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Abstract: In this paper, a multi-class and multi-objective combined ramp metering and routing
control strategy is proposed to improve performance in freeway traffic networks. The control
strategy is of the multi-class type, i.e. different classes of vehicles are taken into account, so
that specific control policies can be devised for each class. Moreover, ramp metering and route
guidance are properly coordinated in order to reduce the total travel time and the total emissions
in the freeway system in a balanced way. The controller proposed in the paper is of the predictive
feedback type, i.e. the control computed at each time step depends on the measured system state
and on the prediction of the system evolution, considering both a traffic and an emission model.
Some simulation results are presented showing the effectiveness of the proposed control scheme.

1. INTRODUCTION

The problem of freeway traffic control has been studied by
researchers for some decades. Different control strategies
have shown their effectiveness, such as ramp metering,
variable speed limits, route guidance, as well as combined
and coordinated strategies. Most of the research works
on traffic control in freeway networks have dealt with the
definition of control schemes aiming at the minimization
of the congestion and the total travel delay in the system
(see e.g. [1, 2, 3]). Some more recent works focus on
other objective functions to be minimized, such as fuel
consumption and emissions. In [4, 5, 6], ramp metering
or combined control strategies are studied to take into
account the reduction of traffic emissions.

In the last years, several models have been developed to
evaluate the emissions produced by vehicles. The average-
speed emission model is a simple but widespread model,
assuming that the average emission factor for a certain
pollutant and a given type of vehicle only depends on the
average speed. In particular, the average-speed emission
model COPERT [7] is used in [6, 8] where a ramp metering
freeway control strategy is proposed. Other more accurate
emission models consider the dependence of the emissions
both on the speed and on the acceleration of vehicles.
Among them, the VT-macro emission model has been
firstly proposed in [4] and then extended to the multi-class
case in [5]. The more recent VERSIT+ emission model [9]
computes the emissions for different categories of pollu-
tants and many types of vehicles, considering acceleration,
speed and driving behavior in different conditions. The
macroscopic version of VERSIT+ has been adopted in
[10, 11] for control purposes.

In this work, a multi-class and multi-objective combined
ramp metering and routing control strategy is proposed,
in order to reduce the total travel time and the total

emissions in the freeway system in a balanced way. Route
guidance is a control technique which has been broadly
analyzed in the literature [12]. In [13] a predictive feedback
routing control strategy is proposed, in [14] a strategy com-
bining route guidance with ramp metering and motorway-
to-motorway control is developed by solving a discrete-
time constrained nonlinear optimal control problem, while
in [15] model predictive control techniques are applied for
optimally combining route guidance and ramp metering.
Only a few contributions on route guidance deal with
environmental issues, such as [16] where a multi-objective
approach is proposed to minimize the total travel time,
the travel distance and the pollutant emissions, [17] where
a traffic assignment problem is solved taking into account
the vehicle emissions, and [18] in which two eco-routing
algorithms based on feedback assignment are discussed.

The multi-class routing control strategy proposed in this
paper is inspired by [13]; specifically, the present paper
proposes a multi-class traffic assignment scheme based on
the predicted total travel time and the predicted total
emissions, whereas in [13] only the predicted total time
is considered in presence of only one class of vehicles.
Moreover, in the current paper a multi-class feedback
ramp-metering strategy is added in the control scheme in
order to further reduce emissions and congestion in freeway
networks. It is worth noting that, since the control strategy
is based on a multi-class freeway model and on a multi-
class emission model, it is possible to specify different
control policies for the different classes of vehicles, i.e. cars,
trucks, and other types of vehicles that can be of interest
for the considered application case.

The paper is organized as follows. In Section 2 the adopted
traffic and emission models are addressed. The proposed
predictive feedback control scheme is then discussed in Sec-
tion 3. Some simulation results are proposed in Section 4,
while concluding remarks are reported in Section 5.



