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Abstract: This paper deals with the study of variable speed limits (VSLs) for traffic control and their
integration with user information strategies. As few studies have addressed the integrated VSL
and user information strategy, we focus on comparing the adoption of the latter with the VSL alone
strategy application and the no-control case, highlighting the benefits the integration brings. The
integrated strategy is able to smooth the severity of congestion, shifting its occurrence in a section of
the mainstream mostly suited to vehicle accumulation. An application on a real network is carried
out. The traffic congestion conditions along the real highway are simulated by means of Dynameq
simulation software and the METANET macroscopic model. The VSLs are applied in a control area
aiming to evaluate the potential and the limitations of the strategy on a real network as well as the
integration of variable speed limits and user information strategies. Two different cases of road
congestion caused by the presence of on-ramps are studied. Results show that the integration of the
two strategies leads to a redistribution of flows, achieving a reduction in the total travel time spent in
the network and an increase in the traveled distances, i.e., reducing the overall network time despite
the increase in assigned flows. However, an integrated strategy requires adequate transportation
supply and mainly crossing demand.

Keywords: variable speed limits; user information; integrated strategies

1. Introduction

In recent decades, the rapid increase in transportation demand has made the problem
of traffic congestion increasingly relevant. Especially on highways, which were created to
provide vehicular flow at high speeds, the occurrence of occasional or recurring congestion
causes serious safety problems, increased levels of air pollution, and delays in travel times.
A number of innovative control strategies have been developed to address these issues,
encouraged by technological advances and the emergence of Intelligent Transportation
Systems (ITS). Among these strategies are variable speed limits (VSLs), that is, the adoption
of speed limits that can be changed over time by adapting them to weather and traffic
conditions. The benefits brought by VSLs in the form of homogenization of vehicular flow
have been widely demonstrated in the scientific literature. On the other hand, a possible
alternative use of them relates to Mainstream Traffic Flow Control (MTFC), consisting of
preventing the formation of bottlenecks in sensitive areas or mitigating their effects by
slowing down the vehicular current upstream of them and thus creating potentially less
congestion on controlled road sections.

The analysis of previous studies shows that there is a lack of an integrated traffic
management system that combines VSLs with other Intelligent Transport Systems (ITS) in
order to provide a complete active traffic and demand management system.

The paper deals with the study of VSLs within an MTFC strategy along a highway
network, focusing on the integration with user information strategy. An application on a
real network was carried out and two critical conditions were observed: the first close to
the control area and the second distant from the control area, highlighting the positive and
negative aspects of each conditions. Specifically, the case study concerned the Venetian
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highway network surrounding the locality of Mestre (VE) and including the A4 Highway
(Mestre Bypass), the A57 (Mestre Ring Road), and the A27 Highway in Italy. First, the traffic
congestion conditions along the A57 were simulated by means of Dynameq simulation
software and the METANET macroscopic model. Next, the variable speed limits were
applied in a control area aiming to evaluate the potential and the limitations of the strategy
on a real network as well as the integration between VSLs and user information strategies.
The speed limits were modified to ensure that the desired speed in the critical section was
gradually achieved in the space and time as drivers must be accompanied progressively to
the desired speed limit in the section of interest. Therefore, speed changes must be gradual
in space (between successive sections) and time (in the same section) in order to ensure
the flow smoothness and safety of the vehicular stream and to promote the acceptance of
speed limits by users.

The reminder of this paper is structured as follows. Section 2 reports the literature
review related to the VSL topic. Section 3 presents the methodology applied, while Section 4
describes the case study analysis. Finally, Section 5 summarizes the conclusions and
further developments.

2. State of Art

Variable speed limits are an ITS solution that allows the dynamic variation of imposed
speed limits in response to adverse weather conditions, accidents, or increased traffic. To
determine the most appropriate speed for vehicle transit, VSL systems use speed, volume,
and weather detectors along the infrastructure. In addition to these detectors, the adoption
of variable speed limits requires variable message signs on which to display the imposed
limit. The main benefits of VSLs can be summarized as improving safety, addressing traffic
breakdown problems [1], decreasing the environmental impact [2], and increasing flows.
For example, Kotsialos et al. [3] identified a direct relationship between total network time
and inflow and outflow values of the reference section, highlighting the achievable benefits.

VSL control strategies belong in two basic categories: reactive or proactive approaches.
Historically, the first approaches followed a reactive logic. Based on measured values

of flow, occupancy, or speed, these strategies established values of pre-determined speed
limits with the aim of improving traffic safety. The first applications were recorded in the
Netherlands thanks to the impact of the action plan proposed by the Dutch Ministry of
Transport in 1982 aimed at reducing the effect of congestion levels on the infrastructure.
Smulders [4] conducted one of the first experiments in automatically varying speed limits
on several stretches between Utrecht and Amsterdam. In [5] the authors developed a strategy
whose goal was not to reduce average speed but to minimize the speed difference between
vehicles in the same or adjacent lanes. Bertini et al. [6] evaluated the effects of variable speed
limits placed along Autobahn 9 for eighteen kilometers in the neighborhood of Munich. In [7]
the authors proposed a VSL strategy with default values to attempt to solve congestion
problems in the area adjacent to the Orlando metropolitan area in America.

