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ki	� Vehicle density of the road section i (pc/km)
kc	� Critical density (pc/km)
kj	� Jam density (pc/km)
klim	� Desirable limit density value (pc/km)
kw	� Weighted vehicle density at the road network 

under consideration (pc/km)
li	� Length of the road section i (m)
L	� Total length of the road under consideration (m)
LDD	� Loop detector data
LCFs	� Link congestion functions
LOS	� Level of service
MFD	� Macroscopic fundamental diagram
MPL	 �Market penetration level of CAVs in the traffic 

flow (%)
qi	� Flow rate of the road section i (pc/h)
qw	 �Weighted flow rate at the road network under 

consideration (pc/h)
TT	� Travel time (s)
T0	� Minimal travel time (s)
TTI	� Travel time index

Abbreviations
cT	� Capacity of the carriageway in the basic condi-

tion, DLC inactive (pc/h)
c′
T	 �Capacity of the carriageway in the modified con-

figuration, DLC active (pc/h)
CAVs	� Connected and autonomous vehicles
DLC	 �Dynamic lane configuration
FCD	� Floating car data
HDVs	� Human-driven vehicles
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Abstract
To reduce congestion on urban and suburban road networks, specific capacity-enhancing strategies must be implemented, 
either through physical and structural interventions or by adopting appropriate traffic regulation systems. The introduc-
tion of smart roads and autonomous vehicles (CAVs) offers new opportunities to enhance road functionality by adjust-
ing capacity to fluctuating traffic demand over time. Among these strategies is the Dynamic Lane Configuration (DLC), 
which enables the dynamic adjustment of the number of lanes by modifying their original number and width, without 
compromising road safety in traffic flows composed of CAVs. This article presents the results of a study conducted on 
an urban arterial road in Italy, which was reconfigured by increasing the number of lanes and simultaneously reducing 
their width. Travel time and space mean speed were derived through the analysis of TomTom big data, and macroscopic 
fundamental diagrams (MFDs) were obtained, along with travel time functions, in the case of manually driven vehicles. A 
simplified traffic engineering closed-form model was subsequently developed to evaluate the effects of implementing the 
DLC system on the selected road, with a view toward its potential future transformation into a smart road accommodating 
different market penetration levels of CAVs. The proposed approach is then tested through several traffic analyses, which 
highlight the potential benefits of the novel traffic control strategy.
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TTph	� Mean travel time during peak hours (s)
TTffs	 �Mean travel time during free-flow conditions (s)
x	 �Degree of saturation (flow-to-capacity ratio)
VDFs	� Volume-delay functions
vf	 �Free-flow speed in the basic condition, DLC inac-

tive (km/h)
vf’	 �Free-flow speed in the modified configuration, 

DLC active (km/h)
vi	� Vehicle space mean speed of the road section i 

(km/h)
Vmax	� Imposed speed of CAVs (km/h)
vw	� Weighted vehicle space mean speed at the road 

network under consideration (km/h)
α	 �Ratio between practical capacity travel time and 

free flow time in the BPR formula
β	 �Steepness of the curve in the BPR formula (rate 

of change of average travel speed from free-flow 
regime to congested conditions)

γ	 �Critical density ratio (critical density of the modi-
fied carriageway configuration/critical density of ​​ 
the original configuration)

δ	 �Ratio of the capacity values (capacity of the 
modified carriageway configuration/capacity of 
the original configuration)

ε	 �Number of lanes ratio (number of lanes of the 
modified carriageway configuration/number of 
lanes of ​​ the original configuration)

λ	 �Number of lanes per carriageway in the basic 
configuration, DLC inactive

λ’	 �Number of lanes per carriageway in the modified 
configuration, DLC active

σ	 �Free-flow speed ratio (free-flow speed of the 
modified carriageway configuration/free-flow 
speed of ​​ the original configuration)

τm	� Time headway between pairs of vehicles in the 
traffic streams (s)

Introduction

Traffic congestion has emerged or worsened in many cities 
worldwide, negatively impacting urban mobility — affect-
ing both daily travel routines and the efficiency of emer-
gency operations [1]. Additionally, it intensifies issues 
related to travel safety, energy consumption, and air pol-
lution. Understanding where, when, and to what extent 
congestion occurs should guide the development of effec-
tive mitigation strategies. Therefore, congestion indicators 
with high spatial and temporal resolution are essential for 
informed policy-making [2]. To mitigate the effects of over-
saturation that often occurs on existing roads due to high 
traffic demand levels, road management agencies often 

