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A new control-oriented METANET model
to encompass service stations on highways
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Abstract—In this paper, we propose the METANET with
service station (METANET-s) model, a second-order macro-
scopic traffic model that, compared to the classical METANET,
incorporates the dynamics of service stations on highways.
Specifically, we employ the (so-called) store-and-forward links
to model the stop of vehicles and the possible queue forming
in the process of merging back into the highway mainstream.
We explore the capability of the METANET-s to capture well
both traffic back propagation and capacity drops, which are
typically caused by the presence of vehicles joining again the
mainstream traffic from the service station. Therefore, captur-
ing these effects is crucial to improving the model’s predictive
capabilities. Finally, we perform a comparative analysis with
the Cell Transmission Model with service station (CTM-s),
showcasing that the METANET-s describes the traffic evolution
much better than its first-order counterpart.

I. INTRODUCTION

Nowadays, transportation experts face the complex chal-
lenge of balancing the urgency for sustainable solutions and
the rising traffic demand due to the growing urbanization [1].
Traffic models and simulations play a fundamental role in
addressing these challenges [2]. They empower experts to
attain a profound understanding of the real issues within
transportation systems, identify opportunities for enhance-
ment, predict and measure the impacts of infrastructure
developments [3]. Essentially, these tools enable informed
decision-making and control systems contributing to the
endeavor for a more sustainable and efficient transportation
network [4].

Macroscopic first-order traffic models have a long and
rich history, starting from the seminal Lighthill-Whitham-
Richards (LWR) model [5], and the Cell Transmission Model
(CTM), which corresponds to the discretized version of the
LWR [6]. The CTM has been successfully applied in many
applications, including simulation of large-scale motorway
networks [7], dynamic traffic assignment [8], and traffic
estimation [9]. A recent noteworthy extension of the CTM
is the CTM-s, firstly proposed in [10], [11]. Specifically,
the CTM-s endows the classical CTM with the dynamics
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necessary to model the presence of a Service Station (ST).
The rapid grow of electric vehicles creates a shift in the
use of STs by drivers. These facilities provide not only the
possibility of charging and/or refueling but also improved
ancillary services that have the effect of increasing the time
spent by drivers during a stop [12]. Moreover, policymakers
aim to have a service station every 60 km in the whole EU by
2030 [13], [14]. Therefore, the CTM-s has been proven to be
a useful tool for planning [11] and studying the effect of STs
on the evolution of traffic [10], [15]. Nonetheless, first-order
traffic models, including CTM-s, exhibit one main limitation.
Due to the lack of knowledge on the traffic velocity, these
models are not able to capture complex traffic phenomena
such as capacity drops or have to rely on convoluted tricks
to somehow capture them [15].

To overcome this limitation, higher-order models can
be adopted. In [16], the METANET model is introduced
to describe also the speed evolution, enabling to capture
instabilities such as stop-and-go waves, and capacity drops.
In [17], [18], the METANET has been shown to describe
the traffic flow much better than first-order models. In [19],
[20], further refinements have been made to the METANET
model to improve traffic state estimation and prediction.
Finally, control strategies like model predictive control,
ramp-metering, and Variable Speed Limit (VSL) have been
explored in [21], [22], [23].

The main contributions of this paper are the following:
i) we develop the METANET-s, a novel highway traffic
network model that is capable of capturing the dynamics of
STs on highways; ii) we incorporate the physical constraints
of STs into the model, ensuring that the number of vehicles
at a ST does not exceed the ST capacity; iii) we use
fundamental concepts of the classical METANET ensuring
that the model can be easily implementable by practitioners
to predict traffic evolution and design decision strategies; iv)
we show via numerical simulations that the METANET-s can
describe complex phenomena such as capacity drops much
better than the CTM-s.

II. PRELIMINARIES ON THE CLASSICAL METANET
MODEL

In this section, we introduce the key components of the
classical METANET model as a cornerstone over which we
build in the next section the proposed METANET-s model.
In the following we adopt a similar notation as in [24].