The rule followed is to impose a speed limit close to the eighty-fifth percentile of
measured speeds. A fundamental problem related to the adoption of VSLs with predefined
rules was found by Dong et al. [8] in a study conducted within the city of Beijing. Indeed,
from the study it was found that users tended to disregard the imposed speed limits when
the driver did not perceive a danger such that he or she had to reduce his or her speed
and when the VSL system was adopted continuously over days, which generated a habit
of ignoring the presence of such a signal. This second condition is particularly alarming
because it highlights the effectiveness of the strategy only when used for limited times and
under conditions of special need, which also emerged in [9].

Proactive VSL strategies arise to determine speed limits with greater detail and op-
timize the instants of control activation according to the results provided by demand
forecasting. Therefore, it is very important to predict the traffic flow conditions [10,11]
and the demand [12,13]. In order to integrate this type of strategy with transportation
demand forecasting, it is necessary to model traffic behavior, and this is done from the
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basic diagrams representing steady-state conditions. An initial assumption of behavior at
zones subjected to speed limits was proposed in [14] and then adapted to VSLs in [15]. The
assumption is to scale the fundamental diagram as a function of the imposed speed limit.
Instead, the study conducted in [1] led to the assumption that the desired speed is equal
to the minimum value between the speed corresponding to the traffic conditions and the
speed imposed by the limit, i.e., that the disposed flows are reduced only in the case of a
detected speed greater than that imposed by the limit.

In [16] the authors showed the impact of VSLs on aggregate traffic behavior based on
field observations on a highway in terms of achieving higher densities at the maximum
capacity drop, as well as an increase in the latter in some sections. This increase, however,
was only apparent and due to the prevention of capacity drop phenomena.

Such a formulation was used in [17] along with an EKF to test the adaptive capabilities
of the model to a highway corridor, offering a considerable correspondence of simulated
values with measured values.

In [18] the adoption of a Cell Transmission Model (CTM) was presented, in which the
conservation equations considered the maximum flow value as a function of speed limit.

Bie et al. [19] developed a variation of the METANET model by integrating it with the
Stochastic Cell Transmission Model (SCTM) for traffic prediction. A different objective function
was determined in [20], whose formulation linked accident risk with the adoption of VSLs. The
study by the authors of [21] showed a potential reduction in total network times of 25% in
urban areas. In [22] the authors evaluated two different VSL strategies for resolving multiple
bottlenecks along the same corridor based on flow or density values. Carlson et al. [23] proposed
a new control measure called Mainstream Traffic Flow Control (MTFC).

The development of VSLs has mainly involved macroscopic models; however, this
control strategy is also reflected at the microscopic level. In this regard, in [2] the authors
integrated the METANET model with the microsimulation model “Virginia Tech” (VT-
micro), which can determine the amounts of pollutant emissions when variable speed
limits are adopted on the road transport infrastructure. Moreover, with the improvement of
new technologies, the development of Autonomous Vehicles (AVs) and Connected Vehicles
(CVs) perspectives for traffic control are emerging. The presence of such vehicles has effects
on both macroscopic and microscopic variables and models. Lu et al. (2018) [24] studied
the effects on the fundamental diagram of AVs. Olia et al. [25] analyzed their impacts on
capacity. In [26] the authors analyzed mixed traffic flows, applying a microsimulation
approach to estimate traffic flow parameters. In [27] a review of VSL and RM control
models is presented; in addition, the authors summarized the best practices for mixed
traffic flow control and provided new insights and future research perspectives.

The possible development of VSLs in the CV environment makes acquiring infor-
mation about the location and speed of vehicles very important. In a recent study [28],
the authors presented a platform to achieve and process automated driving system data
in order to reconstruct the trajectories of CAVs. Ref. [29] proposed a vehicle localization
system considering vehicle lateral velocity.

In [30] the authors studied a VSL control applying a microscopic approach, specifically
by means of the Model Predictive Control (MPC) approach in the Connected Vehicle (CV)
environment. In [31] the authors presented VSL strategies by adapting the FD of the cell
transmission models (CTMs). The authors adopted the MPC approach and the strategies
applied were combined with many significant phenomena, including shock wave formation
and capacity drop.

However, few studies have addressed the integration of VSLs with user information.
We can mention the following. In [32] the authors proposed adopting the VSL strategy
along with the lane change strategy, highlighting the benefits that can be achieved by
providing information to users spatially in advance. Raadsen et al. [33] proposed the
adoption of a Link Transmission Model (LTM) in which the search for greater realism comes
from the propagation of speed limit knowledge among users rather than instantaneously
transmitted information. In [34] the authors presented an overview of VSLs; among several
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recommendations for future research, the authors pointed out the lack of an integrated
traffic management system that combines VSLs with other ITS devices, such as ramp
metering, lane control, on-board information devices, and dynamic route guidance.

Thus, we focused on studying the adoption of the VSL strategy integrated with user
information, highlighting the benefits the latter brings.

The proposed strategy is not able to prevent the occurrence of congestion but aims to
contain it by generating it in a section of the mainstream where vehicles can accumulate. In
contrast to ramp metering, the mainstream is in fact capable of accumulating more vehicles
in the queue.

