More demanding is the

case when several cameras on different poles are involved

and a wireless connection is needed to link the computers
together to use the same timestamp. Besides this, the authors

experimented two different strategies in order to build tra-

jectories: by merging trajectories extracted by separated im-

ages (MT) and blending images before extracting trajectories

(BI).

Finally, the data collected from image analysis in the three

case studies have provided general relationships between

speeds and trajectories as affected by roundabout geometrics.

Differently from the approach of Robinson et al. (2000) and

Rodegerdts et al. (2007), continuous speed and trajectory

data help the authors in the development of a new model

able to relate speeds to trajectory tortuosity. The possibility

to work out such a model can be considered by analysts and

designers as an opportunity to predict speed behaviour of

drivers along their path on the basis of roundabout

geometrics.

3.1. Survey tools and methodology

The instrumentation used to collect and evaluate data con-

sists of a vision system and a real time kinematics-global

positioning system (RTK-GPS), both connected to a dedicated

PC (Fig. 2). In Mussone et al. (2011, 2013), a more detailed

description of the system, including details of both

hardware and software characteristics, can be found. Images

from video cameras must not have blind spots and this

condition can be achieved through a planned set up of

optics and video camera orientation.

The vision system (Fig. 2(a)) consists of one to three

cameras with a resolution of 1360 � 1024 pixels. The optical

lens of each video camera was adjusted in line with the

application scenario by remote control. The vision system

provided information on vehicular flow through the

processing of images recorded by the video camera(s), while

the RTK-GPS system was used to generate data useful for

calibrating and evaluating the vision system.

The RTK-GPS system (Fig. 2(b)) is composed of a base

station equipped with a Trimble MS750 GPS and a Trimble

Zephyr Antenna. A rover, made up of a Trimble 5700 GPS

(working at 5 Hz) and a Trimble Zephyr Antenna, is attached

to a probe vehicle and connected via radio link (DiGi XBee

Pro modules in point to point mode) to the base station.

In order to improve the process of matching video camera

data with GPS data, a series of marked points visible in video

images were drawn on the pavement surface of the round-

about (four points on each leg, and from four to eight points on

the circulatory roadway depending on the dimension(s) of the

central island). The exact positions of these points were, then,

attained by both GPS (with an accuracy ranging from 2 to

15 cm) and by video recording. The matching of vehicle co-

ordinates (and then speed) data calculated by image pro-

cessing with the data gathered by GPS was then a relatively

straightforward task.

Calibration of the vision system was carried out for image

rectification, thus tuning the Bouguet camera model of the

vision system. Image rectification aims at achieving homo-

geneity in terms of corresponding pixels in the image plane,

and the ratio between lines lengths and angles in a specific

plane of the observed world (i.e., the central islands is circular

but it appears an ellipse in the perspective projection). This

https://doi.org/10.1016/j.jtte.2019.01.005
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Fig. 2 e Data collection and evaluation instrumentation. (a) Vision system placed upon a raised working platform. (b) The

probe vehicle with the rover system.
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requires a proper image transformation, i.e., a homography

between the road surface and the image plane. Vehicle

tracking on the transformed plane turns out to be quite

effective and more accurate than when carried out on the

original image. The homography is known when the size and

the position of some specific elements of the observed scene

are available.

3.2. Pre processing

The images gathered require conversion, undistortion, and

rectification, while RTK-GPS data need data conversion (for

rover data) and synchronization between base station and

rover timestamps.

The image analysis was carried out by a software (devel-

oped at Politecnico di Milano and based on MATLAB platform)

named Vehicle Tracking for Roundabout Analysis (VeTRA),

which employs genetic algorithm optimization procedures to

minimize the re-projection error of the central island onto the

image plane, and also provides a complete projective trans-

formation from the 3D real world to the 2D image, by con-

straining world points to lie at ground level.

The current version of VeTRA has further improved per-

formance in blob recognition with respect to the original

version used in Mussone et al. (2011). Improvements to the

algorithms have now limited the negative effects of some

environmental factors (i.e., wind, sudden changes in light

conditions due to clouds), occlusions due to fixed objects

(i.e., trees, poles) and moving vehicles (Oh et al., 2012), as

well as perspective deformations.

The key tool in VeTRA is its tracking system, which detects

moving objects in the field through an adaptive background

modelling and subtraction algorithm. The image areas rep-

resenting the vehicles (known as “blobs” in information sci-

ence jargon) are identified in the foreground through shadow

and noise removal. The tracking system is capable of dis-

tinguishing between newly detected blobs and previously

tracked vehicles between three types of vehicles as explained

in the next paragraph. The blobs are continuously updated as

new information is received. All these activities rely on a

proper model of the background, which has to be sufficiently

robust to contend with daily changes in light conditions and
camera oscillations. Although the tracking system detects the

movements of objects in the background, it is able to filter and

hence exclude from computation all the small movements of

any objects (i.e., trees, sheets on the pavement, etc.) affected

by wind.

When more than one video camera is used, two different

strategies can be employed to consolidate the information.

One strategy merges the blob trajectories extracted from each

separate video image (here called Merging Trajectory (MT)

strategy), the second blends images from video cameras

before extracting trajectories from the blended images (here

called Blend Images (BI) strategy). There are a number of

problems and advantages associated with each strategy that

were tested in this experiment.

With the MT strategy, the trajectory of the same vehicle is

extracted from video cameras (two or more) as in the

approach with one camera only. After that, trajectories of the

same vehicle are associated and superimposed in order to

obtain only one trajectory. The challenging activity is the as-

sociation of trajectories avoiding strong discontinuities be-

tween them.

With the BI strategy, a new image is generated from the

blending of all images collected to exclude the portions of

images affected by distortion. Then, blended images are

analysed as in the one camera approach to extract

trajectories.