The METANET model discretizes time into intervals of
length 7' € R and indexed by k£ € N. The highway stretch is
divided into N € N links. Each link m € N == {1,..., N}
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Fig. 1. Link discretization of a freeway stretch in METANET model

is divided into [V, sections composed of A, lanes of length
L., which are used to better describe the variation of the
link features. The set of all the sections of link m is denoted
by N,, = {1,...,N,}; see Fig. 1. Every two adjacent
links in N are connected by nodes (blue dots in Fig. 1). We
denote the total number of nodes by P and the corresponding
set by P := {1,..., P}. For each section i € IN,, of link
m € IN, the following variables are defined:

o density py, (k) [veb/km lane], the number of vehicles
in the section ¢ during the time interval k£ which divided
by the length of the link L,, and by the number of lanes
Am

o mean speed vy, (k) [km/h] of the vehicles moving
along the section 7;

o flow gu, i (k) [veh/h lane], the number of vehicles exiting
section ¢ through a lane \,,, during k and divided by 7.

The METANET model can operate in two different modes:
the non destination-oriented, and the destination-oriented. In
the former, the traffic assignment—specifically the behavior
of drivers choosing their routes—is not taken into account,
while in the latter it is [25]. In the upcoming section, we em-
ploy the destination-oriented operation mode to distinguish
between the behavior of vehicles that stop at the ST and
those that do not.

To properly define the destination-oriented mode, the
following additional variables are introduced:

o partial traffic density p.,; ;(k) [veh/km lane], the den-
sity of vehicles in ¢ € N, with destination j € J,,,
where J,, C NN is the set of destination links that can
be accessed from link m € IN;

o composition rate Y, ; ;(k) € [0,1], is the fraction of
traffic with destination j € J,,.

In the METANET model the transportation network is
described as a collection of nodes, describing junctions or bi-
furcations, connected by links. For the readers’ convenience,
we briefly introduce next the dynamics associated with the
links and nodes (see e.g. [26] for further details).

A. The links

The links in the METANET can be of four different types
serving specific purposes and endowed with unique features.
We discuss them hereafter.

1) Freeway links: are employed for homogeneous freeway
stretches where the dynamics read as

Pk 1) = pona (B) + [qm¢1<k>—-qm¢<kﬂ

Lo Am
(1a)
Gm,i(k) = pm,i(k)vm i (k) (1b)
T
”UmJ(k —+ ].) = Umﬁi(k) + ? [U(pml(k)) — ’Um’i(k):|
+ Tt a(h) [vm,i_l(m - vm,xk)]
_ VTpm,it1(k) — pm,i(k)] (10)

L [pm,i(k) + K]
v%ww=%wﬂ—lﬁmwfﬂ,<m

(€279 Per,m

where (la) is derived from the conservation principle and
(1b) from the definition of the flow, while (lc) empiri-
cally describes the average speed evolution. v,, ;—1(k) and
Pm.i+1(k) in (Ic), indicates that the speed evaluation in
section ¢ of link m is influenced by the speed and density of
previous and next sections, i.e., ¢ — 1 and ¢ + 1, respectively.
The function defined in (1d) describes the desired speed
given the current density of section . A brief description
of the parameters in (la)-(1d) is reported in Table I. Extra
terms can be incorporated into (1c¢) to model lane reductions
and merging phenomena near on-ramps. For more details
see [27]. Moreover, the partial densities for each destination
j € J,, read as

Pmij (k4 1) = pm.ij(k)

T
+ oA Yrm,i—1,5 (B)@m,i—1(k) = Ym,i,j (K)qm,i (k)
(2a)
P, (k)
maig (k) = —2 . (2b)

In the case that ¢ = 1, the composition rate and flow entering
the first section of link m is equal to the composition rate
and the flow exiting the previous link, i.e., Ym—1,n,._,,; (k)
and ¢p,—1.n,, , (k), respectively.

2) Store-and-forward (saf) links: differently from the
freeway links, they include neither density and speed dy-
namics nor link discretization. They are queue models rep-
resented by their maximum capacity gmax,s(k), queue length
ws (k). For each saf link s € N st C N, the incoming flow
of vehicles creates a queue. The evolution of the queue length
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TABLE I
STATIC PARAMETER IN THE METANET MODEL.