3. Methodology

The use of VSLs to control traffic flow conditions requires the definition of three
basic elements:

1. Network loading or traffic simulation model, necessary in order to predict the pro-
gression of vehicles along the infrastructure, to determine aggregate variables (flow,
density, and speed), and to study the reaction to the adopted control strategy.

2. Control strategy, which must define the criteria under which VSLs operate and the
conditions for VSL activation.

3. Traffic behavior model, in order to define how VSLs affect user behavior.

As for the simulation model, the second-order macroscopic model METANET [35] was
mainly dealt with in the study. A macroscopic first-order Lighthill, Whitham, and Richards
(LWR) model and the microscopic models used by the simulation software Dynameq (lane
change model, interval acceptance model, and queued vehicle model) were also observed
to try to improve its application. Specifically, a minimum speed value was set for the
METANET model, the flow in the origin links was constrained by the density on the
infrastructure, and, finally, a queuing model was included. The first-order model used was
an implementation of the LWR solver via the Lax–Hopf method [36].

Figure 1 shows the logical architecture of the methodology. First, the demand is loaded
onto the supply by means of the dynamic assignment model providing the distribution
among the different paths. Next, METANET model application provides the traffic state
progression. Then, the density is monitored in order to identify the critical sections. After,
the strategy determines the suggested value of speed. Finally, the speed limit is calculated
according to the distance between the critical section and the VMS. It is necessary to verify
some constraints, as described in detail in Section 3.2, once the strategy has been applied;
the traffic behavior model defines the VSL effect to user behavior.Sustainability 2023, 15, x FOR PEER REVIEW  5  of  21 
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3.1. Adopted Model

Dynameq software (version 4.3.1, Bentley Systems, Exton, PA, USA) was used to
assign the demand and determine the distribution among the different paths, while the
METANET model was used to simulate vehicle advancement. Therefore, the equations
adopted are:

State equation: qi(t) = vi(t)ki(t)λi + ζ
q
i (t)

Continuity equation: ki(t + 1) = ki(t) + ∆t
Liλi

(qi−1(t)− qi(t) + ri (t)− si(t))
Payne’s equation for the estimation of dynamic speed:

vi(t + 1) = vi(t) + ∆t
τ {ve[ki(t)]− vi(t)}+ ∆t

Li
vi(t)[vi−1(t)− vi(t)]

− η∆t
τLi

[(ki+1(t)−ki(t))]
ki(t)+κ

− δ∆t
λi Li

ri(t)vi(t)
ki(t)+κ

+ ζv
i (t)

(1)

where
qi, vi, ki are respectively the flow, the speed, and the density of ith segment;
ri, si are respectively the flow of the on-ramp and of the off-ramp of ith segment;
Li is the length of ith segment;
λi is the number of lanes of ith segment;
κ, τ, η are the model parameters;
ζ is the model noise, with a normal distribution characterized by a zero mean and Q

covariance. ζ(t) ≈ N(0, Q(t)).

The desired speed is determined as: ve(k) = v f (t)exp
⌈
− 1

α

(
k

kcr

)α⌉
.

These equations are subject, for each time instant t, to the constraint vi(t) > vmin, with
vmin = 1 km/h.

Moreover, the boundary conditions impose that in segment 1 the convective term is
absent (v0(t) = v1(t)) and that in the last segment there is no kinematic wave of congestion
from downstream, thus the absence of the anticipation term (kend+1(t) = kend(t)).

The main problem encountered using the METANET model is the magnitude of flow
coming from the on-ramp and not constrained by the characteristics of the mainstream.
In [3] the authors proposed to split the network into highway links and origin links. The
former is characterized by the equations of the METANET model. On the other hand, the
origin links receive the demand and forward it into the network, and they are characterized
by their capacity and queue length. A queuing model is applied for these links and the
outflow is determined as:

qo(t) = min[qod(t) +
wo(t)

T
, qmax,od(t)]

where
qod(t) is the demand in time interval (t),
wo(t) is the queue length (in vehicles),
qmax,od(t) is computed as:
qmax,od(t) = C if kµ(t) < kcr,
qmax,od(t) = C × p(t) otherwise,
With C as the capacity of origin link and p(t) as the portion of flow that can enter the µ

link immediately downstream of origin, i.e., p(t) = kmax−kµ(t)
kmax−kcr,µ(t)

.
The conservation equation for the origin link is also added to express the formation of

the eventual queue:
wo(t + 1) = wo(t) + T × [qod(t) − qo(t)]

The above equations modify the flow constraint for the mainstream and provide an
updated flow of the on-ramp.

An initial analysis was performed on a test network to calibrate a robust simulation
model that is generalizable to real networks as well. Transportation demand was varied,
thus allowing the behavior of the model to be evaluated under different traffic conditions.
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The test infrastructure was a stretch of highway with a total length of 3 km and consisting
of two travel lanes for the entire development. It was divided into 6 segments of equal
length of 500 m. An on-ramp was placed at the beginning of the fifth segment while an
off-ramp was placed at the beginning of the second segment.