The MT strategy makes it easier to extract blob trajectories

separately from each video camera but does not guarantee a

perfect continuum (in the sense of function derivability) of

single trajectories. On the other hand, the BI strategy allows a

final complete trajectory which is perfectly continuous but

requires considerable effort due to merging images. In fact,

isomorphic transformation and perspective correction must

be applied to each image to maintain the same scale over the

trajectory.

It is worth noting that new set-ups with a different number

of video cameras required an improvement of the original

version of VeTRA (Mussone et al., 2013). The new images

produced by blending separate images, or the new

trajectories derived from mixing the trajectories given by

each video camera, are significant results for the post

processing phase.

https://doi.org/10.1016/j.jtte.2019.01.005
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3.3. Post processing I e trajectory reconstruction

For each video survey, the blob trajectories produced by the

tracking system are processed and stored in a database in

order to generate the O/D matrix, vehicle trajectories, speed

profiles and the vehicle classification.

Trajectories on pavement surfaces are calculated from

trajectories between the entry and exit gates of the circulatory

roadway on the image plane using RTK-GPS data collected by

the rover on the probe vehicle. This was accomplished

through a comparison of RTK-GPS and tracking system data,

using the synchronization data to obtain the same amount of

information. Extracted trajectories are then saved to a system

of local coordinates. Speed and curvature profiles are obtained

from calculations based on vehicle position and time. Speed is

calculated for two consecutive points by simply dividing the

distance between them by the elapsed time (equal to the

frame rate of the camera, except in those very rare cases

where some frames have been lost).

The tracking system used in VeTRA follows two different

procedures. The first one is less sophisticated and is employed

for flow classification purposes as it distinguishes between (a)

bikes and motorbikes, (b) light vehicles, vans and campers,

and (c) heavy vehicles. It detects the blob for each vehicle,

which is then tracked from the entry to the exit section. In this

paper, only classes (b) and (c) were used for performance

comparison since too few bikes and motorbikes were

observed during the survey.

Classification is based on vehicle dimension, particularly

on its length, which is derived from blob length. Since blob

dimension generally changes according to its position inside

the image (that is, the position inside the circulatory roadway)

due to perspective distortion, a neural network (NN) was used

to classify vehicle length by using for training some images

sampled from vehicle trajectory, accurately divided by

movements. The NN must be trained in every location

because it needs to learn the effect of perspective distortion

along the circulatory roadway. The accuracy of NN recogni-

tion was high with an error lower than 3% for trajectories

closer to video camera; higher errors were observed for short

trajectories, and for those farther from the video camera

where perspective distortions may create difficulties in

recognition.

The second tracking procedure is more accurate and is

employed for trajectory and speed analysis. It recognizes the

barycentre (or centroid) of each blob in 2D and produces a

continuous curve formed by points that are known in the

space and time domains. More details on tracking procedures

are available in Mussone et al. (2013).

3.4. Post processing II e data treatment for speed
analysis

A filtering algorithm in VeTRA was included to reject tra-

jectories in which the speeds are too low due to vehicle

conflict both in the circulatory roadway and in the

approaching and departure legs. More specifically, vehicles

that stopped before entering or reduced the speed to give

priority to circulating ones were excluded from the speed

analysis to obtain free flow speeds only. As a result,
trajectories with average speeds between entry and exit

lower than 10 km/h were discarded. Filtering was also

necessary to exclude stationary vehicles in the circulating

roadway, or affected in trajectory by conflicting vehicles. In

fact, in some cases, very low speeds were the result of su-

perimposition of trajectories (and blobs) of two or more

vehicles.

When available in time and space domains, the trajectory

of any isolated vehicle traversing the roundabout in free-flow

conditions contains all the information necessary for an

assessment of how the said vehicle trajectory was affected by

the geometry of the roundabout. Tortuosity indexes may be

used to characterize curved trajectories. In this paper, two

tortuosity indexes, having as an objective the characterization

of the vehicle paths associated with specific maneuvers

(crossing, right, left and U-turn), have been derived by refer-

ence to general literature. It is obvious that these indexes

cannot capture all aspects of driver behaviour but they are

helpful in understanding whether the trajectory itself and

related vehicular speed are confined to a range within rec-

ommended operating intervals.

According to Fig. 3, the first index (T1) (a derivation of index

T2, presented hereafter) is shown as follow.

T1 ¼
X
i

ðjaij=RiÞ=L (4)

where jaij is the absolute value of the angle between the tan-

gents passing from two successive recorded points (Pi and Piþ1,

Piþ1 and Piþ2), Ri is the radius of the osculating circle that is

derived from thirty points around the considered one (15

before�Pi-15, $$$, Pi, and 15 after�Piþ1, $$$, Piþ15), L is the length

of the trajectory between the entry and the exit gates, and i is

one of the considered points. The sum over i includes all the

points between the entry and the exit gates. Thirty-one points

allow tomanage a set of images of one second duration (at the

current frame rate), which can be considered long enough to

smooth peaks due to random noise effects in blobs.

The second tortuosity index (T2) is obtainedwith the Eq. (5).

T2 ¼Siðjaij = LÞ (5)

Eq. (5) is also known in literature as the curvature change

ratio (Yasser and Mohamed, 2011).

Fig. 3 shows the typical curves for the four parameters

extracted from trajectory analysis (trajectory radius, speed,

and two tortuosity indices) for three main movements: right,

thorough and left turn (U-turn was not considered due to

the paucity of data examples). In the same Fig. 3, the

cumulated values of these two indexes from the initial point

at the entry gate (i ¼ 1) to the generic points (i) along the

trajectory is also plotted.