Parameters Descriptions Units

Um Free-flow speed [km/h]
Per,m Critical density per lane [veh/km lane]
am Exponent parameter [-]
T Relaxation time [h]
1% Anticipation constant [km?/h]
K Numerical stability parameter [veh/km]
is attained via the conservation principle, i.e.,
ws(k+1) = ws(k) + T [gin,s (k) — g5 (k)] 3)

Then, the queuing vehicles are directed to the succeeding
downstream link after a certain time delay. The dynamics of
the outflow for s € N** are as follow

ws (k)

T I qmax,s(k) ) (4)

gs(k) = min {qm,s(k) +
where g s(k) [veh/h] is the entering flow and gmax s(k) is
the maximum outflow of the saf link which depends on the
density of the downstream link d € N and is defined as

Qs
Qmax,s(k) = {QSR(]C)

where Q, is the maximum flow of s € N** and R(k) is the
portion of it that can enter link d. This fraction is defined as
R(k) = %, where pmax.d.1, Perd1 and pa1(k)
are, respectively, the jam density, critical density and actual
density of the first section of the downstream link d, hence
discriminating whether the whole demand can enter or not.
In the destination-oriented mode, the notion of the partial
queues for each destination j € Js reachable from link s
has to be introduced. For more details see [25].

3) Origin links: serve as entry points for the traffic
demand d,(k) € R. Each origin link 0 € N is modelled
as a saf link [27].

4) Destination links: are the exit points for the traffic flow.
Traffic conditions in these links are strongly influenced by
the conditions in the next link and are assumed to be not
congested if there is no available measurement.

if pa,1(k) < peran
otherwise,

B. The nodes

At locations corresponding to junctions, bifurcations,
merging on-ramps, and diverging off-ramps, nodes play an
essential role in representing the interconnections between
various links within the network. For each node p € P, the
set of entering and exiting links are denoted by I, C NN
and O, C N, respectively. Then, Q,(k) is the total traffic
flow entering node p during k. Similarly, the flow leaving p
through a link d € O, is denoted by g, (k). Additionally,
the turning rate 3¢ (k), indicates the portion of traffic flow
Qp (k) which leaves node p at period k via link d € O,,. The

relation among these quantities is described as follows:

Qp(k) = > g, () (5a)
mel,
gin,a(k) = By (F)Qyp(K), (5b)

where ¢, n,, (k) is the flow exiting the last section of link
m € I, and gin q(k) that entering the first section of the
exiting link d (see e.g. [25] for further details).

III. THE METANET WITH SERVICE STATION
(METANET-s)

In this section, the classical METANET model is endowed
with the dynamics of a ST. Figure 2 is a visual aid for
the structure of the METANET-s and the used notation.
The freeway stretch is partitioned into N freeway links,
interconnected by P nodes. Without loss of generality, we
suppose that each link is subdivided into only one section,
ie., Ny, = 1, Ym € N. An origin link o € N is used
to inject into the network the traffic demand d,(k) € R.
Vehicles can exit the mainstream through the link s; € N
to reach the ST, which is represented by a saf link. A queue
of vehicles stay for a certain amount of time § at the ST
to use ancillary services such as resting and refueling. After
spending § amount of time at the ST, drivers attempt to
merge back into the mainstream. Then, if the flow exiting
the ST, i.e., gu(k), exceeds the capacity gmaxst(k), a queue
of vehicles forms at the exit point of the ST. Thus, a coupling
should be considered between the number of vehicles enter-
ing the ST and the number of vehicles attempting to exit in
the next time intervals. Furthermore, a constraint should be
considered for the entering flow to the ST in order to avoid
traffic congestion in the entry point.

A. METANET-s dynamics
The origin link o € IN receives as input the traffic demand

d,(k) and thus the exiting flow is defined as

wo(k)
T

qo(k) = (k) min |:d0(k) + s Gmax,0(K) |, (6)
where 7,(k) is the metering rate for the link o (if it is not
applied, then 7,(k) = 1 for all k¥ € N). The maximum flow
of the origin link depends on the density of the first section
of the first downstream link, i.e., p,,, (k), hence

Qo
Qmax,o(k) = {QOR(k)

if pm,y (k) < per,m.
otherwise.

