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Abstract: The increasing societal cost of vehicle travel in urban networks is causing higher social
and environmental impacts on road users and urban residents. The societal cost of travel can be
reduced through implementation of more efficient traffic management solutions, deeper integration
of connected vehicles in the traffic stream, and increased deployment of vehicle-to-infrastructure (V2I)
systems. This work proposes an innovative traffic management solution, based on Urban Connected
Intelligent Transport Systems. The solution dynamically manages traffic by controlling for speed
and acceleration in connected vehicles through V2I to minimize societal cost in urban networks.
This is achieved by minimizing all four components of societal cost of travel, i.e., traffic accidents,
fuel consumption, pollutant emissions and travel time. By minimizing societal cost, this research
contributes to safer, greener and more sustainable transport in urban networks, while reducing the
adverse environmental and economic impact. Experimental and field data as well as data from
simulation were used to test the proposed solution at an urban coastal area in Patras, Greece.

Keywords: societal cost; traffic management; urban road network; environmental impacts; connected
vehicles; fuel consumption; vehicle emission pollutants; traffic accidents; travel time; sustainability

1. Introduction

The rapid economic growth and the increased development of motorized transport
has led to negative impacts on the environment and society [1]. Demand exceeds infras-
tructure capacity, generating congestion and traffic delays, high fuel consumption, a rise
in greenhouse gas emissions and more accidents. The inefficient traffic management in
urban road networks and the associated increased societal cost of travel result in social and
environmental [2] impacts that burden drivers and passengers, as well as the residents of
living areas.

Societal cost of travel can be reduced through implementation of more efficient traffic
management solutions, deeper integration of connected vehicles in the traffic stream, and
increased deployment of vehicle-to-infrastructure (V2I) systems [3]. The latest techno-
logical achievements and the evolution in communications networks are enhancing the
implementation of Connected Intelligent Transport Systems (C-ITS) for traffic management,
enabling continuous communication between vehicle users and the infrastructure.

The present study, going beyond the existing literature, analyses the societal cost of
travel by automotive vehicles, excluding two-wheeled vehicles, in urban road networks,
suggesting an innovative traffic management solution, the Urban Connected Intelligent
Transport System (Urban C-ITS). In the literature, the estimation of the societal cost of
travel is widely used in optimizing speed limits, but research has not adequately focused
on the ways in which societal cost of travel can affect traffic management processes. Thus,
this work contributes to the debate on the implementation of C-ITS models in smart cities
and the reduction in the societal cost of travel in urban road networks.

The proposed Urban C-ITS dynamically manages traffic by imposing on connected
vehicles, in real time through V2I systems, the necessary commands on the speed and
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the acceleration to be followed to minimize societal cost in an urban road network. In
addition, the Urban C-ITS intervenes in traffic lights cycles by lengthening the green phase
depending on the capacity and demand of the network, ensuring the minimum societal
cost. Therefore, by minimizing the societal cost this research contributes to achieving
greener, safer and more sustainable transport in urban road networks, and affecting both
environmental and economic facets of society.

The factors constituting the societal cost of travel vary [4] depending on the scope
and focus of a study. However, they always impact on critical social sectors such as health,
safety, quality of life, the environment and the economy. The societal cost of travel has been
studied mostly in Norway and Sweden, where it has been used in assessing the optimal
speed limits [5]. The factors influencing the societal cost of travel were travel time, vehicle
operating cost, traffic accidents, and noise and air pollution.

Further, the personal and external (societal) costs and benefits of travelling at high
speed in motorways have been studied [6]. Although high speed causes increased external
costs (pollution, bad health effects and increased risk of accident), drivers are sensitive only
to personal benefit (saving time) and cost (fuel consumption, risk of injury) when selecting
a travel speed.

For estimating the societal cost of urban travel, this research develops a model as func-
tion of the mean velocity and acceleration consisting of four factors: fuel consumption cost,
pollutant emissions cost, traffic accidents cost and travel time cost. These are considered as
the most important [7] determinants in the estimation of the societal cost of travel.

Indeed, the societal cost of travel in the urban environment is substantially affected
by fuel consumption, as urban traffic is usually under urban traffic control that forces
travelling drivers to stop and restart frequently. Beyond traffic control, interaction with
pedestrians and micromobility users hamper drivers from maintaining a constant speed.
Frequent deceleration and acceleration leads to increased fuel consumption, having long
term impacts on the use of finite natural resources and on the economy. Critical in esti-
mating societal cost of fuel consumption is the fuel type (e.g., petrol, diesel, electric power,
LPG) consumed by the vehicles in the network, since each type of fuel requires a different
estimation model of fuel consumption cost.

Vehicle emissions are largely responsible for air pollution, especially in urban areas
where people and goods movements are higher; this represents a burden on the environ-
ment, citizens’ health and quality of life [8]. Therefore, the inclusion of the pollutant cost in
the estimation of the societal cost of travel is considered of high importance.

The number of traffic accidents in Greece is high, while accidents have tragic conse-
quences through loss of human life, injuries and property damage. From the statistics, the
number of traffic accidents has been rising. Compared to other European countries, Greece
ranks 20th of 27 in traffic safety [9]. Therefore, the factor of traffic accidents is critical in the
estimation of the societal cost of travel and its minimisation leads to safer travel [10].

The cost of travel time is widely taken into account when estimating the societal cost
of travel, since road users consider it as an important factor which is connected with the
time they spend to commute or to engage in other daily social activities.

The overall performance and the outcomes of the proposed Urban C-ITS are assessed
and discussed in the forthcoming sections, and two case studies are analysed. This article
is structured as follows: in Section 2 the methodology and the modelling approach are
presented; followed by a description of the study area and the data used in Section 3;
the results along with the case studies are presented in Section 4; and the discussion and
conclusions are provided in Section 5.