The two indexes indicate the level of difficulty in negoti-

ating the roundabout, which is higher when the angles are

high and the corresponding radii are small. The units of

measurement for the two tortuosity indexes are rad/m2 and

rad/m, respectively. In Fig. 3(d) and (e), they have been plotted

according to the formulae with values that increase along the

travelled path, for three trajectories selected from the Biella

roundabout database (each identified with a 4-digit code). In

Fig. 3(b) and (c), for the same three trajectories, the radius of

the osculating circles and the speed profile are plotted. It is

https://doi.org/10.1016/j.jtte.2019.01.005
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Fig. 3 e Trajectory analysis. (a) Typical curves for parameter analysis. (b) Trajectory radius. (c) Speed. (d) T1. (e) T2.
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worth noting that in Fig. 3, the central point of the path has a

reference station equal to 0.

As previously indicated, the speed at each of the Pi points

along a generic trajectory is calculated by simply dividing the

distance between every point Pi and the consecutive point Piþ1

by the elapsed time (equal to the frame rate of the video

camera that was equal to 0.0333 s). For the radius diagram,

thirty-one consecutive points of the trajectory (resulting in 1 s

of images) have been considered for the estimation of Ri

values.
4. Investigation

With a view to establishing the optimal camera configuration

and assessing the performance of VeTRA, in-field research

activities were initially undertaken at five roundabouts in

northern Italy (Piedmont and Lombardy regions), chosen for

their geometrical characteristics and environment (rural and
urban). Table 1 reports a synthesis of the geometric

characteristics and the most significant survey data, while

Fig. 4 illustrates three general video camera configurations

used for the surveys.

Unfortunately, two other sites with different set-ups and in

urban environment were investigated but recorded images

were unusable due to the effects of a strong wind in one case

and to a reflected dazzle in the latter that were not possible to

remove.

Images were recorded for between 1.5 and 2 h to obtain at

least one hour of actual flow. The recording period was in and

around the peak hour of midday and, in all cases, the weather

conditions were prevailingly dry and sunny with occasional

passing clouds.

The first roundabout is located near the urban limits of the

city of Biella (Fig. 5, with the identification of tracked vehicles,

entry and exit gates, and video camera direction (arrow)), and

connects two arterials with two lanes per direction and

separated carriageways.

https://doi.org/10.1016/j.jtte.2019.01.005
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Fig. 4 e Scheme of the three video camera configurations adopted for the survey. (a) Configuration #1. (b) Configuration #2. (c)

Configuration #3.

Table 1 e Synthesis of information for survey activities.

Roundabout Biella Ghisalba Poncarale

Latitude 45�3301200.39 45�3503200.21 45�2702900.99
Longitude 8�0402100.85 9�4601900.75 10�12009”.66
Inscribed diameter, DINS (m) 50 46 70

Inner island diameter, DINT (m) 24 26 56

Circulatory roadway width, WCR (m) 13 10 7

Number of legs 4 4 4

Configuration # (Fig. 4) 1 2 3

Number of cameras 1 3 3

Manufacturer (focal length, FOV) Goyo GM12314S (2.30 mm, 94�) No. 2 Goyo GM12314S (2.30 mm, 94�)
No. 1 Theia MY125M (1.43 mm, 125�)

Goyo GM12314S (2.30 mm, 94�)

Number of survey points 1 1 2

Video camera position External Internal External

Horizontal angle (�) e 90 120

Vertical angle (�) 55 40 72 (1 camera)

55 (2 cameras)

Camera height (m) 22 22 32

Note: FOV is field of view.
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Pedestrian crossings are provided at three of the four legs.

The external diameter is 50m, the circulatory roadway is 13m

in width, while the central island diameter is equal to 24 m

including a truck apron of 1.5 m. The approaching legs have

two lanes with an averagewidth of 8m, while 6m is the width

of the single lane departure legs. The roundabout is equipped

with a lighting tower headlight, while the water harvesting

systems are located outside the circulatory roadway. During

the study, the detection system was placed on a moveable

rack near the edge of the southwest corner. The video camera,

pointing towards the centre of the roundabout, was placed at
a height of about 22 m at an angle of approximately 55� with

respect to the rack axis.

The second roundabout is located in a rural area near

Ghisalba (Fig. 6(a)) at the intersection of two single-

carriageway rural highways with no pedestrian crossings.

The external diameter is 46 m, the circulatory roadway is

10 m, and the central island diameter is equal to 26 m with a

truck apron of 2 m. The roundabout is furnished with a

central lighting tower headlight. The detection system,

consisting of three cameras, was placed on the lighting pole

in the centre of the central island at a height of about 21 m

https://doi.org/10.1016/j.jtte.2019.01.005
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Fig. 5 e Aerial view of the Biella roundabout.
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above the roundabout plane, with the three cameras facing

east, north and west respectively and placed at vertical

angles of approximately 40� with respect to the pole.

The third roundabout lies outside the urban area of Pon-

carale (Fig. 6(b)) at the intersection of two main highways,

both of which are single carriageway with two-way traffic

and no pedestrian crossings. The external diameter is equal

to 70 m and the circulatory roadway is only 7 m. As a result,

the roundabout has a wide central island (56 m in diameter)

that includes a truck apron of 2.5 m. In contrast with the

other two roundabouts, the approaching and departure legs

of the Poncarale roundabout are tangent to the circulatory

roadway. The lighting is provided by two lighting towers,

located on two divisional islands to the north and south,

distant 81 and 28 m respectively from the roundabout.