2. THE TRAFFIC AND EMISSION MODELS

The model adopted to represent the traffic dynamics in
freeway networks is the well-known METANET model,
considering the destination oriented mode, properly ex-
tended to take into account the multi-class case. The free-
way system is represented by means of a directed graph,
with M links and N nodes; each link m is further divided
into N, sections with equal length. The time horizon
consists of K time steps. In the paper, let £k = 0,..., K
denote the time step, m = 1,..., M the freeway link,
i = 1,..., N, the section of link m, and ¢ = 1,...,C
the vehicle class. Moreover, let T indicate the sample time
interval, L,, the length of each section of link m, A,, the
number of lanes of link m, J, the set of destinations
reachable from link m.

The main variables of the considered model are:

e py, (k) is the traffic density of class ¢ in section i of
link m at time instant kT ([veh of class ¢/km/lane]);

o Pt w(k) is the partial traffic density of class ¢ in
section ¢ of link m with destination j € J,, at time
instant kT ([veh of class ¢/km/lane]);

e vy, ;(k) is the mean traffic speed of class ¢ in section
i of link m at time instant k7" ([km/h]);

e q;, (k) is the traffic volume of class ¢ leaving section
i of link m during time interval [kT, (k + 1)T) ([veh
of class ¢/h]);

® 7. (k) is the composition rate of class c, that is the
portion of vehicles of class ¢ in section ¢ of link m that
at time step k have destination j € J,,.

The following types of links are considered:

e freeway links, modeling the traffic behavior in homo-
geneous freeway stretches;

e origin links, modeling the links which receive traffic
volumes from outside the network and forward them
into the mainstream;

e on-ramp links, modeling the ramps receiving the
demand that wants to access the freeway network.

Let us start from the freeway links: the partial traffic
densﬂtypm”(kJrl) c=1,....C,i=1,... ,Np, m =
M, j53€ dy, k=0,. K—lisgivenby

C T C C
P (k+1)=pp, . (k) + I [’Ym,im(k)qm,il(k)

- vﬁn,z-,jw)qfn,i(k)} W

P,,“ (k)
where %Cn”(k) = J(k) and an,i(k) = ZjeJm an”(k)
A fundamental relatlonshlp in macroscopic models is the
steady-state speed-density relation Vi, ;(k) expressed as

Vil = [1- (228 ))lc]mc )

pmz

where fr’fz is the free-flow speed in section 4 of link m

for class ¢, pp;%F is the jam density in section ¢ of link m,
whereas lc, m, are other model parameters.

The traffic volume and traffic mean speed are given by
Ui (K) = pro i (K)o, i (k) Am 3)

i)+ - Vi) = 5,0

Te

ik +1) =

+ )|t (8) = 0,9

. VCT [pm,iJrl(k) - pm7z<k)]
il loma® ]

c=1,....C,i=1,...,Npy,m=1,... M, k=0,... K-
1 and where 7, Ve, X¢, ¢ = 1,...,C, are model parameters.
In (4) a further term can be added, to take into account
the speed reduction caused by the merging of two links in
a node. In particular, if g is the merging link and m the
leaving link, in the first section of the leaving link there is
a speed reduction related to the merging flow, i.e.

U%,l(k/’)qﬁ,m(k)
Lm)\m [pm,l(k) + Xc]

where §°¢ is a constant parameter defined for class c.

6T (5)

The total density in section i = 1,...,N,, of link m =
., M at time step k =0,..., K — 1 is computed as

Zn Piri (K 6)

where n° has a meaning analogous to the definition of
passenger car equivalents (PCE) [19].

pm.i(k

Let us now consider the origin links in which doc(k)
denotes the partial demand, i.e. the portion of the trafﬁc
volume at the origin link o = 1,...,0 which has desti-
nation j € JO (with JO the set of destinations reachable
from origin o), defined as

dgc (k) = 0 (k)dS* (k) (7)