2. Methodology and Modelling Approach

This study develops the Urban C-ITS to minimize the societal cost of travel in urban
networks, and thus the associated environmental and economic impacts. For the estimation
of the societal cost of travel, a societal cost model is developed as a function of two random
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variables, the mean velocity and acceleration of automotive vehicles (personal and business
cars, trucks and public transport buses) moving on a road network.

2.1. Modelling the Societal Cost of Travel

In this research, the societal cost of travel [EUR] consists of four factors: (a) cost [EUR]
of fuel consumption (CFC), (b) cost [EUR] of pollutant emissions (CPE), (c) cost [EUR] of
traffic accidents (CAc), and (d) cost [EUR] of travel time (CTT), as shown in Equation (1).

Societal Cost of Travel = k; * CFC + k, * CPE + k3 * CAc + kg4 x CTT 1

where kj_4 are weighting coefficients. If one or more factors are defined to have a higher
effect than the others, these weighting coefficients should be quantified accordingly. In the
literature, this quantification varies depending on the perspective of research on societal
cost; for example, the perspective of the individual user moving on the road network or
society’s perspective that is affected by the road traffic [5]. In this research, all factors
contribute equally, and therefore, the weighting coefficients were all set equal to 1.0 [7].

2.1.1. Cost of Fuel Consumption

To estimate the cost of fuel consumption CFC, the types of fuel consumed by the
vehicles in the network must first be defined. Each fuel type causes a different cost of fuel
consumption. The total cost of fuel consumption composed of all fuel type costs is shown
in Equation (2).

n
CFC(V,a) = ) (FC¢(V,a) * Wy) )
f=1

where FC; is the fuel consumption [mL] per type of fuel f as a function of mean velocity
V [m/s] and acceleration a [m/s?]; and W; is the unit cost of fuel f/[EUR/mL]. In this
study, four types of fuel (associated with vehicle type) were defined: petrol cars, diesel cars,
LPG cars and diesel trucks/buses; and the unit cost of each fuel f was 0.002094 EUR/mL
for petrol, 0.002091 EUR/mL for diesel and 0.001004 EUR/mL for LPG [11]. Although both
diesel cars and diesel trucks/buses use the same fuel type, their separate categorisation
was needed since fuel consumption FCy is estimated according to car type.

FC; depends on the moving conditions of a vehicle, i.e., idling, travelling at constant
speed, accelerating or decelerating [12-14], and is presented in Equation (3).

3

FC¢(V,a) = [F; * At + (¢; + caxa* V)« Atac + (ky * (1 + 2VV3> +kp * V) * Ater + Fq * Aty (©)]
%

m

where for each fuel/vehicle type f, F; is vehicle idling consumption rate [mL/s]; At; is
vehicle idling time [s]; ¢; [mL/s] and c; [mL-s2/m?] are constants related to acceleration
state; At,c is vehicle acceleration time [s]; k; [mL/s] and k, [mL/m] are constants related to
constant-speed state as described in Equations (4) and (5); Vi is the velocity at which the
fuel consumption rate is at a minimum for vehicles cruising at constant speed [m/s]; Ater
is cruising at constant-speed vehicle time [s]; Fq is vehicle deceleration consumption rate
[mL/s]; and Aty is vehicle deceleration time [s].

(Fy —Fp) % Vi % Vo % V3,
ky = 4)
180 * (2*v2*v§n—2*v1*Vﬁn+v2*vi’—v1*v§)

Ky — 2*F2*V2*V;°’n—2*F1*V1 *an—l—FQ*Vz*V‘;’—Fl*Vl *V%
360 * (2*v2*v;°’n—2*vl *Vf’n—l—Vz*V:{’—Vl *Vg)

©)

For each fuel/vehicle type f, in Equations (4) and (5), F; is fuel consumption rate in litres
per 100 km [L/100 km] for vehicles traveling at constant speed V;, where Vi =90 km/h,



Sustainability 2023, 15, 15383

40f18

and F, is fuel consumption rate in litres per 100 km [1/100 km] for vehicles traveling at
constant speed V;, where V, = 120 km/h, and Vy, in km/h.

To estimate FCy, through Equations (3)—(5), the values shown in Table 1 are suggested
based on an extended literature review [15-20].

Table 1. Parameter values per fuel/vehicle type for fuel consumption estimation.

Fuel/Vehicle Fy F, Vm F; c1 1 Fq4
Type [L/100 km]  [L/100 km] [km/h] [mL/s] [mL/s] [mL-s2/m?] [mL/s]
petrol cars 7.5 8.8 50 0.33 0.42 0.26 0.53
diesel cars 5.1 5.7 50 0.20 0.31 0.16 0.42
LPG cars 9.0 12.0 50 0.25 0.78 0.46 0.95
diesel trucks/buses 27.0 424 40 0.60 0.74 0.49 0.90

2.1.2. Cost of Pollutant Emissions

To estimate the cost of pollutant emissions CPE, the pollutants must first be defined, as
well as the types of fuel consumed by the vehicles in the network. The pollutant emissions
cost of each pollutant per type of fuel is estimated following Equation (6).

CPE(V, a) ii( Va*W) ®)

where PE_, ¢ is the pollutant emissions [g] of pollutant p and fuel/vehicle type f as a function
of mean velocity V [m/s] and acceleration a [m/ s%]; and W) is the unit cost of pollutant
p [EUR/g]. In this research, four pollutants were studied: (a) carbon dioxide—CO;;
(b) nitrogen oxides—NOy; (c) volatile organic compounds—VOC; and (d) particulate
matter—PM. As for the fuel/vehicle type, petrol cars, diesel cars, LPG cars and diesel
trucks/buses were considered, similarly to Section 2.1.1. The unit cost of each pollutant p
capturing the health impacts on people was 0.0028 EUR/g for CO,, 0.0072 EUR/g for NOx,
0.00012 EUR/g for VOC, and 0.1227 EUR/g for PM [21]. PE, ¢ [22] is calculated according
to Equation (7).

i i( ) % At) @)

where ER;,  is the emission rate [g/s] of pollutant p and fuel/vehicle type f as a function of
mean velocity V [m/s] and acceleration a [m/ s?] as per Equation (8); and At is the time
during which pollutant p was produced [s].