The measurements were taken with three cameras

installed at a height of 32 m, two of which were located on the

southern lighting pole at an angle of approximately 55� and

the third on the northern lighting pole at an angle of

approximately 72�. The cameras were attached to the lifting

system to which the lamps of the central pole are fixed. This

system is lifted and lowered whenever lamp maintenance is
Fig. 6 e Aerial view of roundabouts. (a) Ghisalba roundabout. (b

direction).
conducted. Since the video cameraswere close to the lamps, it

is reasonable to assume that theywere not seen by drivers and

so did not influence their behaviour. Survey vantage points

were determined according to the particular set-up adopted

(Fig. 4), with video cameras able to cover the entire

roundabout.
5. Results and analysis

5.1. Vehicle classification and O/D matrix

As explained before, the classification of vehicles has been

limited to two classes of vehicles (light and heavy) which,

when combined, represent more than 95% of the total

observed flow for the three investigated case studies. Classi-

fication is worked out by a neural network previously trained

through a sample of cases which are manually extracted.

Using different combinations of the two strategies cited

previously (merged trajectories (MT) and blended images (BI)),

the number of video cameras (from one to three (1Ce3C)) and

configurations (from #1 to #3), five different cases have been

considered and reported in Table 2 to validate the estimates

produced by VeTRA. In Table 2, the results are shown for all

the possible sixteen movements into a 4-leg roundabout,

with the last row containing the total number of movements

recorded by VeTRA and the corresponding average values

counted by the operators (specifically, three people who

manually counted vehicles looking at the videos and

subdividing such counts by movements).

The data elaborated by VeTRA and expressed in percentage

terms (vi), calculated on the total collected flow, were

compared with those obtained from video observation by a

number of operators. These measurements are reported in

Table 2 in percentage under the column “Operator” (oi), and

were repeated until the average values between

observations were significantly stable (i.e., the mean did not

change anymore with the addition of new observations,

according to the central limit theorem), and could be
) Poncarale roundabout. (Arrows indicate video-camera
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Table 2 e Comparison of percentage values of the O/D matrixes for Biella, Ghisalba and Poncarale roundabouts.

O/D movement Biella (configuration #1) Ghisalba (configuration #2) Poncarale (configuration #3)

Operator (%) VeTRA (%) Operator (%) VeTRA (%) Operator (%) VeTRA (%)

1C 3C-MT 3C-BI 1C 2C-BI

2e1 0.40 0.59 0.00 0.00 0.00 0.14 0.00 0.10

2e3 2.93 3.37 2.98 4.72 3.56 7.14 4.70 12.02

2e5 20.96 20.33 26.46 23.29 25.89 7.24 3.65 0.10

2e7 0.47 0.44 1.08 1.15 1.47 3.48 1.05 6.11

4e1 3.26 2.49 0.00 0.00 0.00 5.43 5.89 7.46

4e3 0.20 0.26 0.00 0.10 0.05 0.28 0.07 0.10

4e5 4.64 4.80 0.66 1.20 0.95 4.64 7.36 0.10

4e7 7.82 6.87 2.53 2.45 2.61 17.76 18.58 30.05

6e1 19.79 21.13 0.00 0.00 0.00 9.60 12.90 0.00

6e3 4.66 2.60 0.00 0.14 0.00 4.08 4.84 0.00

6e5 0.29 0.00 0.00 0.05 0.00 0.09 0.07 0.00

6e7 7.07 8.68 31.22 30.46 29.98 0.19 0.84 0.21

8e1 2.05 2.71 30.60 31.95 31.54 7.79 8.27 9.12

8e3 11.90 13.27 2.03 2.26 2.19 19.67 27.70 34.09

8e5 13.22 12.24 2.40 2.17 1.71 12.29 3.86 0.00

8e7 0.33 0.23 0.04 0.05 0.05 0.19 0.21 0.52

Total flow (veh) 2002 2060 2415 2078 2105 2156 1706 1154

J. Traffic Transp. Eng. (Engl. Ed.) 2020; 7 (4): 482e497 491
considered a “true” reference. Assuming application of the

central limit theorem, repeated extractions (analysis of same

video images by the same operator) lead to a reduction in

error when estimating the mean. It should be noted that the

total number of vehicles observed in one hour of survey

time was high (1500e2500 veh/h).

In this phase, the authors focused mainly on error evalu-

ation rather than on absolute values, so Table 2 reports the

percentage values for each movement with respect to the

total number of movements.

Bernardin and Stiefelhagen (2008) suggested the use of

clear multiple object tracking (MOT) metrics to measure the

performance of video image processing. It is made up of two

indexes: (a) the total error value averaged by the number of

matches made when estimating position (indicated as

MOTP-multiple object tracking precision-and discussed in

the next subparagraph), and (b) the tracking accuracy

(MOTA-multiple object tracking accuracy), estimated using

the following equation.

MOTA¼ 1�
�X

t

�
mt þ fpt þmmct

��
⁄
�X

t

gt

�
(6)

where for any time t, mt is the number of misses, fpt is the

number of false positives, mmct is the number ofmismatches,

and gt is the number of objects.

In this application, we calculated MOTA using all data

collected by operator but only data for completely detected

trajectories by VeTRA (since partially revealed trajectories are

not of interest in this context and then the number of objects,

g, is lower), thus leading to possible worse performance.

Therefore, the subscript t (usually the index of each frame) is

here assumed to be linked to a whole trajectory. This index

varies from 1 to 0 (from best to worst performance). Besides,

differences between operator and VeTRA are firstly calculated

for each movement and then summed up. Three other

different error types were also calculated from Table 2 and

listed in Table 3 according to performance indexes used in
technical literature: the sum of absolute differences (E1), the

average of absolute differences (E2), and the average of

differences (E3). E1, E2, and E3 are calculated according to the

following equations.

E1 ¼
X
i

jvi � oij (7)

E2 ¼
X
i

jvi � oij
.
n (8)

E3 ¼
X
i

ðvi � oiÞ
.
n (9)

where n represents the number of movements considered in

the analysis.