Three test scenarios were analyzed. Specifically, the first scenario was carried out
trying to achieve capacity operation of the infrastructure. The second simulated scenario
aimed to simulate a critical situation on the infrastructure by also modifying the on-ramp
flows. The last scenario was carried out with the aim of verifying the recurrence of this
phenomenon. The demand in the third scenario was increased by making the flow on the
ramp comparable to that of the mainstream.

As can be seen from Figure 2a, the simulated points follow the trend of the function
with respect to the steady states of the fundamental diagram of segment 5. This can also be
seen in the speed-flow diagram of the same segment shown Figure 2b, where a well-defined
trend emerges for the lowest speed values.
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Figure 2. (a) Flow-density diagram of segment 5; (b) Speed-flow diagram of segment 5.

3.2. Control Strategy

Once the demand values and initial density and speed conditions on the network have
been defined, the progress of vehicles over time is simulated by monitoring the change in
density values within the network segment where the strategy has to be activated. First the
critical sections are identified when in a monitored segment the density is ki > ρkcr, where
ρ is a threshold coefficient ranging from 0 to 1. Next, the capacity of the critical sections
identified is determined as Cs(t) = ki(t) × vi(t). Then, the minimum value between that
calculated and 90% of the maximum capacity of the section is selected (Ci(t) = min{Cs(t),0.9
× Qmax}). After, the strategy determines the suggested value of speed. Specifically, the
number of vehicles (Ncr) between the critical section and the nearest variable message sign
(VMS) going upstream is computed as the sum of the products between the density of each
segment and its length (Ncr(t) = Σki(t)× Li). The time required to dispose of these vehicles is
calculated as the ratio between this number of vehicles and the previous calculated capacity
(td = Ncr(t)/Ci(t)). Thus, the speed limit is calculated as the ratio between the distance
(dcr = ΣLi) between the critical section and the nearest VMS and td (VVMS = dcr/td). Finally,
it is necessary to verify that some constraints are met. First among them is that the speed
value ranges from a lower limit that can be imposed on the speed to avoid excessive decay
of the infrastructure performance to a maximum value established by the administrative
limit. Second, for each sign, the speed limit is compared with the one previously reported,
verifying that the difference in their speed is not greater than a threshold (∆Vt). Moreover,
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a comparison is also performed between adjacent VMS, imposing the maximum difference
between the two speeds equal to a threshold difference (∆Vs). The reason for the inclusion
of the latter constraints is twofold:

• to encourage the acceptance of speed limits by users, who might otherwise find its
rapid reduction unjustified;

• to maintain a high safety standard, since a rapid transition between two different
speeds could increase the risk of accidents because of different user behavior, thus
spatially anticipating the risks that would otherwise occur at bottlenecks.

The control phase is repeated following a minimum interval of five minutes from the
previous update, which is necessary so that the two conditions above described are ensured.

3.3. Traffic Behavior Model

Among the models proposed in the literature, the most interesting for describing the
behavior of traffic subject to VSLs is the model of [1], based on the empirical assumption
that the speed limit affects only those users who travel at a speed greater than the imposed
limit, and the model proposed in [23], built from direct field observations. These two
models were subjected to testing to determine the best fit for the purposes of the study.
By comparing the results obtained with the two different behavior models, it was noted
that they were able to return entirely similar results. The chosen model was the Carlson’s
model, which assumes that as speed limits vary, the fundamental diagram (representing
the desired speed to which the user tends) also changes. This variation, assumed from
the data collected on traffic behavior, does not occur by linearly scaling the curve of the
fundamental diagram but rather by shifting the critical density toward larger values.

If under normal conditions the desired speed can be determined by the relation
reported above ve(k), denoting by b the ratio of the imposed speed limit to the speed of the
free current, the relation becomes:

ve(k) = v′ f (t)exp

⌈
− 1

α′

(
k

k′cr

)α′
⌉

(2)

with v′f = vf × b, k′cr = kcr × [1 + A × (1 − b)] and α′ = α × [E − (E − 1) × b], where the
parameter A determines the magnitude of the deviation of the critical density, usually
ranging from 0.6 to 0.7 and in this study set equal to 0.67, as in [23], while the parameter E
determines the disposal capacity and it is set equal to 1.5. Figure 3 shows that as the travel
limit speed decreases, the critical density progressively increases from 33.5 veh/km (obtained
with the speed vf = 110 km/h) to a maximum value of 57 veh/km with vf = 10 km/h. This
effect is due probably to the more cautious users’ behavior in the case of a lower speed limit.

The objective of the following test phase was to delineate the behavior of users as
speed limits varied, thus contemplating deviations from realistic speed limit values. For
the same reason, the maximum speed differences were set equal to 30 km/h, tolerating a
large difference between adjacent variable message signs and between limits imposed at
two consecutive time instants. The section subjected to the control strategy was between
section 2 and section 10. To realize the bottleneck, an initial operation at capacity of the
infrastructure was assumed, with a sudden increase in flow coming from the ramp of
section 15 after reaching an initial stationarity. We focused on the results obtained in
flow-density diagrams from sections 7 to 12, i.e., of the sections including the last segments
under control and the two immediately downstream.