implement costly physical interventions aimed at widening 
the road cross-section to increase capacity. However, these 
interventions are costly and often impractical, also for tech-
nical reasons. For this reason, special traffic flow regulation 
systems, such as Managed lanes (e.g., dynamic peak-hour 
lanes, additional lanes, high-occupancy vehicle lanes, and 
bus lanes), are used. Managed lanes' operations comprise 
a set of traffic strategies designed to enhance roadway 
capacity or to modify its configuration in order to prioritize 
a specific transportation mode (e.g., buses, taxis, or high-
occupancy vehicles) or mitigate recurring congestion. In the 
latter case, the increase in capacity is typically achieved by 
redefining the transverse profile within the existing roadway 
boundaries. Various technical options can be implemented, 
such as reducing lane widths and temporarily or perma-
nently utilising the hard shoulder as a running lane [3]. The 
hard shoulder running (HSR) strategy has proven to be an 
effective measure to alleviate freeway traffic congestion. 
This strategy dynamically opens and closes the hard shoul-
der in response to current traffic conditions. When traffic 
flow is relatively low or special requirements arise, the hard 
shoulder reverts to its original emergency lane function [4]. 
This type of traffic regulation system has the advantage of 
not requiring modifications to the road platform or changes 
to the lane dimensions. Still, it requires significant invest-
ments in technology and is generally combined with VSL 
systems. However, compared to platform expansion HSR 
traffic control system often achieves increased capacity with 
lower investment costs and acceptable safety conditions. 
Some road management agencies are also experimenting 
with alternative traffic management systems on urban arte-
rials. Some of these systems involve increasing the num-
ber of lanes while maintaining the same road platform; 
this approach involves using narrower-than-usual lanes 
without employing a dynamic system [5, 6]. Currently, this 
approach could lead to a higher accident risk. In fact, in 
general, sufficiently wide lanes and shoulders are associated 
with lower accident rates [7]. In any case, the ever-increas-
ing presence of driving assistance systems, and above all, 
the future introduction of CAVs (defined here as automated 
vehicles with an operating cooperative adaptive cruise con-
trol system) will make it possible to overcome potential 
safety problems resulting from limited lanes and shoulders. 
Connected and Automated Vehicles (CAVs) offer the capa-
bility to enhance road safety while simultaneously mitigat-
ing traffic congestion, fuel consumption, and both air and 
noise pollution [8]. Through advanced sensors [9, 10], data 
sharing and accurate motion planning, these systems enable 
more efficient traffic control—particularly within complex 
or high-conflict zones such as intersections, roundabouts, 
and merging sections of roadways. CAVs could find a set 
of non-dominated shortest paths in stochastic transportation 
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networks, potentially offering benefits in terms of travel 
time [11]. The foundation of automated mobility lies in the 
cooperative interaction among CAVs, made possible by 
vehicle-to-vehicle and vehicle-to-smart road connectivity. 
Such cooperation supports the development of control algo-
rithms that jointly optimize travel time, energy efficiency, 
and passenger comfort, all while rigorously maintaining 
safety constraints. Conversely, a transportation network 
composed solely of Human-Driven Vehicles (HDVs) oper-
ates according to individualistic, vehicle-centred decision-
making, where each driver acts competitively rather than 
collaboratively with others on the road. Thanks to the auto-
mated driving system and a specific routing framework that 
integrates traffic sensor data augmentation and deep learning 
techniques to improve the reliability of route and lane selec-
tion, CAVs will be able to maintain precise and consistent 
trajectories [12, 13–16]. Therefore, in the future, it will be 
possible to use lanes of a much smaller size than the current 
ones, even for roads travelled at high speed. Furthermore, a 
dynamic configuration could also be introduced by adjust-
ing the number of lanes and their width as needed, resulting 
in a corresponding dynamic increase or decrease in capacity 
during the service life. This would allow vehicles to flow in 
several parallel lanes that can vary in number and configu-
ration over time based on traffic demand. The concept of 
Dynamic Lane was originally proposed in [9]. Specifically, 
when traffic demand increases, the number of lanes can be 
increased by reducing their width; conversely, for low traf-
fic demand, the number of lanes can be reduced and their 
width increased. This approach can help maintain optimal 
infrastructure service levels and ensure acceptable transit 
times. However, research on the Dynamic Lane Configura-
tion (DLC) is mainly focused on HDVs. Advancements in 
connected and autonomous vehicle (CAV) technology can 
generate innovative solutions to the DLC strategy for high-
ways and urban roads.

This article presents and addresses the topic of dynamic 
lane configuration in a case study of the city of Palermo. 
The first part of the article compares service levels, speeds, 
and travel times resulting from the introduction of an addi-
tional lane within the carriageway (simultaneously reducing 
the width of all lanes). To achieve this goal, Mobility Big 
Data (MBD) from TomTom was analysed (four weeks in 
October 2019 and four weeks in October 2024). Afterwards, 
the effects of introducing Dynamic Lane Configuration are 
then estimated for different percentages of CAVs in vehicle 
flows, also proposing a possible control strategy for the traf-
fic regulation system, starting from the operational condition 
of the road when it is in operation. The traffic stream com-
posed of CAVs is regarded as an artificially designed fluid; 
its collective properties are programmable and optimizable 

predominantly in terms of maximum speeds (Vmax) that 
vehicles should not exceed.

In summary, the main innovations and contributions of 
this article are as follows:

a)	 studying the traffic effect generated by the introduction 
of an additional lane in the carriageway of an existing 
arterial road with a contextual width reduction of all 
lanes;

b)	 analyse the potential benefits of a dynamic lane configu-
ration system on existing roads and smart roads [17];

c)	 develop a traffic engineering model able to predict 
travel time under the activation of the dynamic lane 
configuration

d)	 examining how different percentages of CAVs in traffic 
flows could impact the performance of the system in 
terms of travel time.

The rest of the paper is structured as follows. Sect. "The-
ory MFD and Travel Time models" briefly describes some 
key factors on the Macroscopic Fundamental Diagram 
(MFD) and Travel Time models. Sects. "Methodology and 
case study" explain the methodology and the case study. 
Sect.  "Macroscopic fundamental diagrams and travel 
time model deduction" describes the MFD and TT mod-
els deduction for the analysed case under consideration. 
Sect. "Dynamic Lane configuration in CAVs environment" 
examines the Dynamic Lane configuration in the case of 
CAVs environment with a simplified traffic model for the 
deduction of TT and results of traffic analyses for different 
flow rate conditions and Market Penetration Levels (MPLs) 
of CAVs. Conclusions, limitations of the study and research 
perspectives are given in Sect. "Conclusions".