ER,¢(V,a) = max[Eo,fl +f, %« V413 *V2+f4*a+f5*a2+f6*V*a] . (8)
P

In Equation (8), Eq is the minimum value of pollutant emission p and fuel/vehicle
type f; and f;_g are constants related to pollutant emission p and fuel/vehicle type f. Their
values, as used in this study, are summarized in Tables 2-5.

Table 2. Values of constants for CO, emission estimation.

Fuel/Vehicle Type Ep f1 f) f3 fy fs 73
petrol car 0 0.553 0.161 —0.00289 0.266 0.511 0.183
diesel car 0 0.324 0.086 0.00496  —0.059 0.448 0.230

LPG car 0 0.600 0.219 —0.00774 0.357 0.514 0.170
diesel truck/bus 0 1.520 1.880 —0.0695 4.710 5.880 2.090
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Table 3. Values of constants for NOy emission estimation.

Fuel/Vehicle Acceleration
Type [In/SZ] E() fl f2 f3 f4 f5 f6
etrol car a>—05 0 619x10°* 8.00x 107> —403x107® —413x10"* 380 x107* 177 x10°*
P < —05 0 217 x1074 0 0 0 0 0
diesel a>—05 0 241x10% —411x10"* 673x10°5 —3.07x10"% 214x103 150x 1073
1esel car x<—05 0 168x103 —662x10° 9.00x1076 250x 104 291 x10"% 120x 1074
LPG a>—05 0 892x10* 161 x 107>  —8.06 x 1077 —823x 107> 7.60x 105 354x107°
car x<—05 0 343x10°* 0 0 0 0 0
diesel truck/bus 0 0.0356 971 x 1073 —2.40 x 1074 0.0326 0.0133 0.0115
Table 4. Values of constants for VOC emission estimation.
Fuel/Vehicle Acceleration
Type [m/s2] Eo f1 fr f3 fs f5 fe
etrol car oa>—05 0 447x10% 732x1077 —287x10% —341x10"% 494x10°° 1.66 x 10~
P x<-05 0 263x10°3 0 0 0 0 0
diesel oa>—05 0 922x105 9.09x107® —229x107 —220x10° 1.69x 107> 3.75 x 107°
lesel car x<—-05 0 525x107° 722x10"% —1.87x10~7 0 ~1.02 x 107  —422 x 10~
LPG a>—05 0 0.0144 174 x 1077 —682x 1072 —811x10~7 1.18x107°° 3.96 x 1077
car x<—05 0 842x1073 0 0 0 0 0
diesel truck/bus 0 1.04x10% 487 x10*% —-149x10° 127x1073 210 x 1074 1.00 x 104
Table 5. Values of constants for PM emission estimation.
Fuel/Vehicle
Type Eo f1 fr f3 fy f5 3
petrol car 0 0 157 x 1075 —9.21 x 1077 0 3.75 x 1072 1.89 x 107°
diesel car 0 0 313 x 1074 —1.84 x 107° 0 7.50 x 1074 378 x 1074
LPG car 0 0 157 x 1075 —9.21 x 1077 0 3.75 x 107° 1.89 x 105
diesel truck/bus 0 2.14 x 1074 3.35 x 1074 —2.22 x107° 0.00207 0.0018 227 x 1074
2.1.3. Cost of Traffic Accidents
Prior to this analysis, the types of traffic accidents should be defined. The most
common types of accident in the literature are (a) fatal accidents (fa), (b) serious injury
accidents (sea), (c) slight injury accidents (sla) and (d) property-only damage accidents
(pdo). Traffic accidents cost CAc is estimated as a function of mean velocity V [m/s] as
follows [10,23,24].
Vv expl exp2 exp3 exp4
CAc(V) = * * W —_— * * W, * * W, —_— * * W, 9
c(V) (VRef) Nfy fa T (VRef) Ngea sea T (VRef) Ngla sla T (VRef) Npdo pdo )

where Vge¢ is the mean velocity [m/s] when the accident occurred or, if these data are not
available, the road speed limit; ng,, nsea, Ngla and npg, are the number of traffic accidents of
each type of accident; Wg,, Wsea, Wy, and Wq, are the unit cost of each type of accident
[EUR/accident]; and expi4 are constants of each type of accident. In this study, the
considered types of accident are all injury accidents (aia), including any injury regardless
of severity (merging serious injury accidents and slight injury accidents) and property-only
damage accidents (pdo). The values of the constants [25] and the unit costs related to
accidents in Greece [26] are shown in Table 6.
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Table 6. Values of constants and unit costs for traffic accidents cost estimation.

Type of Accident Exponent—Exp [glr;;{t /i(zz;d_e‘rﬁ]
fatal 2.6 43,596
serious injury 1.5 28,616
slightly injury 1.0 18,060
property-only damage 0.8 1937
all injury 12 23,338

2.1.4. Cost of Travel Time

The cost of travel time CTT depends on the user’s trip purpose according to main
category, i.e., work trips or pleasure trips. The type of vehicle and its passengers’ trip
purpose are highly related. In Equation (10), for each vehicle type j (e.g., private car, bus,
truck), T(V) is the travel time per traversed distance [s/m] as a function of velocity V [m/s];
Ppur is the percentage of passengers that travel for purpose pur; Wpy, is the unit cost of
travel time for purpose pur [EUR/s-person]; d is the total traversed distance per vehicle
type j [m]; and x is the average vehicle occupancy of vehicle type j [person].

m n
j; pél (T(V) * Py * Wpur *d * x) (10)

In this study, vehicle type j consists of cars, buses and trucks. Concerning the passen-
gers of car and bus, the trip purpose varies between work or pleasure during the day, as
shown in Table 7. It was considered that all truck passengers travel only for work purposes.