The allowed entering flow of class ¢ = 1,...,C at origin
linko=1,...,0 at time step K =0,..., K — 1 is given by

qoo’c(k) = min Z doof(k;)

jeJQ

zOCk
La®® Goew b (3

where, at time step k, lg)_}c(k) is the partial queue length
at the origin link o for the flow with destination j, whereas
Q9-¢(k) is the flow capacity for class ¢, link o, depending
on the density of the primary downstream leaving link p
and on the mainstream capacity ¢@™*%¢ for origin o and
class c:

gy e if (k) < pji
O,c
(k) = max _ o (k 9
QW) =1 o A8 pur(h O

pmax _ pcr

1 1

At time step k, K = 0,..., K — 1, the dynamic evolution
of the partial queue length l?f(k) in (8) is calculated as

Loy (k1) = I (k) +T [doy (k) =75 (k)45 (k)] (10)

. ¢ 19 (k
with 723- (k:):%, ,C,o=1

c=1,... ,0,5eJo.



The on-ramp links are modeled analogously to the origin
links. Egs. (7)-(10) are adapted by defining, at time step
k:

e the partial demand df}”jc(k), i.e. the portion of the
traffic demand of class ¢ that wants to enter the on-
ramp 7 at time step k with destination j € J® (with
JE the set of destinations reachable from on-ramp
link r), and defined by the rate 95}0(16);

e the on-ramp flow ¢
;

o the queue length [%+¢(k) at the on-ramp r, and the
partial queue length l?}c(kz) at the on-ramp r for the
flow with destination j € J&;

e the composition rate ’ij’-c(k), that represents the

¢(k) with destination

R-¢(k) that enters at the on-ramp

portion of traffic volume ¢
jeJr
In case the on-ramps are controlled via ramp metering,
and letting g¢(k) denote the on-ramp flow computed
by the controller, the allowed flow ¢®¢(k), ¢ = 1,...,C,
r=1,...,R, k=0,..., K —1is given by

R L (k)
ge(k) =min{ Y dif(k) + S g
jes

As for the node model, it is assumed that each node
does not include more than three links (in case of more
complex nodes, they are decomposed in nodes meeting
such condition by introducing dummy links). Let Q, ;(k),
¢c=1,...,C, k = 0,...,K — 1 denote the total ﬁovv
entering noden = 1,..., N, directed to destination j € J,,
being J,, the set of the possible destinations reachable from
n. Let I})/I, I9 and I® denote the set of freeway, origin and
on-ramp links entering node n, and O,, the set of links
leaving node n. The incoming traffic flow is

Qi (k Z 4, Nu ’VICL,N,“J )+ Z 4o 70,7 (k)
peiM oelQ
R,
+ Y ae(k) - yet(k) (12)
rel

The outgoing traffic from node n that chooses link m to
reach destination j is calculated as

qan Z Bm n,j Q(’)j( ) (13)
J€Im
where 35, , ;(k) represents the splitting rate. In presence

of control’ actlons the splitting rates are modeled by

c c ,C C,c
m,n ](k) = (1 - Em,n)ﬁrl\rlz,n,j(k) + Em, nﬁm n J(k) (14)
where ﬁi 1.5 (k) is the portion of vehicles choosing link m

without route recommendation, 5m n.; (k) is the splitting
rate defined with a suitable control approach, and Em.n

is the compliance rate with the route recommendations
(0<e<1),e=1,...,C.

Finally, in (4) boundary conditions are used, i.e. the virtual
density pf, n, +1(k) and the virtual speed vy, o (k). If n has
more than one leaving link, the downstream density is

(k), Q<) p(11)

>pco, (P (k)
Zueon PZJ(k)

c=1,....C,m=1,.... M, k=0,..., K—1. Moreover, if
node n has more than one entering link, the virtual speed
may be computed as

PNyt (F) = (15)

. ZHGJMUM, (k)qluv (k)
Ualk) = : (16)
Zpejg;d qu,Nu( )
c=1,....C,m=1,.... M, k=0,... K —1.