Figure 4 shows the flow-density trend compared to the fundamental diagram obtained
under steady-state conditions (dotted line): the condition with no control is shown in red
while the controlled one is in blue. It can be seen that there was a lower capacity in the
controlled conditions because of the lower speed at which vehicles could travel. In the
transition from one speed limit to the next, simulated points are also visible that exhibit
the same density albeit with a reduction in capacity. They represent the transition from
one fundamental diagram to the next. In the controlled condition, nearly the same outflow
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(throughput) of the no-controlled one was approached but remained in the steady branch
of the diagram, thus avoiding possible flow instabilities. Then, the vehicles thickened
(the density increased but still remained below the critical value) moving along the stable
branch of the curve.
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4. Case Study

The case study concerned the A57 Highway, which acts as an interconnection between
the city of Venice and the A4 (east and west) and A27 (north) highways (Figure 5).
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This infrastructure was monitored by a control system called M.A.R.C.O. by means
of sensors located along the infrastructure. The detected data combined with the images
provided by the traffic surveillance cameras allowed the adoption of control strategies such
as VSLs, ramp metering, or dynamic lane.

The road network included the A4 Highway from kilometer 363 + 800 m to kilometer
418 + 300 m, along with the A57 Highway from kilometer zero to kilometer 26 + 700 m
and the numerous interchanges along these highway sections. Between kilometer 6 and
kilometer 18 of A57, there were 12 VMS, about every 1500 meters. Based on the classification
of links proposed by [3], the network was divided into highway, origin, and destination links.

The area was divided into 24 zones and the demand was reconstructed. For each
study scenario, the demand was assigned on Dynameq, recording the splitting rates at the
nodes and the simulated outflows on the accumulation links, thus simulating the demand
prediction phase. These values fed the METANET model on MATLAB.

The study evaluated the effects of VSLs on two main cases. In both, stationary
conditions with disposal values close to capacity were simulated. Under these conditions
the demand value of one of the ramps was increased, causing spillback congestion. These
conditions persisted upon the occurrence of a kinematic wave because of a high reduction
in upstream and on-ramp demand. The simulation occurred over a 12 h time horizon,
overstating the demand levels in order to study the potential of the control strategy.

In the first case analyzed, a bottleneck was assumed to form at kilometer 16 + 500 m at
the intersection with the SS13, a road connecting the city of Venice with the municipality of
Udine and the Austrian border. The importance of preventing the formation of a queue at
this intersection was related not only to the difficulties of entering from the ramps but also
to the obstacle generated for vehicles that needed to exit the highway using the off-ramps.

The second case concerned the intersection with the A27 at kilometer 20 + 300 m.
Similar to the first case, this is a major intersection and its structure is such that it presents
an off-ramp immediately upstream of the on-ramp. As upstream no additional ramps are
present for nearly 6 km, this intersection was suitable for a mainstream traffic control strategy.

For the application of the control strategy, the VMS used are reported in Figure 6 in
order to evaluate the effectiveness of the control strategy in two main cases, namely, with
bottleneck formation immediately downstream of the control area or several kilometers
after it, thereby assessing the potential of VSLs as a response to the possibility of congestion
at a distance from the point of intervention.

The results returned by the simulation scenarios were evaluated by observing the
performance on the two main corridors through two indicators: Total Time Spent (TTS) and
Total Travel Distance (TTD). The ideal intervention condition occurred when a decrease in
TTS coincided with an increase in TTD, a situation that expresses a reduction in travel time
despite an increase in vehicles on the network.
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4.1. Results in Case of No-Control Strategies

The scenario with no-control strategies application was not calibrated; we applied the
parameters reported in the literature [37]. Figure 7 shows the density trend in space and
time along the A57corridor. As can be seen, in the first hour of the simulation and thus
until an equilibrium state was reached, the area adjacent to the Mestre location (between
segments 44 and 59) was characterized by flows close to capacity, identifiable by the near-
critical density values. As a result of the increase in demand at the intersection (segment 55),
a kinematic wave was generated that, with different speeds depending on the variation in
demand values, propagated upstream. At simulation interval 2500, the halving of demand
on the main current was simulated. This phenomenon originated a congestion dissipation
wave that started from the first section and, when it met the congestion wave near section
38, reduced its propagation speed by improving the performance of the vehicular current
until the initial conditions were restored. The diagram thus shows how the congestion state
propagated uncontrolled upstream for nine kilometers, remaining at the intersection until
the arrival of the dissipation wave from upstream.
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It was observed that although the congestion originated in section 55, the density was
increasing upstream, showing how the kinematic wave was not constant but was amplified
by interacting with additional oncoming vehicles.

Two areas with significantly lower densities also emerged along the corridor: the first
20 segments and the last 20, which were part of the A4 Highway and had a higher speed
limit and capacity. The graphical division into sections with distinct density values, on the
other hand, was a limitation of the METANET model, which unlike the Cell Transmission
Model did not predict an exact continuity in the values of two adjacent segments but rather
a “stepped” variation.