Table 7. Percentage of passengers that travel for work or pleasure per time slot in Greece (Data
from [27]).

Time Slots Travel for Work Travel for Pleasure
7.00-11.00 80% 20%
11.00-17.00 20% 80%
17.00-20.00 50% 50%
20.00-24.00 5% 95%
24.00-7.00 30% 70%

The average vehicle occupancy x was 1.75 passengers for private cars and 1.24 passen-
gers for trucks in Greece [27]. In the case of Patras, the average vehicle occupancy for bus
was 10 passengers. Regarding the unit cost of travel time Wpur, it was defined based on
the net average hourly wage of year 2021 in Greece. It was equal to 0.00204 EUR/s-person
for work purposes, and 0.00051 EUR/s-person for pleasure.

2.2. Innovative Urban Connected Intelligent Transport System

The Urban Connected Intelligent Transport System (Urban C-ITS) is applied to urban
road networks consisting of a main road and secondary roads intersecting the main one at
junctions with traffic lights. The iteration period interval (dt) must be defined. The System
examines all sub-segments (OD) of the main road which are delimited by traffic lights.
Through V2I technology, it imposes, in real time, on every connected vehicle that enters
or moves on each OD the optimal velocity and/or acceleration to minimize the societal
cost of travel till the next iteration, by utilizing mathematical optimization, respecting
spatiotemporal traffic restrictions (i.e., movement of preceding vehicles and operation of
traffic lights) but not allowing lane change.

When the minimization of the societal cost is not possible owing to traffic restrictions,
the System intervenes in the OD traffic light’s cycle after assessing the index v/c for each
road intersecting the main one. This index is the ratio of the traffic volume (v) to the traffic
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capacity (c). If the ratio v/c < 1.0, then the System can extend the corresponding green
phase time on the main road. The Urban C-ITS is presented in the flow chart of Figure 1.

z=1

Estimate the

) Minimize Koo (V,2) Sort all N; 00 and S; o0 Estimate K.op (V@) when
travel b societal cost of when a;,0p=0, resulting FGTZ'OD & Nz'ﬁ'? f szﬁ D gx—%” vehicles based on V=V, op resulting in the
vel based on Equation (1) 4 : or every vehicle, the System - ) | f h
Koo (V)] in the optimal constant reads its ID and position [X] their closest distance values of a;,0p that
=op T speed (Vz,0p) p to exiting OD minimize the societal cost

No.

L1B.L2b

Sz001>0

Vz,00

GTzop1>0&

Impose on vehicle
Sz,0p-1,i to travel at
constant acceleration
az,0p to reach speed

L1A.L2b Ca]culate a_nzop,needed for
N vehicle nzop, to stop before the
preceding vehicle s;,0p,sz,0p, for

L1A.L2a initial speed V_n;,op;

Calculate a_nz,op,

needed for vehicle a_Nzop,is

nz,op,, at initial speed within the range

V_n, opj, to stop at of deceleration values of

the first available a;,0p that minimize

position closest to the the zgts::etal
OD exit

Impose on vehicle
nzop,to travel at
constant speed V;,0p

Impose on vehicle n;op,
to travel at constant
deceleration a_n:

Test, till the constraint is satisfied,
which of the next favourable values
of a,0p, that minimize the societal
cost of travel, would result in a new
value of t_s; op.1; needed by the
vehicle s;,0p.1,i to reach Vop

Calculate t_sS; 0p-1,needed
by vehicle S, op.1,ito reach
speed equal to V; op for
acceleration equal to az,0p

Calculate d_s;,0p-1,i
for az,0p, t_Sz,0p-1,i»
and Vz,0p

d_s;op-1,i <
|X_nz,00,Nz,00 -
X_Sz,00-1,

X_Nz,00.Nz,0D Impose on vehicle

Sz,0p-1,i to travel at the
last selected constant
acceleration a,,op to
reach speed V; op

No

Y

Test which of the next favourable values of
az,op, that minimize the societal cost of
travel, would result in a new value of
d_s;,0p-1,; Which would be lower or equal to
the relative distance of the two vehicles

Impose on vehicle sz op-1,i
to travel at this selected

value of acceleration a;,0p
to reach speed V;,0p

Figure 1. Flow chart of the Urban C-ITS.

The System reads the time and date (Timestamp) at every iteration (z). The model for
the estimation of the societal cost of travel is configured based on time slots indicated in
Table 7. Starting with the first OD, the System applies Equation (1) and estimates the societal
cost of travel of the OD (K, op (V,a)) as a function of mean velocity V and acceleration a. In
each iteration (z), the formulated Equation (1) is the objective function to be minimized in
next steps of the proposed Urban C-ITS, based on specific constraints defined in each step.
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Next it minimizes the societal cost K, op (V,a) (objective function) with the constraint
that a, op equals to zero, resulting in the optimal constant speed (V, 0op).

The System reads the remaining green time (GT, op) of the traffic light at the end of
OD. It reads the total number of vehicles moving on the OD (N, op) and the total number
of vehicles idling at the end of the OD owing to red traffic light (S, 0p). For every vehicle,
the System reads its ID and position. This separation is necessary as there follow steps that
differ according to the whether the vehicles are already in motion or are idling and have to
accelerate to move and enter the next road sub-segment at the next iteration. Then, N, op
vehicles and S, op vehicles are sorted based on their closest distance to exiting OD.

A single system for measuring the positions of vehicles in all ODs must be defined.
The position of each vehicle defined from the beginning of the front bumper to the end of
the rear bumper needs to be recorded. When the System calculates the relative distance
(gap) between two vehicles, this is calculated as the difference of the position of the rear
bumper of the preceding vehicle from the front bumper of the following vehicle. The
position of the traffic light x_¢op is also read.