Difference between E1 and E2 depends only on the number

of movements n taken into consideration but this number

may change from site to site. Hence, when comparing per-

formance of two sites, it may be useful to use both indexes.

Besides the indexes, their percentages were also taken into

consideration. They were calculated considering vi=
P

ivi
instead of vi for E1, and oi=

P
ioi instead of oi for E2. For E3, the

average percentage is always nil.

It must be stressed that operators represent the way to

obtain the true result by application of the central limit the-

orem. In this experiment, since an infinite number of opera-

tors is not possible, the calculated averagesmay be considered

a good estimate of the true result. VeTRA results are, none-

theless, affected by deterministic errors that cannot be

completely avoided since they are intrinsic to the system (i.e.,

video cameras and lenses).

Values for the average of the absolute differences (Table 2)

between operator and VeTRA generated data are less than 5%

and are compatible with traffic analysis resolution. This also

holds true, albeit to a lesser extent, for the average of

percentage differences (considering all movements). In

contrast, the sum of percentage differences is generally very

https://doi.org/10.1016/j.jtte.2019.01.005
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Table 3 e Performance indicators (errors) between operator and VeTRA computed values according to Eqs. (6)e(8).

Roundabout and
image treatment
strategy

E1 (sum of absolute differences) E2 (average of absolute differences) E3 (average of differences) MOTA (%)

Percentage (%) Value (veh) Percentage (%) Value (veh) Value (veh)

Biella (1C) 11.64 58 0.72 4 0.89 88

Ghisalba (3C-MT) 8.47 419 0.53 26 21.00 82

Ghisalba (3C-BI) 5.03 336 0.31 21 19.00 86

Poncarale (1C) 34.52 643 2.15 41 28.00 70

Poncarale (2C-BI) 75.88 1006 4.74 63 63.00 53
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high evenwith the best strategy (see Ghisalba-BI and Biella-1C

in Table 2).

This last result shows the existence of a bias due to the

general set-up conditions during the survey. The fact that bias

is positive indicates that VeTRA has generally estimated a

lower percentage value for eachmovement than that obtained

by the operators. In the cases of Biella and Poncarale, the bias

is positive, while in Ghisalba, it is negative.

On examination of the five analyses carried out with

VeTRA (Tables 2 and 3), the best results were obtained with

configuration #1 in Fig. 4, in particular when considering the

MOTA index. In fact, the performance obtained with the use

of one video camera, which has lower costs and requires

less effort, is quite similar to that of configuration #2 in

which three video cameras are employed. Moreover, in the

latter case at least four video cameras would be necessary to

ensure adequate coverage of the entire surface of the

roundabout (Fig. 6).

The problems resulting from the blending of sequences

obtained from three video cameras located at 32 m from the

roundabout (configuration #3 of Fig. 4) led to the necessity of

considering two different strategies in the analysis of the

Poncarale roundabout. Although the performance indicators

(in Table 3) in the case of three-camera (Ghisalba-3C) and

also a single camera (1C) configurations are still quite close

to those established in the Biella case study, the use of a

two-camera (2C) configuration with blended images results

in the worst performance observed.

The use of additional cameras can result in operating

problems related to factors such as synchronization between

frames from different cameras, different orientations and

separated communication wires. Synchronization is an acute

problem that can be exacerbated by the loss of some frames.

In addition, the different orientation of video cameras re-

quires different isomorphisms, that is, different camera cali-

brations and homography transformations. The result

obtained for E3 of Biella, which is indeed very low, is not
Table 4 e Distribution of errors in distance and speed differen

Roundabout Distance (m)

Median MAD

Biella (1C) 0.375 0.179

Ghisalba (3C-MT) 0.651 0.457

Ghisalba (3C-BI) 0.272 0.743

Poncarale (1C) 0.576 0.250

Poncarale (2C-MT) 0.383 0.191

Poncarale (2C-BI) 0.384 0.173
surprising since Eq. (9) does not use absolute values and

therefore errors, which are not very biased in this case,

cancel each other.

5.2. Positions and speeds validation

Since the distances between the RTK-GPS data and the VeTRA

probe vehicle obtained data are not Gaussian distributed, the

MOTP index (Bernardin and Stiefelhagen, 2008) is split into

three other indexes e the median, median of absolute

deviations (MAD), and inter-quartile range (IQR) (Table 4).

The results are available for the six different analyses

carried out on the three roundabouts and the different stra-

tegies of image processing. Furthermore, Table 4 lists the

average and the standard deviation of the speed differences

recorded by both the on-board RTK-GPS system and by the

tracking process, for the same combination of roundabout

and image processing strategies.

The results show that differences in positions and speed

occur when different configurations and processing strategies

are adopted. The best performances in terms of tracking were

observed in the following cases: single camera configuration

(Biella), two cameras with image blending (2C-BI) and merged

trajectory (2C-MT) strategy (Poncarale). Greater distances be-

tween tracked pointsweremeasuredwhen configuration #2 of

Fig. 4 with three central cameras was adopted, and in the case

of the survey carried out at Poncarale, where only one camera

was used to analyse vehicle movements at a roundabout with

the largest diameter (70 m) between the three here

investigated.

As regards speeds, the best results in terms of average and

standard deviation were noted in the Biella survey, while the

worst performances were those in the Poncarale survey in

which the image analysis procedure was conducted with one

camera only. This would suggest the necessity to use more

than one camera for surveys of roundabouts larger than the

Poncarale one.
ce between VeTRA and RTK-GPS data.