Figure 8 shows, from section 46 to section 51, the trend of traffic states, evaluating the
simulated flow values as a function of the corresponding densities. The simulated states are
shown in red while the fundamental diagram of the sections is shown with the dotted line.
The capacity of the infrastructure is shown in orange, highlighting how in each segment it
is much higher than the maximum flow. This is the capacity drop phenomenon whereby
the infrastructure failed to utilize the entire remaining capacity in the transition from stable
to congested conditions.
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4.2. Results in Case of VSL Strategies

The first control strategy adopted involved the use of VSLs. Comparing the density
values in Figure 9 with those in Figure 7, it can be seen that in the Ring Road, the congestion
state propagated more upstream but reduced density immediately downstream of the
control sections. Similar to the behavior verified in the absence of control, the propagation
of this state occurred until the disposal wave was reached, which was generated by the
reduction in demand values. This condition occurred up to section 30, causing persistent
high-density values over time. Thus, induced congestion occurred upstream of the control
area, but a sharp reduction in density values can be seen in the sections after 49.

The only segment downstream of the control area in which no benefit was obtained
was the 55th, i.e., the section with the intersection that caused the bottleneck. Therefore, the
traffic behavior in that section was investigated in depth. Specifically, the evolution over
time of density, queuing on the on-ramp, and flow were evaluated.

Important considerations emerged from the comparison of each variable: the density
decreased slightly following the activation of current control, probably because of the
magnitude of flows that were allowed to reach the section. This state persisted longer
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as hypothesized, and thus, a longer time was required before a steady-state condition
with lower density values was restored. However, there was no direct evidence of this by
observing the flow disposed of by the section, which remained almost identical to natural
conditions up to the 3500 intervals. After that interval, higher values of flow disposed were
simulated, corresponding to the delay in restoring the steady-state conditions.

Sustainability 2023, 15, x FOR PEER REVIEW  14  of  21 
 

 

Figure 9. Density trends in time and space of the A57 in the case of VSL strategies. 

The only segment downstream of the control area in which no benefit was obtained 

was the 55th, i.e., the section with the intersection that caused the bottleneck. Therefore, 

the traffic behavior in that section was investigated in depth. Specifically, the evolution 

over time of density, queuing on the on-ramp, and flow were evaluated. 

Important considerations emerged from the comparison of each variable: the density 

decreased  slightly  following  the activation of  current  control, probably because of  the 

magnitude of flows that were allowed to reach the section. This state persisted longer as 

hypothesized, and thus, a longer time was required before a steady-state condition with 

lower density values was  restored. However,  there was no direct  evidence  of  this  by 

observing the flow disposed of by the section, which remained almost identical to natural 

conditions up to the 3500 intervals. After that interval, higher values of flow disposed were 

simulated, corresponding to the delay in restoring the steady-state conditions. 

The reason why a controlled flow came  from upstream but  the same amount was 

disposed of in the section was then evident only by considering the queuing trend in the 

ramp entering the section. In fact, the increase in queue length over time was very slow 

when  compared  to  the  simulation  in  the  absence of  control  and  reached  a maximum 

length of sixty-two vehicles, i.e., a 75% reduction from the critical extension reached. It 

was also fully reabsorbed within the simulation period, and the attainment of steady-state 

conditions occurred upon its complete disposal. Thus, the reason why there was no net 

reduction  in density was precisely because of  the greater number of vehicles  from  the 

ramp that managed to enter, keeping the comparative flow values unchanged. 
The benefits of adopting VSLs were fully achieved at the intersection, but the effects 

also needed to be evaluated within and upstream of the control sections. With particular 

reference to the last three kilometers subject to the strategy (from section 46 to 51), traffic 

evolution was  observed with  flow-density  diagrams  (Figure  10, where  the  simulated 

states are shown in blue in the dotted line in the fundamental diagram in the absence of 

speed limits). 

Figure 9. Density trends in time and space of the A57 in the case of VSL strategies.

The reason why a controlled flow came from upstream but the same amount was
disposed of in the section was then evident only by considering the queuing trend in
the ramp entering the section. In fact, the increase in queue length over time was very
slow when compared to the simulation in the absence of control and reached a maximum
length of sixty-two vehicles, i.e., a 75% reduction from the critical extension reached. It
was also fully reabsorbed within the simulation period, and the attainment of steady-state
conditions occurred upon its complete disposal. Thus, the reason why there was no net
reduction in density was precisely because of the greater number of vehicles from the ramp
that managed to enter, keeping the comparative flow values unchanged.

The benefits of adopting VSLs were fully achieved at the intersection, but the effects also
needed to be evaluated within and upstream of the control sections. With particular reference
to the last three kilometers subject to the strategy (from section 46 to 51), traffic evolution was
observed with flow-density diagrams (Figure 10, where the simulated states are shown in
blue in the dotted line in the fundamental diagram in the absence of speed limits).

Comparing the simulated traffic states with the trend of the FD obtained by main-
taining Vfree = 110 km/h, they appeared to correspond to transient points located within
the FD. Actually, the model proposed by Papageorgiou assumed a change in the curve
with an increase in the critical density value. Thus, the states represented as a result of
the reduction in the speed limit were not unstable but rather representative of the stable
conditions obtained despite a higher value of density. In such a situation, in fact, the
maximum value of the section’s disposal capacity was reduced, nevertheless improving
the interaction between vehicles and promoting safer progress at the same maintained
spatial spacing.
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Indeed, activation of the control strategy was followed by an initial lowering of the
disposal flows followed by the attainment of a steady state, which persisted until the arrival
of the kinematic wave of congestion disposal. Corresponding to this steady state, the
flows remained at the same values as they were without the control strategies, however,
persisting longer than with the latter.