Next, the System estimates the societal cost K, op (V,a) with the constraint that V equals
to V,0op, resulting in the values of a, op that minimize the societal cost. The conclusion in
the literature [28] is that the lowest societal cost of travel is achieved when vehicles move
either with constant speed or smoothly accelerating and decelerating. In this regard, the
calculations below related to individual vehicle’s movement (e.g., distance, time) follow
the fundamental equations of motion for the aforementioned cases.

e  The first level of Case Classification (L1) refers to the existence of vehicles moving on
the OD, N, 0p.

- L1A:If vehicles N, op are moving on the OD

An iterative loop is activated. For every vehicle n,opj of this category (previously
sorted), vehicle position X_n, op,; and speed V_n, op, are read. The System checks if there
are vehicles S, op idling at the end of the OD owing to red traffic light.

e  The second level of Case Classification (L2) of L1A refers to the existence of vehicles
idling at the end of the OD owing to red traffic light, S, op.

— L1A.L2a: If there are no vehicles S, op idling at the end of the OD

The time t_n, op; needed by vehicle n, op to exit OD is calculated for traveling at
constant speed equal to V, op and given its current position X_n, op,. The System checks
if vehicle n, op j traveling at constant speed V, op will be able to exit OD with green light;
i.e, it checks if time t n,op; < GT,0p.

If this check is valid, the System imposes on vehicle n, op to travel at constant speed
V. op till the next iteration. At this point, the first loop iteration is completed, and the
System continues the iterative loop for all next vehicles n, op;. If the aforementioned check
is not valid, the System calculates the constant deceleration a_n, op; needed for vehicle
n,,0p,, at initial speed V_n, opj, to stop at the first available position closest to the OD exit.
If a_n, op; is within the range of deceleration values of a, op that minimize the societal
cost (previously estimated), the System imposes on vehicle n, opj to travel at constant
deceleration a_n, op . At this point, the first loop iteration is completed, and the System
continues the iterative loop for all next vehicles n, op.

If a_n, op) is out of the range of deceleration values of a, op that minimize the societal
cost (previously estimated), the System calculates the index v/c of the intersecting road.
If v/c < 1.0, the traffic state of the intersecting road permits the System to extend the
corresponding green time on the main road. The time extension is equal to t n,op. The
System imposes on vehicle n, opj to travel at constant speed V, op till the next iteration. As
a result, the unfavourable deceleration of vehicle n, op; causing high societal cost of travel
is avoided. At this point, the first loop iteration is completed, and the System continues
the iterative loop for all next vehicles n, op . On the contrary, if v/c > 1.0, the heavy traffic
conditions of the intersecting road do not permit the System to extend the corresponding
green time on the main road. Thus, the vehicle n, op; will travel at constant deceleration
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a_n, op,- At this point, the first loop iteration is completed, and the System continues the
iterative loop for all next vehicles n, op.

— L1A.L2b: If there are vehicles S, op idling at the end of the OD

The System reads last idling vehicle’s (s,,0p,s, o) POsition X_s, 0pys, o,- Based on this
position and n, op;j vehicle’s position X_n; op , the System calculates distance D_n, op,
which is available to vehicle n, op; to stop. Taking into account this distance and for initial
speed V_n, op,j, the System calculates the constant deceleration a_n, op,; needed for vehicle
n,,op, to stop before the preceding vehicle s, 0opgs, ,- The System imposes on vehicle
n,op; to travel at constant deceleration a_n, op;. At this point, the first loop iteration is
completed, and the System continues the iterative loop for all next vehicles n, op;.

- L1B:If there are no vehicles N, op moving on the OD or if all n, op; vehicles have
been processed in the previous iterative loop

e  The second level of Case Classification (L2) of L1B refers to the existence of remaining
green time (GT,op-1) of the traffic light at the end of OD-1.

— L1B.L2a: If there is remaining green time GT, op.; of the traffic light at the end
of OD-1

Next, the System analyses the vehicles s, op-1 ; which are idling at the traffic light at the
end of main road’s previous sub-segment (OD-1) because of red light. These vehicles will
accelerate to enter the OD sub-segment in the next time intervals. This analysis continues
for all sub-segments under study; the constraint OD > 2 must be applied since the analysis
is not applicable when only one sub-segment is studied. Otherwise or if there no vehicles
S2,0D-1,i, the System follows the steps described in L1B.L2b.

This System’s loop starts when OD = 2 and there is remaining green time (GT,op.1) of
the traffic light at the end of OD-1, iterating for every vehicle s, op.1,; (previously sorted) of
category S, op-1. In this iterative loop, data from both road sub-segments OD and OD-1 are
needed. The vehicles idling at the red traffic light at the end of OD-1 should be analysed
based on the equation of the societal cost of travel as formulated for the next sub-segment
OD. Also, the acceleration of these vehicles is constrained by the traffic conditions of the
next sub-segment OD.