For traffic emissions, the adopted model is the multi-class
macroscopic VERSIT+ emission model proposed in [11]
and here briefly reported (we refer to [11] for further
details). This model is based on the microscopic emission
model VERSIT+ [9], according to which the emission
factor depends both on the combination of acceleration a
and speed v, included in the model via the variable w = a+
0.014v, and on the value of the speed v, divided in four
categories corresponding to different driving conditions.
The emission factor E is given by

U ifv<banda<0.5
uy + ugwy +ug(w —1)4 if v <50
E = . (17)
ug + uswy +ug(w — 1)+ if 50 < v < 80
ur +ug(w —0.5) 4 +ug(w—1.5)y  ifv >80

where up, h = 0,...,9, are model coefficients, and ()4 =
0if x <0, (x)4+ = x otherwise.

In order to extend this microscopic model to a macro-
scopic context, properly defined for the multi-class net-
work case, the emission factors in the mainstream and in
the on-ramps/origin links are distinguished and separately
computed. Specifically, in the mainstream, two types of
acceleration, the segmental acceleration considering the
speed variation within a section, and the cross-segmental
acceleration representing the speed variation of vehicles
moving from one section to the consecutive one between
time steps k and k + 1 [4, 5] are computed together with
the corresponding number of vehicles. In this way, the
emission factors E}% (k) and E; 70 (), ¢ = 1,...,C,
m = 1,. M,z—l,...,Nm,k—O...,K—l, are
calculated.

For on-ramps and origin links, four groups of vehicles (i.e.
arriving, waiting, leaving with stop and leaving without
stop) are considered. Again the acceleration and number
of vehicles in each group are computed thus leading to
the computation of the emission factors Ef2™PY-¢(k), ¢ =

LC k=0,....,K—1,r=1,..., R, and ES"8™¥:¢(k),
c=1....C, k =0,..., K—1,0 = 1,...,0, where
y = {a, w, Is, Ins} identifies the group of vehicles.

3. THE PROPOSED CONTROL SCHEME

This section describes the proposed combined ramp me-
tering and routing strategy, specifically devised to reduce
traffic emissions and travel times in a freeway network
where many classes of vehicles are explicitly considered.

In order to correctly define the assignment choices in the
controller, the predicted travel times and the predicted
emissions must be calculated for each alternative path.
Inspired by the works [15] and [20], such evaluation is



carried out considering some virtual test vehicles, which
leave from the origin nodes until they reach the chosen
destination through alternative paths. In particular, for
each pair of nodes (n, j), the P most likely (shortest) paths
are considered and a number of virtual vehicles equal to
the number of such paths is introduced. The exact position
of the vehicle in the network s> (k) is updated as follows

n,j
withe=1,. C’k—O K — 126Jc WhereJc

the set of test vehlcles that leave node n to reach node j,
whereas m and ¢ are the freeway link and section in which
the vehicle is located at time step k.

The travel time TZJC» and the emissions f . for each test

vehicle are computed based on its current locatlon in the
network by using the following relations:

Pk 1) = T + T 1
Ez C(k+1) 5 (k)+T [Echzc(k)
B )+ el £ B ()] (o

n (20), only one of the emission factors is used, depending
on the location of the vehicle between time steps k£ and
k+1. Then, it is possible to define the predicted travel time
and the predicted emissions, i.e. the travel time and the
emissions that the virtual vehicle will actually experience
along the route. In order to limit the computational effort,
for each pair of nodes (n,j), P = 2 shortest paths
connecting them will be identified (note that the case
P = 2 is chosen for illustration purposes; the proposed
approach can be also extended to the case P > 2). On this
basis, the predicted travel time (emissions) for the primary

direction 7} (k) (55;(k)) and for the secondary direction

(k) (£3%(k)) can be calculated according to (19) ((20)).

n,J n,Jj

The predicted travel time difference is then obtained as

ATS (k) =75 (k) — 75 (k) (21)

whereas the predicted emissions difference is given by
A 5 (k) = €5(k) = .75 (k)

As regards route choice models, the conditions of Dynamic
User Equilibrium (DUE), also taking into account the
dynamic nature of the traffic conditions, are adopted.
These conditions consider that traffic flows with the same
origin and destination are distributed in the network so
that the travel times on the recommended routes are the
same, and therefore the users who do not follow these
suggestions are penalized. Analogously to the travel time,
and based on the same considerations, we propose a new
eco-routing model named Dynamic Emissions Equilibrium
(DEE), aimed at balancing the pollutant emissions along
the suggested routes.