Speed difference (km/h)

IQR Average Standard deviation

0.399 0.11 2.71

0.863 0.12 7.31

0.619 3.06 8.87

0.576 11.46 23.66

0.436 1.06 8.64

0.397 7.58 18.71
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In the case of Poncarale with the strategy 2C-MT, data

analysis was limited to speed analysis and not extended to the

whole set of analyses due to difficulties in building the whole

trajectory. In too many cases, the continuity of the trajectory

curve was not achieved.

5.3. Tortuosity and speeds analysis

An analysis of tortuosity and related speedswas performed on

the class of light vehicles only. For each trajectory and at each

point (i), VeTRA derives the two tortuosity indexes and local

speeds from the recorded positions and timeswhen the centre

of the vehicle occupies the points iþ1, i and ie1. All the tra-

jectories are grouped under the same O/D maneuver and the

software can elaborate the requested statistical output

selected by the operator.

Table 5 contains the synthesis of the 15th percentile of the

two tortuosity indexes (T1,15 and T2,15) calculated for those

parts of the trajectories including the entry and exit gates of

the roundabouts, and the 85th percentile of corresponding

speeds at: (1) the entry gate (V1,85), (2) the midpoint of the

trajectory inside the circulatory roadway (V2,85), and (3) the

exit gate (V3,85) as indicated in Fig. 1. The data in Table 5 was

evaluated on the base of 2208 measurements of light

vehicles operating in free-flow conditions. According to

Fig. 6(a), in the case of Ghisalba, only three maneuvers were

completely measured; in the case of Biella and Poncarale,

the number of performance measures per O/D was lower

than sixteen (four origins per four destinations) since the

number of vehicles recorded for certain maneuvers

(typically the U-turn) was too low.

The85thpercentileofspeeddistribution iswidelyconsidered

in the geometric design of highways. It is compared with the

design speed to assess speed consistency between the hypoth-

esisofdesigneranddriverbehaviour. It reflects themovementof
Table 5 e Filtered trajectory data for 15th percentile of tortuosi

Roundabout O/D Maneuver No. of data T1,15 (rad/m
2

Biella 1C 2e3 Right turn 20 0.00124

2e5 Crossing 185 0.00015

4e1 Left turn 21 0.00200

4e5 Right turn 50 0.00129

4e7 Crossing 73 0.00069

6e1 Crossing 185 0.00094

6e3 Left turn 42 0.00207

6e7 Right turn 83 0.00064

8e1 Right turn 20 0.00054

8e3 Crossing 72 0.00041

8e5 Left turn 97 0.00179

Ghisalba 3C-BI 2e3 Right turn 33 0.00047

2e5 Crossing 364 0.00070

4e5 Right turn 9 0.00032

Ghisalba 3C-MT 2e3 Right turn 33 0.00050

2e5 Crossing 364 0.00067

4e5 Right turn 9 0.00037

Poncarale 2C-BI 4e1 Left turn 42 0.00077

4e7 Crossing 183 0.00035

2e3 Right turn 22 0.00100

2e7 Left turn 28 0.00075

8e3 Crossing 226 0.00048

8e1 Right turn 47 0.00007
isolated vehicles (i.e., free-flow conditions), and separates the

populationofprudentdrivers fromthegroupofmoreaggressive

ones (Yasser and Mohamed, 2011).

The choice of the two percentiles is based on the suppo-

sition that aggressive drivers, whose speeds exceed the 85th

percentile, tend to follow the fastest path that should be

characterized by the lowest tortuosity (as also suggested in

Rodegerdts et al., 2007, 2010). The authors associated the 15th

percentile of tortuosity indexes with the fastest path so as to

establish correlations between trajectory and speeds.

When the analysis is confined to a part of the speed data,

the most significant relationships between the values re-

ported in Table 5 are limited to the 85th percentile of speeds

calculated at the middle point of trajectories (V2,85) and the

15th percentile of the two tortuosity indexes T1,15 and T2,15.

The results are reported in Figs. 7 and 8, and demonstrate

that T2,15 rather than T1,15 has a rather good correlation to

V2,85 as confirmed by the statistics of the two models

summarized in Table 6.

Figs. 7 and 8 also report the data generated with the MT

strategy in the case of the Ghisalba roundabout. These data

aremore dispersedwhen compared to the corresponding data

derived with the BI strategy, and, as a consequence, they were

not taken into account in the exponential model which was

plotted in both figures, and which exhibited the highest co-

efficient of determination for both tortuosity indexes.

Very low correlation values were found between the 85th

percentile of entry (V1) and exit (V3) speeds. This may be attrib-

uted to the fact that the entry speed largely depends on driver

behaviour in the approaching leg, while the exiting speed de-

pendsmore on the specific shape of curbs around the exit lane.

It must be stressed that we limited the study of correlation

between speed and tortuosity only to three points (entry,

middle and exit) as reproduction of the approach proposed by

Rodegerdts et al. (2007).
ty and 85th percentile of operating speed.

) T2,15 (rad/m) V1,85 (km/h) V2,85 (km/h) V3,85 (km/h)

0.0311 32.27 34.07 39.37

0.0096 33.88 39.00 44.11

0.0372 29.58 27.75 40.55

0.0330 29.33 30.44 33.62

0.0216 30.61 36.09 41.38

0.0255 32.71 33.43 42.68

0.0383 33.70 29.52 42.43

0.0218 34.63 34.66 37.27

0.0207 31.89 33.08 37.88

0.0163 36.11 35.51 44.56

0.0336 33.56 27.81 39.64

0.0204 34.15 36.27 35.52

0.0224 36.70 35.80 40.07

0.0168 35.25 38.66 40.76

0.0203 30.70 32.90 33.67

0.0221 36.41 35.83 40.22

0.0182 31.57 34.61 39.18

0.0241 43.60 37.70 47.02

0.0152 40.26 39.59 46.31

0.0298 32.43 32.71 38.91

0.0233 34.67 35.47 44.92

0.0177 37.76 38.03 45.25

0.0065 39.09 44.88 49.48
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Fig. 7 e Relationship between V2,85 and T1,15 index.