For every vehicle s, op.1 3, vehicle position X_s; op.1; is read. For acceleration a, op
that minimizes the societal cost of travel (previously estimated), the time t_s, op-1; needed
by vehicle s, op.1; to reach speed equal to V, op is calculated. At this point, the System
checksif t_s, op-1; < GT,0p-1-

If indeed t_s, op-1; < GT,0p-1, and if I = 1, meaning that the first idling vehicle is
being studied, then the System calculates the distance d_s, op-1,; that this vehicle will
traverse given that acceleration equals a, op, time equals t_s, op.1 ; and speed equals V, op.
The System recalls the position X_n; op,N, op, Of the preceding vehicle, which is the position
of the last moving vehicle on the next OD. If d_s, op-1, is less or equal to the relative
distance (gap) of the two vehicles, then the System imposes on vehicle s, op.1 ; to travel
at constant acceleration a, op to reach the favourable speed V,op. At this point, the first
loop iteration is completed, and the System continues the iterative loop for all next vehicles
S,,0D-14- If d_s, 0op-1,i is higher than the gap of the two vehicles, the System tests which of
the next favourable values of a, op, that minimize the societal cost of travel, would result
in a new value of d_s, op-1,; which would be lower or equal to the relative distance of the
two vehicles. This selected value of a, op is imposed on vehicle s, op.1; to reach V, op. At
this point, the first loop iteration is completed, and the System continues the iterative loop
for all next vehicles s, op.1;. If indeed t_s, op.1; < GT,0op-1, and i > 1, meaning that an
idling vehicle, apart from the first one, is studied, the System imposes on vehicle s, op.1 i
to travel at the last selected constant acceleration a, op to reach V, op. At this point, the
first loop iteration is completed, and the System continues the iterative loop for all next
vehicles s, op-1,i-

If constraint t_s, op.1; < GT, op-1 is not satisfied, the System tests, till the constraint
is satisfied, which of the next favourable values of a, op, that minimize the societal cost
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of travel, would result in a new value of t_s, op.1 ; needed by the vehicle s, op.1 ; to reach
V. op. For all studied vehicles except the first one, an additional limitation applies; the
tests are performed up to the acceleration value obtained by the previous studied vehicle.
The final selected favourable value of a, op is imposed on vehicle s, op.1; to reach V, op.
At this point, the first loop iteration is completed, and the System continues the iterative
loop for all next vehicles s, op.1 ;.

— L1B.L2b: If there is no remaining green time GT, op.1 of the traffic light at the end
of OD-1

The System continues to the next OD. When all ODs are analysed, the System proceeds
to the next iteration z+1.

3. Study Area and Data
3.1. Study Area

In this research, the study area is a section of the main coastal urban road of Patras
city, Greece: Othonos-Amalias avenue, bounded by the 28 October or Karolou intersecting
street to Dimitriou Gounari intersecting avenue. Both the entrance and the exit of the study
area are supervised by Machine Vision (MV) systems, each of which records traffic data.
The model of the selected study area is shown in Figure 2a. The area under study is divided
into three sub-segments delimited by traffic lights. The sub-segments and positions of the
Machine Vision systems are shown in Figure 2b.

Figure 2. Study area of Othonos-Amalias avenue, Patras, Greece: (a) the model; (b) sub-segments and
position of the Machine Vision systems (primary source: https:/ /www.google.com/maps, accessed
on 3 September 2023).

Sub-segment 1 is bounded by the 28 October or Karolou intersecting street to Kolokotroni
intersecting street; Sub-segment 2 is bounded by Kolokotroni intersecting street to Patreos
intersecting street; and Sub-segment 3 is bounded by Patreos intersecting street to Dimitriou
Gounari intersecting avenue.

The city of Patras has an extensive beachfront, along which a coastal road network is
being developed that serves a large volume of vehicles moving from one end of the city to
the other. Othonos-Amalias avenue is used by travellers who move from areas north of
the city such as Rio, to areas further south such as the southern port of Patras, Vrachneika
and the Industrial Zone of Patras. It is also used by drivers heading out of Patras to nearby
towns such as Amaliada and Pyrgos. In addition, users who want to avoid the urban
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centre of Patras choose Othonos-Amalias and turn onto the intersecting street which is
their final destination. Of particular importance is the use of Othonos-Amalias by private
and professional drivers heading to the southern port of Patras, which also explains the
presence of heavy vehicles. From the above, the selected study area is a key avenue of the
city, congested during peak hours.

The study area consists of two traffic lanes formed along its entire length. The width
of each lane is at 3.5 m. The overall width of the avenue would allow vehicles to use a third
lane, but the parked vehicles on the left side of the road do not allow this. The formation of
a third traffic lane is observed at the point of the left turn onto Dimitriou Gounari avenue,
i.e,, shortly before the end of the study area. After that point, traffic continues in three lanes.
Concerning public transport, several public bus routes traverse the study area, where the
main train station is also located.

3.2. Data

In this study, multisource traffic-related data were used to implement the suggested
methodological framework. The management of the data was as follows:

e Field data manually recorded: For developing a representative traffic simulation
model, traffic flow and turning percentages data from the study area had to be col-
lected. In particular, we measured the traffic flow entering the under study section
of Othonos-Amalias avenue, the traffic flow entering Othonos-Amalias avenue from
the intersecting roads and the turning flow exiting Othonos-Amalias avenue towards
the intersecting roads. These data were recorded separately for the category of pas-
senger vehicles and heavy vehicles, trucks and buses. The data were processed to
obtain the exiting turning percentages. These data are shown in Tables S1 and S2 of
Supplementary Materials.

e  Traffic data from Machine Vision systems: Traffic volume, traffic flow and turning
percentages were also collected by the two Machine Vision systems which monitor
the entry and exit of the study area. The Machine Vision systems are parameterized
to record traffic data per pre-defined vehicle classes by vehicle length. To adapt the
recorded data into the vehicle categories of this study (i.e., passenger vehicles and
heavy vehicles, trucks and buses) and insert them in the traffic simulation model, the
data were processed as shown in Tables S3-57 of Supplementary Materials.

e Data related to traffic lights at the intersections: It was necessary to record the cycle of
each traffic light at the signalized intersections, including the duration of the individual
traffic light phases. This information is needed for the development of the traffic
simulation model. Location and operation data of each traffic light are shown in
Table S8 of Supplementary Materials.

e Data related to public transport: For the traffic simulation of the study area, it was
needed to record information on the routes of the city buses, and data on the average
duration of the bus stops. The frequency of the routes (Table S9 of Supplementary
Materials) was obtained from the official website of the urban transport authority
of the city of Patras. The average stop duration was defined as 18 s based on field
measurements of 45 buses that stopped at the bus stop located in the road segment
under study.

e  Traffic accidents: On the number of traffic accidents per category studied (all injury
accidents (aia) including any injury regardless of severity and property-only damage
accidents (pdo)), documentation from Patras Traffic Police was used to collect accident
records as shown in Table S10 of Supplementary Materials.

e  Open Street Maps were used to insert the study area in the traffic simulation software.