Theory: MFD and travel time models

From a macroscopic perspective, the key traffic variables 
that define traffic flow conditions are flow q (vehicles 
per unit time), space mean speed v, and vehicle density k 
(vehicles per unit length of lane). Under uninterrupted and 
steady-state traffic conditions, these variables are related 
through the fundamental traffic equation: q = k·v. This rela-
tionship is commonly illustrated using the fundamental dia-
gram (FD), which typically expresses speed as a function of 
flow v = v(q). When the macroscopic traffic flow variables 
are calculated as averages at the road network level or for 
a very long segment of a single road, the relationships that 
occur between q, v, and k are referred to as the Macroscopic 
Fundamental Diagram (MFD). Therefore, the MFD has 
similar characteristics to the FD, but rather than concerning 
a road cross-section, it relates space-averaged speed, flow 
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time along a road segment changes based on traffic volume 
q (i.e. the so-called link cost function). More precisely, 
in traffic assignment methods, road capacity constraints 
on travel time are specified using volume-delay functions 
(VDFs) or link congestion functions (LCFs) [21]. VDFs 
are mathematical equations used to account for the effect 
of increased traffic volumes on travel time. To derive the 
VDF for a given road segment, concurrent speed and traf-
fic count surveys are typically carried out across multiple 
survey periods [22]. A practical link cost function typically 
incorporates free-flow travel time, link-specific delays, and 
intersection delays [23]. Among the most widely used link 
cost functions are those developed by the Bureau of Public 
Roads (BPR), as well as the Davidson, Akçelik, and conical 
delay functions. The most used VDFs are listed in Table 1. 
Among these, the best known is the Bureau of Public Roads 
model (i.e. BPR formula).

The BPR function, in particular, is extensively applied 
in transportation planning due to its simple mathematical 
structure, reliance on readily measurable input data, and 
consistent accuracy in various scenarios. The BPR func-
tion is a polynomial function that relates traffic volume q to 
roadway capacity c. It includes two key parameters: alpha 
(α) and beta (β). The alpha parameter serves as a scaling 
factor, while beta determines the shape of the function, 
influencing how sharply travel time increases with conges-
tion. Parameter α represents the ratio of travel time per unit 
distance at practical capacity to the free-flow travel time, 
while β governs the rate at which congestion impacts travel 
time (TT). A higher value of β indicates a more sudden 
onset of congestion, as travel times escalate more steeply 
once the road approaches its capacity. Analysing the dis-
tribution of travel times over an extended period (such as 
a year) is essential for assessing the effectiveness of road 
infrastructure and traffic management systems, as well as 
understanding the impact of various policies and strategies 
on their performance. In addition, travel time can be used 
to assess road reliability [27]. In general, reliability can be 
defined as “the probability that a component or system will 
perform a required function for a given period of time when 
used under stated operating conditions. It is the probability 
of non-failure over time”[28]. In transportation engineering, 
travel time reliability (TTR) can be defined as the probabil-
ity that a traveller can successfully complete a trip within 
a specified time [29]. In addition, a variety of performance 
metrics have been developed to capture travel time vari-
ability, among others, including the following [30]: Travel 
Time Index (TTI), Planning Time Index (PTI), Buffer Index 
(BI), Misery Index (MI), and Modified Misery Index. Table 
2 summarises the TTR measures that were developed and 
utilized in past studies [31].

and density for long road segments or road networks. The 
macroscopic fundamental diagram (MFD) can be utilised 
for various purposes because it is a relatively simple method 
by which traffic engineers can calculate the effects of traf-
fic control. The original idea of MFD was first proposed 
by Godfrey [2], although its basic theory was developed in 
2007 by Geroliminis and Daganzo [3, 4], who demonstrated 
the usefulness of MFD for analysing the traffic conditions of 
Yokohama City. In recent times, MFD has been extensively 
applied to evaluate the impacts of traffic control on urban 
road system performance [5, 6]. Moreover, studies on arte-
rial and motorway networks have been investigated using 
MFDs [7–9]. At a road network level, the macroscopic traf-
fic variables can be defined as follows:

qw =
∑

i qi · li∑
i li

� (1)

kw =
∑

i ki · li∑
i li

� (2)

vw =
∑

i vi · li∑
i li

� (3)

in which qi, ki, vi, and li represent flow, density, space mean 
speed, and length values related to the road section i belongs 
to the network under consideration, and qw, kw, and vw are 
the weighted homologous traffic variables.

As noted in [7, 8, 10], the Macroscopic Fundamental 
Diagram (MFD) represents an aggregate characteristic of a 
road network’s structure that remains independent of traffic 
demand patterns, such as origin–destination matrices. This 
makes MFDs a valuable tool for forecasting how various 
traffic management strategies might impact overall network 
performance. To derive the MFD, several primary estima-
tion methods can be employed, including the Loop Detector 
Data (LDD) method, radar, a video image detection system 
[18], and the Floating Car Data (FCD) method [11, 12]. 
Together with the three macroscopic traffic variables (v, q 
and k), another one is added, which is widely used in traffic 
engineering, namely the Travel Time (TT) [19, 20]. TT is a 
key measure of effectiveness in evaluating urban arterials. 
For a generic vehicle, the travel time TTi is the time required 
to pass a road section or a network of a given length. Denot-
ing with L =

∑
i li the length of the road network into 

consideration (or the length of the urban arterial), the fol-
lowing simple relationship links the TT of a sample n of 
vehicles with their average speed in space: v = L/TT. There-
fore, in technical applications, the MFD can also be usefully 
employed for some specific evaluations of TT values. This 
is a very interesting aspect because in several traffic engi-
neering applications, it is essential to establish how travel 
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Methodology and case study