Fig. 8 e Relationship between V2,85 and T2,15 index.
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5.4. Acceleration analysis

Table 7 shows the statistics for acceleration and deceleration

measured on the circulatory roadway for the Ghisalba and

Poncarale roundabouts (trajectory data are the same of

Table 5). It should be highlighted once again that the data

considered here pertain to vehicles that were not affected by

other vehicles when negotiating the roundabout, thus all the

data can be considered to be that of isolated vehicles and

drivers affected by the roundabout geometrics only.

According to the speed variation model depicted in Fig. 1,

the deceleration from sections 1 to 2 is indicated as a12,

while the acceleration from the central point of the

trajectory (section 2) to the exit section (section 3) is

indicated as a23.

Per each vehicle traversing the roundabout, these two

values were computed with the following equations.
Table 6 e Output of statistics for model reported in Figs. 7 and

Model V2,85 ¼ 40.735 exp

R2 0.8218

R2 adjusted 0.8119

Standard error 0.0520

F value 83.0259 (F critical ¼
p value Intercept 1.27 � 10�30

Variable 3.66 � 10�8
a12 ¼ðv22 � v12Þ=ð2d12Þ (10)
a23 ¼ðv32 � v22Þ=ð2d23Þ (11)

where d12 and d23 have the same meaning of Eqs. (1) and (2).

Data have also been distinguished for left turn, right turn, and

through movements.

The mean and the standard deviation of acceleration

values indicate that entering vehicles in deceleration (a12) and

exiting vehicles in acceleration (a23) exhibit large variations as

a result of the roundabout layout and geometrics, and type of

maneuvers. The 15th percentiles of deceleration (a12), listed in

Table 7, are only higher in the case of right turn movements

than the absolute value of 1.3 m/s2 suggested in Rodegerdts

et al. (2007), and reflect the behaviour of aggressive drivers.

In all other cases, the statistics for a12 indicate that lower

values are observed.

Regarding the acceleration variable (a23), a large difference

is evident between the observed values and the value of 2.3m/

s2 proposed again in Rodegerdts et al. (2007), thus suggesting

the need for an extended investigation into a greater

number of roundabout geometry types. In fact, the two

roundabouts considered here yield different results as a

consequence of the significant difference in their layout.
6. Discussion

The results illustrated in previous paragraphs outlined the

strengths and weaknesses associated with each set-up for the

three different roundabouts considered in the investigation.

In the three cases, small camera oscillations, clouds, and

flying objects (i.e., birds) affecting image quality were easily

identified and corrected.

On examination of the three configurations presented in

Fig. 4, it is clear that the central position of the video cameras

facilitates a reduction in perspective distortion but, as in the

case of Ghisalba (configuration #2 in Fig. 4 with three

cameras), a relatively high number of video cameras is

required given the dimensions of the circulatory roadway.

The blending of images becomes more complicated with an

increase in the number of video cameras installed at or

around the roundabout. Moreover, synchronization between

cameras becomes crucial: with the loss of only one frame of

a video camera necessitating a challenging task of

realignment between video frames.

Elevated vantage points on poles or buildings introduce

high levels of distortion especially in the case of heavy and

long vehicles, as in the case of Poncarale (configuration #3 in
8.

(�189.8T1,15) V2,85 ¼ 46.893 exp (�12.86T2,15)

0.8337

0.8245

0.0510

2.17, p ¼ 0.05) 90.2644 (F critical ¼ 2.17, p ¼ 0.05)

2.90 � 10�27

1.95 � 10�8
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Table 7 e Statistics for vehicular acceleration and deceleration at the Ghisalba and Poncarale roundabouts.

Roundabout Ghisalba 3C-BI Poncarale 2C-BI

Right turn Through Right turn Through Left turn

Acceleration a12 a23 a12 a23 a12 a23 a12 a23 a12 a23
No. of objects 42 42 364 364 69 69 409 409 70 70

Mean (m/s2) �0.614 0.116 �0.063 0.409 �0.674 0.719 �0.264 0.468 �0.051 0.358

Standard deviation (m/s2) 0.601 0.499 0.370 0.273 1.030 0.660 0.555 0.616 0.312 0.204

15th percentile (m/s2) �1.241 �0.556 �0.378 0.142 �1.724 0.117 �0.831 0.141 �0.371 0.205

85th percentile (m/s2) �0.038 0.606 0.281 0.676 0.132 1.261 0.235 0.744 0.257 0.543

Max (m/s2) 0.213 1.075 1.160 1.204 3.037 2.796 2.228 11.141 0.838 0.739

Min (m/s2) �1.901 �0.721 �1.948 �0.793 �3.201 �1.474 �2.156 �0.832 �0.895 �0.518
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Fig. 4 with three cameras). Furthermore, the height of vantage

points has a detrimental impact on image quality since the

cameras and their supports are exposed to stronger winds,

which can produce oscillations that are hard to correct

during the image treatment phase. From an analysis of the

data collected at the Poncarale roundabout, it would appear

that the merging of trajectories extracted from different

images (MT strategy) seems to be less effective than the

blending images (BI) technique. In this case, the only one for

which this comparison has been made, the performance

indicators associated with the evaluation of the O/D matrix

indicate a greater dispersion of data in the case of the

merged trajectory technique (Table 5).