4. Results

Two case studies are analysed for the study area in Patras, Greece: Case study (a)
without the application of the suggested Urban C-ITS, corresponding to current traffic
conditions, and Case study (b) with the application of the suggested Urban C-ITS.
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The results reported in this section demonstrate the influence of the suggested Urban C-
ITS on traffic management, and on environmental and societal aspects, compared to current
traffic conditions of the study area. A comparative evaluation enables us to quantify the
impact deriving from the application of the proposed System, and draw useful conclusions.
The evaluation indicators are the societal cost of travel, mean traffic flow, mean travel time,
mean fuel consumption, total CO, emissions, total NOx emissions, total VOC emissions
and total PM emissions.

The study period is the same for both aforementioned cases: a weekday morning,
from 9.00 a.m. to 11.00 a.m. The two case studies were simulated with traffic simulation
software Aimsun Next 8.4.4.

Figure 3 illustrates the societal cost of travel (EUR) at each iteration (5 s) of the Urban
C-ITS applied during the two-hour period of Case study (b); for the same time intervals, it
depicts the societal cost of travel for Case study (a).
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Figure 3. Societal cost of travel in each case study for every iteration.

The values of the societal cost are reduced, for the majority of iterations in Case
study (b) compared to Case study (a). In particular, there is significant reduction in the
higher values of the societal cost that appeared in Case study (a), fulfilling the ultimate goal
of the proposed Urban C-ITS. In Case study (b), where the System is applied, the majority
of the societal cost values are between EUR 0.55 and EUR 0.85. This is justified by the
System operation principles which form smooth traffic conditions reducing unnecessary
sharp speed fluctuations and extreme values, resulting in societal cost estimations that do
not vary substantially across iterations. At the iterations corresponding to yellow and red
traffic light phases as well as the starting time of green phases (as shown in Tables S11-516
of Supplementary Materials), when vehicles have to stop or restart, the societal cost values
are greater and out of this range, but still lower compared to Case study (a). From the data,
in Case study (a), the best adapted probability distribution is the generalized extreme value,
while in Case study (b), the best is the Laplace distribution as demonstrated in Figure 4.

From Case study (a) in Figure 5, the same value of the mean traffic flow can be
observed for a number of mean speed values. In particular, low mean traffic flow values
are presented at very low and at very high mean speed values. This is justified by the fact
that at very low speed values, the traffic flow served is low, as, for example, in congested
traffic. Also, at low traffic flow values, vehicles can travel at a very high speed.
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Figure 4. Probability density function: (a) Case study (a), generalized extreme value; (b) Case
study (b), Laplace.
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Figure 5. Relationship between mean speed and mean traffic flow in each case study for the study
period of two hours.

Further, the higher the traffic flow value, the more limited the range of speed values.
For the highest observed traffic flow values, the speed values vary between 32 km/h and
58 km/h. The points of Case study (b), see Figure 5, follow a pattern similar to those of
Case study (a); however, the majority of mean speed values do not exceed 50 km/h, and
very few are slightly above this value. This is due to the proposed System operation which
does not allow very high speed values as these values would increase the societal cost of
travel. Additionally, all points of Case study (b) are slightly shifted to the right, compared
to the points of Case study (a); i.e., when the suggested System is applied, at the same mean
speed value, the mean traffic flow value is higher compared to the case where the System
is not applied. Thus, the application of the System improves the traffic throughput of the
road segment, i.e., more vehicles are served at the same mean speed.

Table 8 summarizes the comparative evaluation results, presenting the values of the
eight predefined evaluation indicators for both case studies. The evaluation indicator of the
total societal cost of travel is equal to EUR 1472.54 in Case study (a), while in Case study (b),
it equals EUR 1053.39. Thus, the application of the System leads to an estimated reduction
of 28.46% in the societal cost of travel, i.e., in the desired direction in this research.
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Table 8. Evaluation indicators in each case study for the study period of two hours.

Evaluation Indicators Case Study (a) Case Study (b) Percentage
Change
Total societal cost of travel EUR 1472.54 EUR 1053.39 (—) 28.46%
Total vehicles CO, emissions 836,589 g 603,289 g (=) 27.89%
Total vehicles NOy emissions 2638.6 g 21178 g (—) 19.74%
Total vehicles VOC emissions 9232¢g 6369 g (=) 31.01%
Total vehicles PM emissions 2158¢g 1473 g (=) 31.74%
Average vehicle fuel consumption 0.149 L/veh 0.117 L/veh (—)21.48%
Average vehicle travel time 291s 267 s (=) 8.25%
Mean traffic flow 1124 veh/h 1137 veh/h (+) 1.16%

As for the direct impact on the environment and air quality, a considerable reduction in
all four pollutants emissions is achieved in Case study (b) compared to Case study (a). Total
vehicles CO, emissions are reduced by 27.89%, NOy emissions by 19.74%, VOC emissions
by 31.01% and PM emissions by 31.74%.

As for the indirect environmental impact in terms of the depletion of natural resources,
the average vehicle fuel consumption is 0.149 L/veh in Case study (a) and 0.117 L/veh
in Case study (b), resulting in a 21.48% reduction in vehicle fuel consumption when the
System is applied. The average vehicle travel time is reduced by 8.25% as vehicles are
crossing the under-study road segment faster by 24 s in Case study (b). The mean road
traffic flow of the study area is 1124 veh/h in Case study (a), whereas in Case study (b), it
is 1137 veh/h, i.e., increasing throughput by 1.16%, enabling more vehicles to be served.