Mobility Big Data is transforming traffic management and 
urban transport planning, thanks to the ability to collect vast 
amounts of data, including in real-time. According to [39] 
Willumsen, this information comes from various sources, 
such as mobile signals, public transport smart cards, mobile 
applications, GPS, and Wi-Fi/Bluetooth technologies. 
Mobile data, collected through mobile networks or GPS 
applications on smartphones, tracks user movements in real-
time. Smart cards, on the other hand, enable the monitoring 
of public transport demand, while mobile apps utilise GPS 
data to optimise routes and reduce congestion. GPS systems 
and Wi-Fi/Bluetooth technologies are crucial for collecting 
data on vehicles and people in motion, especially in densely 
populated urban areas. Willumsen (2021) [39] suggests 
that combining these data with traditional methods, such as 
travel surveys, helps reduce costs and improve the quality of 
analysis, providing a comprehensive view of urban mobil-
ity dynamics. The use of Big Data enables the tracking of 
changes in travel behaviours, learning from quasi-experi-
ments, and developing new transportation demand models. 
GPS data, in particular, is widely used in mobility analysis. 
These data are collected through GPS devices installed on 
vehicles or smartphones, enabling the precise determina-
tion of an object's location as it moves. They provide crucial 
information on routes, travel times, traffic congestion, and 
disruptions. Navigation apps use this data to suggest alter-
native routes in real-time, optimising transport efficiency 
and reducing traffic. Additionally, GPS data are crucial for 
studying travel habits, identifying the most frequently used 
routes, and enhancing transportation services. Companies 
like TomTom International BV manage this data through 
complex algorithms, continuously mapping the informa-
tion received from mobile devices, vehicles, and corporate 
fleets. The data are stored in TomTom’s servers, where they 
are real-time mapped and made available via a web por-
tal. Several case studies highlight the effectiveness of Big 
Data in mobility. In the field of highway engineering, for 
instance, Salvo et al. [40] used real-time TomTom data to 
analyse the impact of floods on mobility in Palermo, devel-
oping emergency management scenarios and traffic control 
strategies. Pozzoni et al. [41] utilised GPS data to evaluate 
the impact of infrastructure changes in Bologna, noting a 
shift in traffic towards surrounding roads following a tac-
tical urbanism intervention. Current research demonstrates 
the importance of mobility Big Data, particularly GPS data, 
in optimising traffic management, enhancing transport plan-
ning, and addressing challenges in urban infrastructure. The 
use of these technologies continues to evolve, promising to 
significantly transform how cities and transportation sys-
tems are designed and managed.
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to estimate the impact of adding an additional lane per 
carriageway:

Period n° 1: from 2019–09-30 to 2019–10-27;
Period n° 2: from 2024–09-30 to 2024–10-27.

In both periods, data from Saturdays and Sundays were 
excluded from the analysis.

Figure 2 reports the number of vehicles observed in the 
various daily time slots for which the variables of interest 
(travel time and speed) were deduced using all the recorded 
and available TomTom data. The number of vehicles is obvi-
ously much lower than the overall flow for the same time 

In this research, the speed and travel time data were col-
lected using Tom-Tom data on the urban arterial corridor 
“Viale Regione Siciliana” in Palermo (Italy). The selected 
test bed section was originally a four-lane divided road. In 
fact, before April 2019, the road initially had two lanes in 
each direction, each approximately 4.5 m wide, and a shoul-
der approximately 3 m wide. In the new configuration, a 
third lane was introduced. Therefore, this new configuration 
features three 3-m lanes (narrower than the original ones) 
per carriageway, resulting in a total of six lanes, and a 2.5-m 
shoulder (Fig. 1).

Speed ​​data and travel times were calculated for four 
weeks in October 2019 and four weeks in October 2024 

Table 2  Most used TTR measures (adapted from [31])
Travel time reliability measure Equation / definition Agency/author
Travel Time Index (TTI) average travel time / free-flow travel time –
90th/95th percentile travel times 90th/95th percentile travel times FHWA [32]
Buffer Index (BI) (95th percentile time − average travel time) / average travel 

time × 100%
FHWA [32]

Coefficient of Variation (COV) Standard deviation / average travel time Pu [33]
Frequency of Congestion (FOC) Frequency of trips exceeding a threshold value FHWA [32]
Misery Index (MI) (Average travel rate (Top 20% trips) / average travel rate) − 1 Lomax et al. [34]
Planning Time Index (PTI) 95th percentile travel time / free-flow travel time FHWA [33]
Present Variation (Standard deviation / average travel time) × 100% California Transportation 

Plan [35]; Lomax et al.[34]
NCHRP Report 618 [36]

Skew of Travel Time Distribution* λskew = (T₉₀ − T₅₀) / (T₅₀ − T₁₀) Van Lint and Van Zuylen [37]
Standard Deviation Standard deviation Dowling et al. [38]; Pu [33]
Variability Index Difference in peak-period confidence intervals/difference in off-

peak-period confidence intervals
Lomax et al. [34]

Width of Travel Time Distribution λwidth = (T₉₀ − T₅₀) / (T₅₀ − T₁₀) Van Lint and Van Zuylen [37]
*T90, T50 and T10 denote the 90th percentile travel time, the 50th percentile travel time and the10th percentile travel time, respectively

Fig. 1  Section of “Viale Regione 
Siciliana” under analysis
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the two directions. This is due to numerous factors, includ-
ing the various locations of the entrance and exit lanes from 
the urban arterial, the number and position of lateral inter-
sections, and others.

Several service quality indicators have been developed, 
with the primary goal of evaluating the service level of a 
road infrastructure. The current criteria used to determine 
the Level of Service (LOS) of highways and arterial roads 
are based on vehicle density. However, density is not easily 
or directly measurable, nor is it readily available in the field 
for road operators to assess the operational performance of 
road infrastructure, unlike data on traffic volume, speed, and 
travel times [24]. Moreover, speed and travel times are eas-
ily understood by both users and road operators. Figures 3, 
4, 5, 6, 7, 8, and 9 shows a comparison of the effects of 
introducing the third lane on travel times and average speeds 
on both carriageways for different time slots. In this regard, 

slot. Furthermore, the 2024 sample is larger than the 2019 
sample, as it has been possible to obtain greater coverage 
of floating car data with respect to a given flow q in recent 
years (Fig. 2). In any case, the sample for the year 2019 is 
statistically significant enough to make a reliable estimate of 
speeds and travel times. The equivalent traffic flows (q) and 
the percentage of heavy vehicles (p) relating to the morn-
ing rush hour were deduced from the Urban Traffic Plan of 
Palermo [42]. In particular, we considered three hourly time 
intervals: 08:00–09:00, 09:00–10:00, and 10:00–11:00. 
These intervals are organised into five different sections, 
each homogeneous in terms of flow rate. Each section is 
identified by the name of the nearest junction (Table  3). 
Along the examined 6.3 km-long road section, there is also 
a traffic light intersection and a pedestrian crossing. As can 
be seen from the results summarized in these Figures, space 
mean speeds and travel times, ​​are significantly different for 