Whereas the blending of images is essentially a straight-

forward task when video cameras have viewing angles of less

than 90�, it tends to prove problematic with wider angles

(especially those closer to 180�) as a consequence of the

different perspective distortions of moving elements. Of the

three configurations considered in this research, the use of a

single video camera mounted on a pole located outside the

roundabout, as in the case of Biella (with the camera located at

the external side of the circulatory roadway), would appear to

offer the best compromise in terms of survey costs, pre-pro-

cessing work, and quality of results. However, this is not a

definitive conclusion, since the number of experiments car-

ried out to date is not considered comprehensive from a

technological point of view. In this study, the authors focused

primarily on a general evaluation of the methodology and the

estimation of technical problems to be solved for each specific

configuration. In fact, while the results here have been used to

assess the survey methodology, they cannot be considered

statistically significant in terms of the performances of the

investigated roundabouts or, indeed, roundabouts in general.

In all the three configurations depicted in Fig. 4, VeTRA has

been able to collect spatial and temporal data for a large

number of points along each trajectory, thus deriving local

speeds. The authors decided to consider speeds at the entry

gate, at the midpoint and at the exit of the roundabout to

compare results with those in Rodegerdts et al. (2007). Two

different tortuosity indexes were calculated for each

trajectory by combining angular deviation and the distance

between two successive recorded points, and the radius of

the local osculating circle in different ways.

As a result, some linear and exponential relationships be-

tween the 85th percentile of speeds and the 15th percentile of

tortuosity indexes have been derived. The observations
confirm that an effective speed control within the circulatory

roadway is possible only when high horizontal curvatures of

vehicle paths (i.e., high values of tortuosity) are achieved as a

consequence of the combination of the geometric character-

istics of roundabout elements.

The regression equations presented here were obtained

from 2208 speed data (Table 5) of just three roundabouts with

each exhibiting a different geometry in terms of external and

central island diameters, circulatory roadway width, number

and geometry of entry and exit lanes. The high coefficient of

determination of one of the four proposed equations

(R2 ¼ 0.8337 for the exponential relationship between V2,85

and the T2,15) facilitates its use in the estimation of the

circulating operating speed (V2,85) in the analysis and design

of roundabouts.

Acceleration and deceleration values on the circulatory

roadways exhibit large variations as a consequence of

roundabout layout and geometrics, maneuver type, and

driving attitudes and styles. In light of the observation data,

the suggested values of �1.3 m/s2 in deceleration and 2.1 m/s2

in acceleration included in the NCHRP Reports 572 and 672

(Rodegerdts et al., 2007, 2010) seem to be questionable, thus

new research is necessary to obtain better design-operating

speed and acceleration distribution on the circulatory

roadway. This paper has demonstrated that image analysis

has the potential to achieve such objectives.
7. Conclusions

The paper presents the results of several activities undertaken

involving extensive use of the VeTRA software and acquisition

tools, which the authors developed for the specific purpose of

carrying out operational analyses of roundabouts through the

use of video-tracking technology.

At present, the comprehensive gathering of operational

data at roundabouts necessitates the use of non-integrated

acquisition systems and prolonged data analysis times. Since

2010, the authors have worked on the development of an in-

tegrated system (specifically designed for roundabouts)

composed of a hardware system for data acquisition and

collection, and software for data analysis.

The system and some data analysis have already been

presented in previous referenced works (Mussone et al., 2011,

2013), in which the system included one video camera only.

https://doi.org/10.1016/j.jtte.2019.01.005
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In this paper, the authors focused their attention on an

extended use of the software with the aims of solving issues

related to the survey configuration used with more than one

video camera and their positioning inside or around the

roundabout, and improving the tracking system of vehicles

and deriving the O/Dmatrix and trajectories (i.e., position and

time of tracked vehicles).

Two possible strategies consisting in (a) the merging of

trajectories extracted from each separate video, and (b) the

image blending from different video cameras before extract-

ing trajectories were investigated. Results suggest that the

second ismore effective than the first one. Furthermore, of the

three configurations considered, the one consisting in a single

video camera mounted on a pole outside the roundabout

appeared to be the optimal in terms of costs, processing work,

and quality of results. However, this solution may imply large

perspective distortion of the tracked vehicles in locations far

from the camera, especially in case of roundabout with large

diameters. To limit perspective distortion, the vantage point

must be raised up as much as possible.

From the data collected from case studies, one further

result concerns the correlation between speed and tortuosity

of vehicle trajectories, which could be used by designers in the

estimation of vehicle performance when negotiating a

roundabout. This result emphasizes the tremendous potential

of the image analysis in capturing position and kinematic of

vehicles, and opens up to further studies on the evaluation of

the operational effects of roundabouts.

In conclusion, previous works by the authors, together

with the results reported in this paper, testify to the fact that

the video survey system and the processing code are both

robust and reliable. As documented in this paper, the authors

are aware that further work is necessary to improve the per-

formance of the tracking system of VeTRA in all possible set-

up configurations.

With this objective in mind, a new version of the software

is under development. It will include a set of 3D models of

vehicles that differ in terms of dimensions and that can be

associated with each blob. In this way, trajectories will be

derived with reference to the geometric centre of the model

rather than to the centre of the blob. This approach, already

adopted by some authors but in different road scenarios (Kim

et al., 2005; Koller et al., 1993; Messelodi et al., 2005), can lead

to better vehicle recognition, which is considerable when high

perspective distortions are present (like in Poncarale),

together with even more precise localization and tracking.

The authors are confident that the use of vehicle models will

reduce the negative effect of video camera oscillations and

will enable the separation of the shadows (of vehicles) from

the actual vehicles in blobs, thus reducing the impact of

shadows on the quality of collected data. Finally, to extend the

possibility of data collection to night-time conditions, new

research will also be carried out assessing how to use videos

from thermal and/or infra-red video cameras.
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