5. Discussion

Environmentally burdened cities need innovative solutions to face their urgent sustain-
ability challenges, and the share of the transport sector in this burden is high. Transportation
causes substantial negative impacts on the environment and human health, being respon-
sible for about a quarter of the EU’s total greenhouse gas (GHG) emissions, and causing
air pollution and health risks [29]. In this framework, and considering the increasing
traffic demand in urban road networks, the societal cost of travel should be systematically
studied [28,30-32].

In particular, the societal cost of travel should be one of main elements used by
transportation decision makers and engineers in designing transportation infrastructure
and urban traffic management solutions. Traffic management plans and systems are
often designed considering the design speed, the average travel time or the average delay
per vehicle [33], leaving aside the societal costs related to environmental and air quality
degradation, resources depletion and road users’ safety. Contrary to traditional approaches,
the present study proposes an innovative urban traffic solution, the Urban Connected
Intelligent Transport System (Urban C-ITS). The System dynamically manages traffic by
imposing certain moving conditions on connected vehicles and by intervening in traffic
signal control strategies based on the minimization of the societal cost of travel in the urban
road network [1]. The suggested Urban C-ITS can contribute to the enhancement of urban
transportation sustainability and the achievement of greener and safer urban travel.

For the estimation of the societal cost of travel, this research develops a societal cost
model as a function of mean velocity and acceleration. The societal cost of travel consists of
four factors: traffic accidents, fuel consumption, pollutant emissions and travel time. Each
cost was estimated as a function of speed and/or acceleration of the vehicles moving in
the urban network. The data of individual vehicles are easy to collect if all vehicles of the
network are connected vehicles. As this was not the case in our application, the study area
was simulated in Aimsun Next 8.4.4 traffic software using real traffic data collected from
the study area primarily through Machine Vision systems.

The suggested Urban C-ITS, which incorporates the model of societal cost of travel,
was applied to the study area in the urban road network of Patras, Greece. Two case studies
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were analysed: Case study (a): no-action case, corresponding to current traffic conditions;
Case study (b): with application of the suggested Urban C-ITS. The study period is the same
for both cases: a weekday morning, from 9.00 am to 11.00 am. The proposed methodology
and modelling approach of this study is considered easily adjustable to the requirements of
urban road networks with similar characteristics as the selected study area.

From the results, mean speed values varied in a smaller range after the application
of the System, compared to the current no-action case, i.e., road operation without the
System; implying that vehicle movements were smoother in Case study (b) compared to
Case study (a). More specifically, less extreme mean speed values were observed when the
System was responsible for traffic management.

In the no-action case, a large number of high mean speed values exceeding 50 km/h
and several values exceeding 60 km /h was noted. In contrast, with the System’s application,
the highest mean speed values reached up to 50 km/h and very few marginally exceeded
this value. In summary, the proposed System leads to vehicle speeds between 30 km/h
and 50 km/h. These values coincide with the current speed limits for the main types of
road within an urban environment, and are consistent with the recent proposals of the
National Road Safety Strategic Plan 20212030 [34] concerning speed limit reduction for
urban roads.

In certain cases, the application of the proposed System led to the extension of the
green phase of the main road of the study area in order to reduce the estimated societal
cost. Nevertheless, very high values of societal cost of travel were rarely observed, and
therefore, the System needed to intervene rarely.

The societal cost of travel was reduced in the vast majority of cases relative to the
no-action case, mostly ranging between EUR 0.55 and EUR 0.85. This finding is justified by
the System’s operation, which forms smooth traffic conditions without unnecessary sharp
fluctuations and extreme speed values. This was not the case for orange and red phases
as well as starting time of green phase. To be sure, when traffic control forces vehicles to
stop, idle or restart, societal cost values increase; but in Case study (b), they are still lower
compared to the no-action case study.

Overall, application of the proposed Urban C-ITS for the entire study period reduced
total societal cost by almost 30%, indicating the viability of our hypothesis on its potential
for achieving greener and safer urban travel. The results indicated considerable improve-
ment of environmental performance, by a reduction between 20%-32% in all indicators,
namely “Total vehicles CO, emissions”, “Total vehicles NOy emissions”, “Total vehicles
VOC emissions”, “Total vehicles PM emissions” and “Average vehicle fuel consumption”.
Further, the System’s application led to a reduction in “Average vehicle travel time” of
8.25%. As travel time is directly perceived by the users, this reduction may contribute
to future acceptance of the System’s application. Last, for the same mean speed value, a
higher throughput is served in the case study with the System application compared to the
no-action case study.

Certain prospects of this study are worthy of further discussion. First, the systematic
entry of modern hybrid and electric vehicles will affect two of the factors in estimating the
societal cost of travel. More specifically, these vehicle types are often considered to have
reduced fuel (for hybrids) or energy (for purely electric) demand compared to conventional
vehicles. As their fuel consumption and emissions behaviour cannot be described by the
conventional models [35], it would be of interest to study their effect on these factors, and
consequently on the overall societal cost in a mixed traffic or all-electric environment.

Another suggestion for further research would be the calculation of the exponents of
Elvik’s model [10,24] for each study area from the very beginning. For this purpose, a large
number and very detailed data on the conditions of the traffic accidents that take place in
the study area would be needed. A comparative analysis between the existing exponent
values and the estimated ones would result in estimating the impact of the exponents on
the estimation of the societal cost of travel. In our study, this was not possible since no such
detailed traffic accident data were recorded by Patras Traffic Police.
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A further suggestion for research is related to the estimation of pollutant emissions.
Some models estimate pollutant emissions by the slope of the road segment. In the present
work, the selected study area does not exhibit a slope that could affect the results of the
cost of pollutant emissions and thus the societal cost. However, if there is a considerable
slope in the study area, researchers should use an appropriate model [36] in order to take it
into account.
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