Table 3  Flow values. (Dir. CT = Catania Direction; Dir TP = Trapani direction)
Junction Time interval Dir. CT Dir. TP Dir. CT + Dir. TP

Q (pc/h) P (%) Q (pc/h) P (%) q Tot
(pc/h)

Svincolo Basile 08.00–09.00 929 10.01 1706 9 2635
09.00–10.00 859 9.2 736 12 1595
10.00–11.00 754 14.33 559 4 1313

Corso Calatafimi 08.00–09.00 1713 4.67 5582 4 7294
09.00–10.00 1333 6.53 4967 4 6299
10.00–11.00 1331 5.19 5193 6 6524

Via Pitrè 08.00–09.00 2042 9.84 2976 4 5018
09.00–10.00 1394 9.25 2148 4 3542
10.00–11.00 1104 9.97 1960 4 3063

Piazza Einstein 08.00–09.00 1656 13.71 6050 12 7706
09.00–10.00 811 13.33 5592 10 6402
10.00–11.00 860 15.12 4165 12 5025

Viale Lazio 08.00–09.00 1553 9.66 2231 12 3784
09.00–10.00 1374 11.5 1931 15 3305
10.00–11.00 1257 11.38 1482 16 2738

Via Belgio 08.00–09.00 846 13 1504 12 2350
09.00–10.00 656 8.85 1532 11 2187
10.00–11.00 868 13.72 1279 11 2147
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Fig. 4  Cumulative Travel Time, year 2019. a SB (TP → CT); b NB. (CT → TP)
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Fig. 8  Percentile Travel Time, year 2024. a SB (TP → CT); b NB. (CT → TP)
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and the resulting lower degree of saturation achieved with 
the same traffic flow.

However, although the new configuration brings clear 
advantages in terms of average speeds and therefore 
travel time, significant congestion is still observed. In this 
research, the travel time index (TTI) is used (cf. Table 2). 
TTI is defined as follows:

TTI = TTph

TTffs
� (4)

where TTph is the Mean Travel Time During Peak Hours and 
TTffs is the Mean Travel Time During Free-flow Conditions.

Figure  10 highlights that the TTI always remains rela-
tively high for both carriageways, reaching a value of 2 in 
almost all roads and exceeding a value of 3 in some road 
segments. This means that TT during congestion (i.e. in the 
peak hour) is 300% higher than in non-peak hours (Fig. 11).

Macroscopic fundamental diagrams and 
travel time model deduction

For the urban arterial under consideration, the free-flow 
speed is comparable to the average speed observed during 
the 4:00–5:00 a.m. time slot, relating to road sections free of 
disturbances due to pedestrian crossings (Piazzale Giotto—
pedestrian intersections on call and Via Perpignano), how-
ever, little used (pedestrian flows are almost absent). Once 
the free-flow speed vf is defined, the lane capacity c can also 
be estimated according to the HCM manual [45]. Therefore, 
the following values ​​are deduced in this study: a) vf = 70 
km/h, c = 1900 veh/h for the year 2019; b) vf = 75 km/h, 
c = 1950 veh/h for the year 2024. There are numerous traffic 
models described in the literature, each with distinct forms 

several studies have demonstrated that the free-flow speed 
(FFS) decreases as the lane width decreases. For instance, 
according to the HCM 2010, if the lane width of freeways 
is reduced by 0.3 m (1 ft) from the base condition width of 
3.65 m, free flow speed (vf) decreases by about 3.1 km/h 
compared to the base condition. Lane widths as narrow as 
3.0 m can significantly reduce the vf, by up to 10.6 km/h [5, 
43]. In the case study, being an urban arterial road with a 
speed limit of 70 km/h, the reduction in lane width does not 
determine any reduction in speed even in free-flow condi-
tions, which actually seems to increase slightly during the 
nighttime slots (Fig. 9). Moreover, Fig. 9 immediately high-
lights the advantages in terms of space mean speed, espe-
cially during rush hour. In fact, increases in the mean speed 
can reach around 35% during peak traffic periods. These 
benefits are also deductible in terms of service levels (LOS). 
In particular, Table 4 presents the LOS calculated using the 
HCM method [5] for each section of the analysed road dur-
ing the three morning time slots, based on the flow rates 
specified in Table 3. For the calculation of the LOS accord-
ing to the speed levels derived in free flow conditions (night 
time slots), a free flow speed vf = 70 km/h was assumed for 
the original 2019 scenario (2 lanes for each carriageway) 
and vf = 75 km/h for the modified 2024 scenario (3 lanes for 
each carriageway) (cf. Figs. 3 and6). In fact, according to 
the Highway Capacity Manual [44], the Free-Flow Speed 
vf of a road segment is defined as the theoretical speed that 
would occur when both traffic density and flow rate are zero. 
Since this condition cannot exist in reality, the HCM rec-
ommends estimating vf by measuring spot speeds and aver-
aging the values observed under low-flow conditions, such 
as those that may occur during nighttime hours. The LOS 
benefit is achieved at all time slots and for all road sections, 
which is particularly evident during traffic peaks. This ben-
efit is obviously linked to the increase in roadway capacity 

(a) (b)

-10

-5

0

5

10

15

20

25

30

35

40

0

10

20

30

40

50

60

70

80

90

100

1 3 5 7 9 11 13 15 17 19 21 23

M
ea

n
 S

p
ee

d
 i

n
 t

h
e 

se
g

m
en

t 
(k

m
/h

)

hour

2019 2024 DVm [%]

-10

-5

0

5

10

15

20

25

30

35

40

0

10

20

30

40

50

60

70

80

90

100

1 3 5 7 9 11 13 15 17 19 21 23

M
ea

n
 S

p
ee

d
 i

n
 t

h
e 

se
g

m
en

t 
(k

m
/h

)

hour

2019 2024 DVm [%]

Fig. 9  Means speed comparison year 2019 vs year 2024 and percentage variation (DVm). SB (TP → CT); b NB. (CT → TP)
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and mathematical formulations [22], including single and 
multi-regime models.