@)

: : max,mq ~— Fm k s
The permit function R(k) = ’;'177’;1() influences the
max,m | er,m

outflow of the origin link ¢, (k) based on the congestion level
of the exiting link m;. If link m, is dense or congested,
the capacity of the origin link gmax,o(k) is reduced. As the
capacity decreases, a queue of vehicles forms at the origin
link o, resulting in

wolk + 1) = wo(k) + T[dow) - qo<k>] ®)
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Fig. 2. Depiction of the METANET-s model. The freeway links (pink rectangles) represent the mainstream and on-ramp/off-ramp of service station which
are connected by the nodes (black dots), an origin link (blue rectangle), a destination link (brown rectangle), and the ST is modeled via a saf link (green

rectangle).

Density and speed dynamics for link m; are introduced
similarly to (la)-(1d). In order to identify the portion of
the flow g, (k) entering the mainstream and the ST, it is
necessary to consider partial densities as in (2a), i.e.,

Pmy, sy (k + 1) = Pmy,s1 (k})
T
* m [Pyo’sl (k)qo(k) — Ymai,s1 (k)qml (k):| (9)
pml,mg (kj + 1) = pm17m2 (k)

T
+ T, [70,m2(k)qo(k) = Yy ma (K)@m, (k)] . (10)

where Yo,s1 (k)’ Yma,s1 (k)’ Yo,m2 (k)’ and Ym1,mz (k) repre-
sent the composition rates at time period k based on (2b)
and satisfy the following constraints

(11a)
(11b)

70781(15) + Yo,ma (k) =1
Yma,s1 (k) + Yma,ma (k) =1.

The vehicles entering the ST through the link s; during k,
stop at the ST for 4 amount of time before trying to merge
back into the mainstream. Then, the number of vehicles at
the ST evolves as

ly(k+ 1) =Lly(k)+T [qsl (k) — qst(k)} , (12)

where, ¢, (k) and gy (k) denote the entering and exiting
flow of the ST in the time interval k, respectively. After §
time intervals, vehicles attempt to exit the ST to merge back
into the mainstream. However, if the flow gy (k) exceeds the
maximum capacity gmaxst(k), a queue forms at the exit point
of the ST, including vehicles waiting for merging back into
the mainstream in the next time intervals. Let wg (k) denote
the queue length, its dynamics can be expressed as

wst<k +1) = wst(k) +T |:QS1 (k - 6) - QSt(k)] . (13)
Then, the outflow of the ST can be computed as

wg (k)
T

g (k) = ra(k)min [q (h—5)+ ,qmax,sxk)] . (14)

where ¢maxs(k) indicates the capacity of the ST, which
is directly influenced by the density of the next link, i.e.,

Ps,(K), as follows

Qmax,st(k’) = {QS[ if Pso (k) < Per, s (15)

") QuR(k) otherwise.

Now, it is necessary to prevent the formation of a potential
overloaded queue of vehicles at the entrance of the ST during
each time interval k. Inspired by stationary queuing model
of traffic flow networks [28], we apply a manipulation of
the flow entering the ST, i.e., g5, (k), based on the dynamics
of the ST. Then, let {nax s denote the maximum number of
vehicles that can stop at the ST, which is computed according
to the length of the ST and the average length of a vehicle.
Then, the flow entering the ST, can be constrained by the
space available at the ST, i.e.,

émax,st - Est (k)

qsq (k) = min | ps, (k)vs, (k)7 T (16)

Note that the proposed METANET-s has been designed to
be easily integrated with various traditional and advanced
control strategies aimed at preventing or reducing traffic
congestion. For example, a ramp-metering mechanism [29]
based on model predictive control approaches can be de-
signed to regulate the flow of vehicles merging back into
the mainstream, i.e., gs; (k). Another possibility is to design
incentive-based traffic control policies to incentivize drivers
to exit the main stream and stop at the ST to take advantage
of services at discounted prices, such as charging electric
vehicles at a cheaper price [12]. In such a framework, game-
theoretical approaches can be used to design control policies
for v, .s, (k) and 6.