Regarding the effects of the variable speed limits on the Mestre Bypass, they were
exhausted before reaching the interchange and therefore did not vary the performance of
this corridor, thus being unaffected.

A final assessment of the benefits of the possible intervention concerned the perfor-
mance of the network as a whole and thus in terms of TTS and TTD. As can be seen from
the summary Table 1, the adoption of VSLs caused in this circumstance an increase of 1.38%
in Total Time Spent, while the total distance traveled was almost unchanged (only 0.02%
more). However, VSLs increased network time but significantly reduced the time spent by
vehicles queuing on ramps, which could be perceived more severely by users.

Table 1. Comparison of TTS and TTD indicators on major corridors and at the network level between
No Control and VSL strategies application.

No Control VSL Variation [%]

TTS on Ring Road (A57) [veh × h] 33,530 34,740 3.61%
TTS on Bypass (A4) [veh × h] 53,850 53,850 -
TTS on Network [veh × h] 87,380 88,590 1.38%
TTD on Ring Road (A57) [veh × km] 2,470,130 2,470,820 0.03%
TTD on Bypass (A4) [veh × km] 768,040 768,040 -
TTD on Network [veh × km] 3,238,170 3,238,870 0.02%

4.3. Integrated VSL Strategy and User Information

The second intervention proposal attempted to evaluate the integrated effects of VSLs
with user information on the presence of congestion, thus trying to take advantage of the
residual network capacity offered by the A4 Highway. To this end, the control strategy was
implemented on Dynameq software in order to simulate the same demand matrix but with
the activation of VSLs. Therefore, the conditions used on METANET were reproduced to
determine the different distributions of demand on the routes. In this way, it was assumed
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that the user could be provided with information on the level of congestion on the network
before reaching the junction between the A57 and the A4 by changing the splitting rate
values adopted in the macroscopic model. The user variation was significant, motivated
by a high crossing demand that preferred to travel the greater distance offered by the A4
Highway as long as the times were shorter. The assumption made was to start providing
information to the users after three hours from the start of the simulation, and the results
showed clear differences from what had already been observed: in fact, from Figure 11 it
can be seen that in the first three hours of the simulation the density trend was identical to
that shown in Figure 9.
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The change in splitting rate generated a kinematic wave that propagated quickly
downstream from section 19, i.e., the junction between the Ring Road (A57) and the Bypass
(A4). It quickly reached the congested area and managed to resolve the situation before
the arrival of the next kinematic wave, which further reduced the density values. The
restoration of the initial splitting rate values coincided with the instant when the upstream
demand was reduced (time instant 2500), and this redirected the sections subject to the
higher flows from the ramps to operate at near capacity conditions. If downstream of
the control area the adoption of variable speed limits was then sufficient to improve
traffic conditions, the ill-effect of propagating congestion upstream was contained spatially
and temporally by the best use of the remaining network capacity possible through the
information provided to users.

To further investigate the traffic behavior in section 55, the evolution of density, ramp
queuing and flow values are shown in Figure 12, where simulated values using VSLs and
user information are shown in light blue, outputs of the VSL strategy are shown in yellow,
and results obtained in the absence of control strategies are shown in red.

The comparison of the density values showed that a clear reduction could only be
achieved by reducing the main corridor supply. The steady-state values it was able to
achieve were the same as in the other two simulations but occurred much earlier in time.
This was also reflected in the detected flows, which were slightly lower than the other
simulations because of the different distribution of vehicles within the network. The
greatest benefit obtained from this integrated strategy, however, concerned the number
of vehicles in the queue, which reached a maximum length of sixteen vehicles (94% less
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than what was obtained without the strategy) and remained for considerably less time,
following the same initial trend obtained with the use of variable speed limits alone.
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The rapid decrease in density values resulting from the inflows resulted in a higher
concentration of detected traffic states around the stable branch of the FD. It occurred
earlier in time than in previous simulations and once the initial splitting rates were restored
it persisted without any new fluctuations in values (Figure 13).
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Concerning the effects of this strategy on the Mestre Bypass (A4), the impacts on
density values were not relevant and the highest values (about 16 veh/km) coincided with
the increase in flows coming from upstream. The latter were mainly crossing the corridor
and thus remained constant until the intersection with the A27, which was used to merge
again with the A57. Vehicles did not continue entirely on the Bypass but divided between it



Sustainability 2023, 15, 10954 16 of 19

and the A57, greatly increasing the overall disposal capacity of the network. In case of high
flows from the area surrounding Mestre, it was then useful to try to exploit the remaining
capacity of the entire network and not of individual corridors. Further confirmation of this
was seen by observing the benefits of this intervention at the network level through Total
Time Spent (TTS) and Total Travel Distance (TTD).

As expected, the TTS on the Ring Road decreased by 22% compared to a slight increase
on the Bypass (Table 2). However, this increase did not directly translate into a delay
for vehicles traveling on this infrastructure but was related to the increase in the number
of vehicles on the road and the TTD, which was 41% more. At the network level, this
integrated strategy allowed for a reduction in TTS of 5.17% and an increase in TTD of 6.25%,
in addition to the significant benefits on the on-ramps and safety.