In this research, the classic Greenshields model was 
employed to derive the Macroscopic Fundamental Diagram 
(MFD), due to its inherent simplicity, which requires only 
two traffic variables: the free-flow speed (vf) and the jam 
density (kj). In the Greenshields model the Speed-density 
(v = v(k)) and Flow – density (q = q(k)) relationships are:

v(k) = vf ·
(

1 − k
kj

)
� (5)

q(k) = k · vf ·
(

1 − k
kj

)
= vf ·

(
k − k2

kj

)
� (6)

in which vf is the free-flow speed, kj the jam density, v the 
space mean speed and q the flow.

In this model, the following relationships can be deduced: 
kc = 2·c/vf, kj = 2 kc, c = ½ kc·vf, where kc is the critical den-
sity. Denoting cT as the capacity of the carriageway, we 
obtain the parameters for model calibration.

a)	 Configuration of two lanes per carriageway (traffic data 
of the year 2019)

	● Traffic variables for each lane: kc = 54 pc/km/lane; 
kj = 108 pc/km/lane;

	● Traffic variables for the carriageway: kc = 108 pc/
km/carr; kj = 217 pc/km/carr;

b)	 Configuration of three lanes per carriageway (traffic 
data of the year 2024)

	● Traffic variables for each lane: kc = 52 pc/km/lane; 
kj = 104 pc/km/lane;

	● Traffic variables for the carriageway: kc = 156 pc/
km/carr; kj = 312 pc/km/carr;

The following figures compare the calibrated Greenshields 
traffic flow model for the two configurations under analy-
sis. Given the method by which these graphs were obtained, 
they should be understood as macroscopic flow diagrams, 
allowing us to evaluate traffic conditions along the entire 
stretch of road, rather than just on a single section.

It should be noted that in the pre-existing scenario (year 
2019), where each carriageway has two lanes, the mea-
sured flow rates theoretically lead to excessive roadway 
oversaturation. Indeed, the capacity of the carriageway is 
around 3,800 pc/h, while the measured flows in some cases 
exceed 6,000 pc/h (see Table 3). This apparent anomaly is 
explained by the fact that, in certain circumstances, road 
users disregard signage requirements and move in more 
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correlates the TT with the values of q and c, and therefore of 
x = q/c. According to the BPR model, the travel time is pro-
portional to the degree of saturation of the road, as shown 
in the equation:

TT = T0

[
1 + α

(q
c

)β
]

� (9)

where TT is the travel time of road segment (s) at a flow 
q level, T0 is the free-flow travel time (s);q is the average 
traffic flow on road segment (veh/h), c is the capacity of 
road segment (veh/h); q/c is the degree of saturation and 
α and β are model parameters. The boundary conditions of 
the BPR function are as follows: for q = 0 veh/h, TT = T0 
and for q = c, TT = T0 [1 + α]. It is helpful to highlight 
that the BPR function has limitations. First, for the BPR 
function to represent oversaturation conditions, the model 
should be calibrated considering "oversaturation" demand 
(capacity volume plus residual queue). Furthermore, Eq. 9 

than two lanes. In other words, it's as if drivers' behaviour 
tended to optimise road capacity. In general terms, the rela-
tionships that exist between the mean travel time TT and the 
space mean speed v are:

v =
n · L∑n

i = 1 TTi
� (7)

TT = L
v

=
∑n

i=1TTi

n
� (8)

where v is the space mean speed, L is the road segment 
length, TTi is the observed travel time of the i-th vehicle, 
and n is the total number of travel times measured (i.e. the 
sample size), and TT is the mean travel time of all observed 
vehicles. It is evident that the TTi values, ​​and therefore the 
average TT values, are closely related to the degree of satu-
ration x = q/c of the road. Various VDF models have been 
developed over time to assess a relationship that adequately 
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of demand that varies in space and time. DLC can include 
the hard shoulder running system and can be considered 
an extension of this well-known concept in terms of intel-
ligence. In the DLC system, the width of the lanes can also 
be dynamically varied, allowing a greater number of lanes 
to be inserted on the same roadway than those originally in 
operation. The expected benefit is similar to that previously 
examined for the case study. However, in DLC systems, the 
influence of different percentages of CAVs must be taken 
into consideration [50].

In this section, the effect of introducing the dynamic lane 
and varying percentages of CAVs is considered using a new, 
simple traffic model derived from observations of the oper-
ating conditions of the road under analysis. The number of 
lanes per carriageway is defined as λ = 2 in the basic con-
figuration (2 lanes per carriageway, with DLC inactive) and 
λ′ = 3 in the modified configuration (3 lanes per carriage-
way). The free-flow speeds in the basic and modified con-
figurations are denoted by vf and vf’, respectively, while the 
corresponding carriageway capacities are denoted by cT and 
c′
T. The following relations can be written:

cT =
(

kc · vf

2

)
· λ� (11)

c′
T =

(
k′
c · v′

f
2

)
· λ′� (12)

δ = c′
T

cT
= k′

c · v′
f

kc · vf
· λ′

λ
= γ · σ · ε� (13)

where: γ = k′
c

kc
, σ = v′

f
vf

 and ε = λ′

λ .