(22)

Given the predicted travel time difference A7S (k), the
conditions DUE may be formulated as follows:
Aty (k) >0 = B (k) =1 (23)
Arp (k) =0 = 0<pB5 (k) <1 (24)
Arp (k) <0 = 5, (k)=0 (25)

withe=1,...,C,n=1,...,N, k=0,...,. K —1,j € J,,
and where m is the first link of the primary direction.

With the same notation, given the predicted emission dif-

ference A&y ;(k), the conditions DEE may be formulated
as
AL (R) >0 = B (k) =1 (26)
AL (k)=0 = 0< ﬁfn;]( )<1 (27)

In order to balance travel times and emissions along both
directions, conditions (24) and (27) will be considered,
with the objective of maintaining the differences as close
as possible to zero.

As regards the structure of the proposed predictive feed-
back control scheme, the controller is composed of two
blocks, one for route guidance and the other for ramp
metering. The feedback routing regulator computes the
splitting rates an j(k), on the basis of the predicted
travel time differences A7y (k) and the predicted traffic
emission differences A7 ( ) produced by the prediction
models. The prediction models are updated with the cur-
rent state of the freeway network, working similarly to
a rolling-horizon scheme. The feedback ramp metering
controller, instead, computes the on-ramp flow on the basis
of the occupancy measurements obtained from the real
system.

In particular, the PI-controllers adopted to define the
splitting rates S, (k) and Bfncnj( ) are designed in
order to approximate conditions (24) and (27). Given the
predicted travel time difference, it is possible to calculate

the splitting rate 3.5, (k) as

ﬂ:’;l’f”vj(k) = 677;;,Cn,j(k - 1)

+ KITD’C[AT;j(k) — A7y (b =1)] + K;’CAT;j(k) (29)
Similarly, given the predicted emission difference, the

spitting rates Bfn"nj(k:) are obtained as

BC, (k) = s, (k—1)
+ KHIAE (k) — A& (k — 1)) + KPAL (k) (30)
withe=1,...,C,n=1,....N, k=0,..., K—1,5€ J,,

and where m is the first link of the primary direction,
whereas K¢, K¢, Kff and Kf’c are the gain parameters
of the PI-controllers. It is worth noting that the resulting
splitting rates 4., (k) and Bfncn (k) should be truncated
to the admissible interval [0, 1].

The splitting rates are given by the following weighted
sum:

B (k) = - 85 (k) + (1= @) - 855, (k)

where « is a weighing parameter.

(31)

For the feedback ramp metering controller, the multi-class
PI-ALINEA is adopted (for major details see [8]). Let
us first of all define the variable indicating the ratio of
the occupancy of each class over the entire occupancy
(including both the mainstream and the queues)



0° - 1051 (k) Ly + 15(k)]
S e - [0f 1 (k) Ly, + 16(K)]

frk) =

(32)
withe=1,....C,r=1,....,R, k=0,...,K — 1, where
o, 1(k) is the occupancy measurement in the first section
of the primary downstream leaving link p for class ¢ at
time step k.

The on-ramp flow of class ¢ = 1,...,C, for on-ramp
r=1,...,R and time step £k =0,..., K — 1, is computed
as follows

gy (k) = max {g"™°, g7 (k — 1)

— Kp - [0],1(k—=1) — o 1 (k —2)]

TRy ik =1)[6—ou1(k— 1)} (33)
where 6 is the occupancy set-point, K% and K%, ¢ =
1,...,C, are suitable parameters for the considered reg-
ulators, ¢™"™¢ is the minimum on-ramp traffic volume for

ks
class ¢ and on-ramp 7 and the total occupancy is obtained

as oy,1(k) = 25:1 n° - of, 1 (k).
4. SIMULATION RESULTS

The performance of the proposed multi-class control
scheme is evaluated via simulation and compared with
the uncontrolled scenario. The freeway network considered
in the simulation test is composed of M = 8 freeway
links, each one with sections of 500 [m], one on-ramp link,
one origin link and one destination (see Fig. 1). In this
network, the origin and the destination are connected by
two alternative paths: the primary direction is composed
by the links M1, M2, M3, M4, M8, with a total length of
9.5 [km]; the secondary direction is given by the links M1,
M5, M6, M7, M8, with a total length of 12 [km].