IV. SIMULATION RESULTS

We consider a freeway stretch consisting of N =
11 links organized as in Figure 2, hence N =
{o,st, s1, 82, m1,...,mr}. The origin link o € N is entry
point for the incoming demand d,(k), while {m,...,m7}
describe the mainstream. The traffic condition after the des-
tination link m7 is assumed to be uncongested. Furthermore,
the length of the ST is 1 [km], while the length of the links
{0, $1,82,m1,...,m7} are equal to 0.3 [km] with \,, = 3
lanes. The links {s1,st, so} describe the ST, where s; and
so are the off and on-ramps respectively, while st is the saf
link modeling the ST. pmax, Per, and v, are equal to 30 and
20 [veh/km], and 102 [km/h], respectively. The time interval
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Fig. 3. Back propagation phenomenon resulting from congestion, hence ps, > per,s, at the off-ramp of the ST s2. (a) the flow of ST gy (k) and density
of s2 ps, (K), (b) flow of on-ramp s1 g¢s, (k), queue length of vehicles in ST £s(k), (c) flow of m1 gm, (k), density of link s1 ps, (k), (d) the flow and

density in ma, i.e., gmy (k), pmo (k).

in the simulations is 7" = 0.01 [s] and we simulate a total of
1.6 [h], hence k € [0, 6 x 10%]. To mimic a classic peak hour
demand, d,(k) is assumed to be the following piece-wise
linear demand function

d,(k) = max (500, — 3|k — 30000| + 2500) . (17)

Of the total demand, 30% of it stops at the ST, and the
remainder 70% remains on the mainstream.

A. Traffic congestion back propagation in METANET-s

Here, we show that METANET-s can describe the back
propagation of a traffic congestion. As shown in Figure 3.a,
at ¢ = 0.7[h] a congestion occurs in the link sy, hence
Psy(K) > per,s,- This congestion leads to a decrease in the
available capacity of the ST gmaxs(k) as per (15). As a
result, the number of vehicles at the ST ¢y (k) increases,
see Figure 3.b. Then the saturation in (16) activates to limit
gs, (k). Due to the reduced capacity of the ST gmaxst(k), the
total number of vehicles in the ST ¢y (k) peaks at 1.3 [h],
showing a significant backlog of vehicles in s; waiting to
enter to the ST, see ps, (k) in Figure 3.c.

B. Capacity drop in METANET-s comparison with CTM-s

We compare now the ability of METANET-s to describe
capacity drops compared to the CTM-s. In Figure 2, the
flow and density of links my4, ms, and mg are repre-
sented. Initially, ¢, (k) peaks around 1213 [veh/h lane] at
approximately 0.5 [h]. Then, there is a significant capacity
drop, making it fall at around 1100 [veh/h lane], hence a
9.5% reduction, see Figure 4.b. As shown in Figure 4.c the
evolution of ¢, (k) is similar to ¢, (k).

In Figure 4.a, we plot ¢;,,, (k). Due to the propagation of
a shock wave, there is a drop in traffic flow in link my4. This
drop is accompanied by a rapid increase in density, indicating

that congestion was forming as vehicles approached the
bottleneck.

Noticeably, simulation results in Figures 4.a-c show that
CTM-s, implemented as in [10], is not able to capture
the presence of the capacity drop and highly overestimates
the flow among links. This behavior is consistent with our
other numerical simulation allowing us to conclude that
METANET-s has better-predicting capabilities than CTM-s
in case of congestion.

V. CONCLUSION

Inspired by the classical METANET model, in this paper
we have developed a novel traffic model: the METANET-s.
It is a second-order macroscopic traffic model incorporating
service stations dynamics. The capability of the METANET-s
to model speed dynamics excels in capturing intricate traffic
phenomena, such as capacity drops, thereby addressing the
limitations of the recently proposed CTM-s. Including a
constraint on the flow entering the ST allows us to take
into account the ST capacity. Furthermore, the METANET-
s has been developed to aid in the design of innovative
control strategies aimed to incentivize drivers to stop at STs
to prevent and/or reduce traffic congestion.
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