In the previous equations δ, γ, σ, and ε stand for capacity 
increase, critical density ratio, free-flow speed ratio and the 
number of lanes ratio, respectively, of the modified carriage-
way configuration with respect to the original configuration.

is deterministic. However, the TT can vary for the same flow 
rate depending on the circumstances [46]. In the BPR func-
tion, the coefficients α and β are estimated from field data. 
Generally, lower α (0.8–0.9) and higher β (2.5–3.0) are used 
for heavily congested roads, while higher α (1.2–1.5) and 
lower β (1.5–1.8) are used for urban roads. For highways, 
β is usually set to 2.0 [47]. The conventional calibration of 
the BPR model relies on statistical methods that use either 
observed speeds or travel times as inputs for the correspond-
ing volume data. After the least squares optimization tech-
nique [48], the following relationship has been obtained:

TT=325.5428 ·
[
1+0.615944

(q
c

)1.4985
]

� (10)

Dynamic lane configuration in CAVs 
environment

The number of autonomous and connected vehicles is 
expected to continue rising in the near future. However, 
many vehicles are already equipped with various advanced 
driver-assistance systems (ADAS), including cruise control 
and lane-keeping assists, designed to help keep a vehicle 
within its lane on the road. By exploiting these driving assis-
tance systems and smart road technologies, it is possible to 
consider introducing a new traffic control system called 
dynamic lane configuration (DLC) [49] (Fig. 12), or lane-
free traffic, whereby vehicles are not bound to fixed traffic 
lanes but may drive anywhere on the road carriageway [50]. 
Analogous types of traffic regulation systems have also been 
designed and simulated for road intersections, particularly 
for novel smart and self-regulating roundabout types (i.e., 
COM-Roundabout [51] and SSF-Roundabout [52]), even in 
the presence of CAVs [53–55]. DLC is a traffic regulation 
system in which the number of lanes at each road section 
can be dynamically adjusted in response to a certain level 

Fig. 12  Smart Road with the integration of DLC system and CAVs (from 3 to 4 lanes per direction and vice versa)
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lane changes and merging. This study follows the recom-
mendations provided by the HCM 7th Edition [44]. More 
precisely, according to the HCM 7th Edition, it is possible 
to adopt a linear model of the type:

τm = A−B · MPL� (16)

with A and B being the coefficients of the model to be cali-
brated, and MPL being the percentage of CAVs in traffic 
flows (0% ≤ MPL ≤ 100%).

To calibrate this traffic model, we used the capacity 
increases proposed by the HCM manual as a function of the 
MPL, which cover the range of lane capacity values ​​attain-
able in an urban environment, between 1800 pc/h and 2100 
pc/h (Fig. 13a). A linear regression of the suggested capac-
ity values ​​for the entire carriageway (2 lanes) as MPL var-
ies yields the following relationship between the mean time 
headway and MPL (Fig. 13 b):

τm = 0.9283−0.0037 · MPL� (17)

Therefore, the TT can be estimated with Eq. 15, which takes 
into account the MPL of CAVs.

TT = T0·[
1 + α

(
( 0.9283 − 0.0037 · MPL) · q

3600 · γ · σ · ε

)β
]

� (18)

Figures14 , 15 and 16 show how the Travel Time (TT) 
changes as the MPL of CAVs varies. The results were 
obtained using the previously described closed-form models. 
More precisely, the following maximum speeds for CAVs 
were set and imposed in the traffic analyses carried out with 
the previous equations: Vmax = 70 km/h, Vmax = 80 km/h, and 
Vmax = 90 km/h. Obviously, the maximum speed Vmax cannot 
be maintained consistently along the entire road segment, 
considering the presence of pedestrian crossings and traffic 

Therefore, the capacity in the changed configuration with 
a higher number of lanes can be calculated using the follow-
ing relationship:

c
′

T = cT · γ · σ · ε� (14)

Capacity can also be expressed as the reciprocal of the mean 
time headway (τm) between pairs of vehicles in the traffic 
stream of the carriageway (cT = 3600 /τm), so the BPR for-
mula can be rewritten as follows:

TT =T0 ·

[
1 + α

(
q
c′
T

)β
]

= T0 ·

[
1 + α

(
τm · q

3600 · γ · σ · ε

)β
]� (15)

This expression is general and therefore allows us to esti-
mate travel time even considering the presence of CAVs 
in the traffic flow. In fact, starting from a reliable estimate 
of lane capacity as a function of the percentage of CAVs, 
i.e., the so-called Market Penetration Level (MPL), we can 
deduce the value of τm = 3600/cT, which is then introduced 
into the previous Eq. 14. Given that CAVs technology and 
regulations are still evolving, certain assumptions are neces-
sary to estimate the potential capacity advantages of CAVs. 
A central assumption is that these vehicles can operate at 
significantly shorter time headway distances compared to 
human-driven vehicles. While autonomous driving systems 
may technically allow for very small headways, the actual 
achievable distances will be constrained by several factors, 
including: a) legal or regulatory requirements that mandate a 
minimum following distance; b) manufacturer liability con-
cerns, which may lead to more conservative spacing than 
what is strictly required for safety; and c) passenger comfort 
considerations, which may limit the acceleration and decel-
eration needed to maintain close spacing and enable smooth 
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analytical relationships of TT previously deduced allow for 
system optimization. Various strategies can be implemented 
to ensure a specific minimum LOS value, thereby affect-
ing the vehicle density parameter. Indeed, considering that 
q = k·v = k·L/TT, where L is the road length section under 
consideration, the following expression can be deduced:

light intersections. However, it is possible to immediately 
notice that, with the same vehicular flows q, by varying the 
percentage of CAVs, a reduction in the TT is obtained and 
therefore an improvement in the quality of circulation.