Table 2. Comparison of TTS and TTD indicators on major corridors and at the network level among
No Control, VSL and VSL integrated with user’s information strategies application.

No Control VSL Variation [%] VSL + Info Variation [%]

TTS on Ring Road (A57) [veh × h] 33,530 34,740 3.61% 26,130 −22.07%
TTS on Bypass (A4) [veh × h] 53,850 53,850 - 56,730 5.35%
TTS on Network [veh × h] 87,380 88,590 1.38% 82,860 −5.17%
TTD on Ring Road (A57) [veh × km] 2,470,130 2,470,820 0.03% 235,690 −90.46%
TTD on Bypass (A4) [veh × km] 768,040 768,040 - 1,083,660 41.09%
TTD on Network [veh × km] 3,238,170 3,238,870 0.02% 3,440,560 6.25%

Concerning the environment impact, as it is well known in the literature that the speed
range with the lowest emissions is between 70 and 90 km/h. Therefore, with the adoption
of VSLs and user information, we moved to a speed range that was better from the point of
view of emissions.

Summarizing the obtained results, in the first event of the case study, congestion for-
mation was assumed immediately downstream of the area subjected to the control strategy.
The use of VSLs reduced the maximum queue length on the on-ramps by 75%, managing
to assign the entire vehicular demand that in the absence of control would be locked in
the origin section. On the other hand, using the strategy accelerated the propagation
of the congestion state on the main corridor and increased its length. Starting from the
sections subject to control, the density values were significantly reduced while keeping the
crossing flow value unchanged: this condition, therefore, described the transition from the
congested section to a stable and safer condition for vehicles.

Nevertheless, the overall time spent on the network was increased because the benefits
downstream of the control area were not sufficient to compensate for the negative effects
caused upstream. However, the on-ramps were not represented except as centroids: this
means that the effects caused by queue propagation on the secondary network were
not simulated and thus the benefits induced by improved flow traffic conditions on that
network were neglected.

To improve the time spent on the network, the integration of VSLs with user infor-
mation on the presence of congestion was proposed. In this way, flows were redistributed
between the Mestre Bypass and the Ring Road, achieving a 5% reduction in TTS and a 6%
increase in TTD, i.e., reducing the overall network time despite the increase in assigned flows.

However, these benefits were due to the case study characteristics, such as mainly the
presence of crossing demand and the presence of a high-performance alternative infrastructure.

In the second event studied, the benefits of the strategy were evaluated when the
bottleneck was located seven kilometers away from the control sections. In the case of using
VSLs, the results showed clear benefits between the control sections and the bottleneck,
with stable conditions being achieved and on-ramp flows completely served. Upstream of
these sections, there were no significant travel time saving benefits. Integration with user
information still did not provide the expected benefits because control strategies were not
activated until a congested state was detected in the area subjected to VSLs: the congested
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state spread excessively along the infrastructure and the redistribution of demand was
almost coincident with the normal reduction in demand because of matrix variation.

5. Conclusions

This paper dealt with the study of variable speed limits for traffic control on highways
and their integration with user information strategies.

A case study of the Veneto highway network surrounding the locality of Mestre (VE)
was presented. The study was carried out using the Dynameq microsimulation software for
assigning the demand and the METANET macroscopic model to simulate the progress of
the traffic state, reproducing two different cases of road congestion caused by the presence
of on-ramps.

From an overall assessment, VSL activators of the MTFC were able to promote ramp
flows by anticipating a state of controlled congestion on the mainstream. The network
under study consisted of a high density of on-ramps and off-ramps, which did not allow
the full benefits of this strategy to be exploited, which need to be optimized by being able to
take advantage of a long highway corridor with no intersections. The METANET model as
macroscopic was also unable to evaluate vehicle interactions at off-ramps, and thus, there
was the possibility of vehicle obstruction because of congestion in the mainstream.

Moreover, an accurate representation of the secondary network and queue propagation
on the ramps would allow the benefits of this strategy to be observed, without considering
only the primary network.

The results of the application of the two strategies, which were the VSLs and the VSLs
integrated with the user information, highlighted the advantages and disadvantages of the
different strategies.

Specifically, VSLs prevented queue propagation on the ramp and secondary network
blockage. This strategy led to an achievement of greater stability and safety at the same
flow or density. The integration with user information optimized the remaining network
capacity without penalizing the Bypass.

Disadvantages included the upstream propagation of the kinematic wave being greater
and requiring suitable areas to control it. Furthermore, the upstream delays were sometimes
greater than the downstream benefits. Finally, an integrated strategy required adequate
transportation supply and mainly crossing demand.

Possible developments aimed at deepening the effectiveness of MTFC involve inte-
grating VSLs with other demand control strategies such as ramp metering. Finally, the
possibility of varying the control algorithm was suggested. The strategy adopted was
activated only upon the detection of a state of congestion within the control sections; there-
fore, the effect was reactive and it only allowed for the mitigation of negative impacts by
reducing speed limits to the minimum value allowed. The use of a proactive approach
for determining VSLs would make the best use of the corridor’s capacity by preventing
the formation of capacity drop phenomena or delaying the propagation of the congestion
state over time.
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