Fig. 1. Layout of the case study freeway network.

The sample time is T = 10 [s] and a total time horizon
of 2 and half hours (K = 900) is considered for the
simulation tests, whereas the routing strategy is calculated
and applied every 3T time steps. For the sake of simplicity,
C = 2 types of vehicles, namely cars and trucks, are
distinguished in this case of study. Trapezoidal demand
profiles for both vehicle classes at the on-ramp are taken
into account, and a constant mainstream flow of 5000
[cars/ hour] and 460 [trucks/hour]| is considered. For this
case study the following traffic model parameters are

selected: v, = m/h|, v °. = m/h], X —
lected: v),'; = 120 [km/h], v;%; = 90 [km/h], pinx = 200

[veh/km/lane], for all m, for all 4, ¢™®%! = 1800 [veh/h],
qa%2 = 450 [veh/h], for all 7, and the conversion factors

are n' = 1 and 1 = 4. As for the VERSIT+ emission
model, the on-ramp speed is considered constant and set
equal to 30 [km/h] for both vehicle classes, and the speed of
the vehicles moving within the queue, considered constant
as well, is set equal to 5 [km/h] for the two classes.
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Fig. 2. Mainstream density [veh/km]: uncontrolled case.
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Fig. 3. CO2 emissions [kg]: uncontrolled case.

Fig. 2 and Fig. 3 report, respectively, the profile of the
mainstream density and the CO2 emissions for the uncon-
trolled case. Referring to Fig. 2, it is possible to observe
that, in the uncontrolled case, the primary direction is
rather congested, especially the links M3, M4, and MS.
Indeed, in the uncontrolled scenario most of the vehicles
choose this path, which is the shortest alternative, while
the secondary route results completely uncongested. In
particular, the portion of vehicles choosing the main route
is BN, (k) =09, ¢ = 1,2, k= 0,..., K — 1. Analogously,
referring to Fig. 3, the highest COy emissions are in the
links of the primary direction. In the uncontrolled case, the
resulting Total Time Spent is TTS = 3266 [veh-h], whereas
the Total Emissions are TE = 41170 [kg].
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Fig. 4. Mainstream density [veh/km]: controlled case.

Fig. 4 and Fig. 5 report, respectively, the profile of the
mainstream density and the COgy emissions for the con-
trolled case. Comparing these profiles with those of the
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uncontrolled case, a strong reduction in both congestion
and COs emissions is observed. In particular, the TTS is
reduced to 2071 [veh-h], which is a 36.56% reduction com-
pared with the uncontrolled case, whereas TE is reduced
to 31148 [kg], corresponding to a 24.34% reduction.

Moreover, Fig. 6 shows the values of the splitting rates for
cars obtained by applying the proposed control strategy
(choosing the weight parameter « equal to 0.5), compared
to the uncontrolled case. The proposed routing strategy
reduces at the beginning the splitting rate for the main
route (lower than 0.2) and then assigns it the value of 0.5,
i.e. balancing vehicles between the two paths.

5. CONCLUSION

In this paper, a multi-class combined ramp metering and
routing control strategy has been proposed for reducing,
in a balanced way, the total travel time and the total
emissions in freeway traffic networks. The proposed control
scheme is predictive and based on feedback. The presented
simulation results show very high improvements of the
freeway network performance, in terms of reduction of the
total time spent and reduction of the total emissions, in
case the proposed control strategy is applied compared
with the uncontrolled case.
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