Estimating traffic congestion by TT is a crucial component 
of Intelligent Transport Systems (ITS), designed to enhance 
control strategies within modern traffic road networks. The 
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flow q, decrease as the MPL of CAVs increases. A compari-
son of the values ​​in Figs. 10 and 17, 18 and 19 shows that 
the TTIs estimated for the case of DLC active even dur-
ing peak hours are always lower than TTI = 2, except cases 
of exceptionally high flow q (q > 5500 pc/h/carr), 2-lane 
configuration and Vmax = 70  km/h, where TTI > 2 occurs 
(Fig. 17a). The benefits become increasingly more marked 
as the speed Vmax increases. In fact, for Vmax = 90 km/h and 
3 lanes per carriageway, even in the most critical traffic con-
ditions (i.e. up to q = 6500 pc/h/carr), the TTI = 1.5 is never 
exceeded (Fig. 19 b). Additional benefits can potentially be 
obtained by combining lane-free artificial-fluid lane-free 
traffic (i.e., the DLC) with the “nudging” traffic regulation 
system, whereby CAVs influence other vehicles in front of 
or beside them [50, 56]. This aspect can be considered in 
future studies.

Conclusions

To mitigate congestion on urban and suburban road net-
works, specific capacity-enhancement strategies must be 
implemented, either through physical and structural inter-
ventions or by adopting suitable traffic regulation systems. 
The advent of smart roads and Connected and Autono-
mous Vehicles (CAVs) offers new opportunities to enhance 
road performance by adapting capacity to fluctuating traf-
fic demand over time. Among these strategies, Dynamic 
Lane Configuration (DLC) enables the flexible adjustment 
of the number and width of lanes, without compromising 

k = q
L

· T0·
[

1 + α

(
( 0.9283 − 0.0037 · MPL) · q

3600 · γ · σ · ε

)β
]

� (19)

in which L is the length of the analysed arterial segment.
The desirable limit density value can be set (k ≤ klim) as 

follows:

k = q
L

· T0·
[

1 + α

(
( 0.9283 − 0.0037 · MPL) · q

3600 · γ · σ · ε

)β
]

≤ klim
� (20)

In Eq. 20, the values of klim are the following: klim = 7 pc/
km for LOS A, klim = 11 pc/km for LOS B, klim = 16 pc/km 
for LOS C, klim = 22 pc/km for LOS D, klim = 28 pc/km for 
LOE A, klim > 28 pc/km for LOS F. So, for a given value of 
q, by acting on one or more of the variables ?, ?, ?, the traf-
fic density and therefore the LOS can be maintained under 
the desirable limit. For example, the number of lanes can be 
increased by adjusting the variable ε, while keeping all other 
conditions unchanged. Alternatively, the speed of the CAVs 
can be modified by changing the variable σ with the number 
of lanes remaining constant, or both factors can be adjusted 
simultaneously. It is also possible to evaluate the expected 
benefits of the DLC traffic regulation system in terms of 
the Travel Time Index (TTI = TTI(q)). The traffic analysis 
results (Figs. 17, 18 and 19) show that the TTI values clearly 
tend to decrease in the 3-lane configuration, and for a given 
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as numerous practical constraints currently exist (e.g., the 
large-scale implementation of CAVs, the introduction of 
specific technical regulations, the calibration and validation 
of traffic regulation systems, accident forecasts, and eco-
nomic constraints related to the implementation of innova-
tive traffic regulation systems).

road safety, in traffic flows that include CAVs. This paper 
presents the results of a study conducted on an urban arte-
rial road (i.e., Viale Regione Siciliana) in Palermo, Italy. It 
highlights the importance of adopting a holistic approach 
based on emerging innovative transportation technolo-
gies to alleviate urban congestion problems. The results of 
this research should, however, be considered provisional, 
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Limitations of the study

This research has several limitations that are encountered at 
various stages. First, the study relies entirely on TomTom 
FCD and on sample flow measurements in some road sec-
tions due to the lack of other traffic survey systems (e.g. 
loops and radars) on the examined arterial road. A signifi-
cant limitation is that the dynamic lane configuration is still 
in the conceptual stage of development, and CAVs are not 
yet a traffic component on which experimental data can be 
obtained. In addition, for the sake of simplicity in this study, 
the one-regime Greenshields model has been employed to 
estimate the macroscopic fundamental diagrams. Finally, 
the BPR model sometimes results in inadequate predictions 
of travel time on congested urban arterials, such as those 
analysed in this research, during peak traffic hours.

Research perspectives

Smart Roads, CAVs, and DLCs, as integral components of 
transportation systems and traffic control strategies, can be 
effectively integrated to enhance overall road network per-
formance by dynamically adjusting capacity in response to 
varying traffic demand levels. Despite the promising results 
obtained by combining these innovative systems, future 
research must investigate the safety implications of mixed 
CAVs and HDVs flow conditions, which remain largely 
unexplored. Furthermore, future research could utilise more 
accurate macroscopic flow models and travel time estima-
tion equations to better account for the effects of potential 

Major findings of the study

Travel times and space mean speeds were collected through 
the analysis of TomTom big data; Macroscopic Fundamental 
Diagrams (MFDs) and travel time functions were deduced 
in the case of manually driven vehicles by comparing two 
very different lane configurations (two lanes per direction 
versus three lanes per direction). In addition, a relatively 
simplified closed-form traffic engineering model, based on 
the well-known BPR function, was subsequently formu-
lated to evaluate the effects of implementing DLC on the 
selected roadway, with a view toward its potential transfor-
mation into a smart road that accommodates varying Market 
Penetration Levels of CAVs in the future.

The traffic flow of CAVs is conceived as an artificially 
designed fluid: its collective properties are programmable 
and optimizable primarily in terms of maximum speeds 
(Vmax) that should not be exceeded. The proposed approach 
was then tested through a series of traffic analyses, consid-
ering numerous traffic demand levels, by varying the flow 
q. Three different maximum speed limits were imposed on 
CAVs: Vmax = 70 km/h, Vmax = 80 km/h, and Vmax = 90 km/h. 
In all the tested conditions, the traffic regulation systems 
demonstrated the potential benefits of this innovative traffic 
management strategy. In fact, the outcomes indicated that 
when the DLC forces CAVs to deploy in three lanes, rather 
than the original two lanes, TTs are significantly reduced. 
Furthermore, an optimal control approach was proposed to 
determine the timing and location for implementing a new 
lane configuration, based on acceptable density thresholds.
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