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A new emission model including on-ramps

for two-class freeway traffic control

C. Pasquale, S. Liu, S. Siri, S. Sacone, B. De Schutter

Abstract— The main objective of this paper is to propose
a new two-class macroscopic emission model to describe the
pollutant emissions produced by freeway traffic. The innovative
aspect of the proposed model consists in considering the on-
ramp emissions, which are explicitly modeled for different
traffic scenarios. Next, a two-class local controller based on a
ramp metering is reported with the aim of minimizing emissions
and congestion in the freeway system. The relevance of the on-
ramp emission model is in this way highlighted, since ramp
metering may lead to creation of queues at the entering on-
ramps and hence a concentration of pollutants on these on-
ramps. Simulation results show the effectiveness of the proposed
control strategy for a case of study.

I. INTRODUCTION

The development of efficient freeway management tools
has been, for several decades, an important research topic.
Ramp metering is a widely proven control strategy, which
regulates the access of traffic volumes to the mainstream
freeway through traffic signals installed at the on-ramp [1].
The local feedback traffic controller ALINEA [2] and its
extension to the proportional integral type version called
PI-ALINEA [3], have been successfully applied in many
real cases. Since then, more sophisticated control approaches
have been developed in the literature in order to opti-
mize the performances of the freeway system. For instance,
in [4], [5] a nonlinear Model Predictive Control (MPC)
scheme is applied for ramp metering, where the macroscopic
METANET model [6] is adopted for traffic prediction. In
other works, the control strategy is sought by solving a
discrete-time constrained nonlinear optimal control problem
(see [7] and the references therein), the numerical solution
of which is hard to find by direct use of available nonlinear
programming codes, due to the problem dimensions and
complexity. An efficient numerical solution may be obtained
using the feasible-direction algorithm that is adopted within
the optimal freeway traffic control tool AMOC [8], [9]. More
recent works propose sophisticated control architectures,
based on AMOC, such as the three-layer hierarchical control
approach described in [10] and the mainstream traffic flow
control scheme proposed in [11].

Analyzing the literature, it is possible to observe that
the traffic control approaches are often adopted in order to
minimize the congestion and the total travel delay. However,
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freeway control strategies may also be used to produce
several benefits in terms of reductions in fuel consumption
and emissions. Some recent works focus on this second
aspect (see [12], [13], [14]), where the ramp metering
control strategy, alone or combined with other traffic control
measures (e.g. variable speed limits), is applied to minimize
traffic emissions.

In the last years, several models have been defined in order
to properly quantify and evaluate the emissions produced by
vehicular traffic. Among others, the average-speed emission
model COPERT proposed in [15] has already been adopted in
[14], [16] for freeway control strategies. Other more accurate
emission models, considering the emissions depending on
both acceleration and speed, are present in the literature. For
instance the VT-macro emission model has been proposed
in [12], [17] in a single-class version and in [13] in a
multi-class version. The more recent VERSIT+ emission
model ([18], [19]), is able to compute different categories of
pollutant emissions for many types of vehicles considering
the combined effect of acceleration and speed and the driving
behavior for different driving conditions.

In this paper, we consider a freeway traffic control ap-
proach that aims at minimizing traffic emissions and con-
gestion, where a two-class macroscopic traffic flow model
and a two-class local controller (allowing to devise separate
control actions for the two vehicle classes) are considered.
The main novelty of this work is to propose a new two-
class macroscopic emission model, based on the microscopic
VERSIT+ model, where the driving behavior on the on-ramp
is explicitly modeled. Moreover the adopted local controller
is based on the extension at the two-class case of the PI-
ALINEA regulator, where the gain parameters and the set-
point are sought by solving a finite horizon optimization
problem (FHOP), which minimizes emission and congestion
in different traffic conditions. It is important to note that the
controller can be recalibrated offline or online, using the two-
class traffic model and the new two-class emission model. In
the literature similar tuning approaches are reported in [20],
[21].

This paper is organized as follows. The two-class traffic
model is described in Section II, the microscopic VERSIT+
emission model is introduced in Section III, whereas the
new two-class macroscopic VERSIT+ emission model is
proposed and described in Section IV. The adopted two-
class ramp metering local control strategy is described in
Section V, where some useful key performance parameters
are also reported. The simulation results are discussed in
Section VI. Final conclusions are drawn in Section VII.



II. THE TWO-CLASS METANET MODEL

In this work a two-class version of the METANET macro-
scopic traffic model is considered. The freeway stretch is
divided in N sections and the time horizon is discretized in
K time steps and ¢ = 1, 2 represents the vehicle class (¢ = 1
represents the class of cars whereas ¢ = 2 indicates the class
of trucks). Moreover, let 7" indicate the sample time interval
and L; the length of section 1.

Section 7 — 1 Section % Section 7 + 1

pi1(k), pi,2(k)
v,1(k), vi,2(k)

di2(k)
Fig. 1: The two-class model variables.

The traffic dynamics in the freeway stretch is given by
the evolution of the main aggregate variables defined for
each section ¢ and for class ¢ (see also Fig. 1): the traffic
density p; (k) (expressed in [veh/km]), the mean traffic
speed v; (k) (expressed in [km/h]), the traffic outflow g¢; (k)
(expressed in [veh/h]) and the queue length of vehicles
waiting on the on-ramp [; .(k) (expressed in [veh]). Let us
also introduce the on-ramp traffic volume r; .(k), the off-
ramp traffic volume s; (k) and the traffic demand d; (k)
([veh/h]). The considered model includes some traffic param-
eters. Specifically, for section 7, szyc is the free-flow speed for
class ¢ , p§* is the critical density, p;"®* is the jam density
, e is the on-ramp capacity for class c. Moreover, the
parameter 7 is a conversion factor between vehicles of class
1 and 2 whose meaning is analogous to the definition of
passenger car equivalent (PCE).

The two-class model equations are

piclk+1)=p;.(k)+ Lz |:qi—1,c(k) — gi,c(k)

+7"i,c(k') - Sz,c(k):| (1)

nall+ 1) = 0o 8) + 2 (Vi) = 1)

C

+ sz(k) (vie1,e(k) — vie(k))
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veT (pit1(k) — pi(k)) Ve (k)ri(k)
Li(pi(k) + xc)
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TeLi (pz(k) + Xc)

2
ll'_yc(k + 1) = ll,((k) + T[d77p(k) — T’L(;(k’)] (3)
with Q7,,c(k) = pl,c(k) ' U’i,o(k)’ ¢ = 1727 1= 17"~7N7

k=0,...,K —1 and where 7., v, X¢ 02", are suitable
parameters.

The steady-state speed density relation V; .(k) in (2) can
be expressed as:

leqme
Vie(k) = of, - [1 (” i(k) ) ] @)

Pi
with ¢ = 1,2, k£ =0,...,K — 1 and where I., m,, are
model parameters specific for each vehicle class. To properly
consider the interaction between the two classes of vehicles,
the total density and the total on-ramp traffic volume are
introduced in (2) and for: =1,...,Nand k=0,... , K—1
can be computed as

pi(k) = pi1(k) +npi2(k) )
ri(k) =ri1(k) +nri2(k) (6)

In case the freeway system is not controlled, the on-ramp
entering flow can be computed as follows

lic(k)  max max P — pilk)

»Ti,e 0 ldse max __ ,Cr
T Pi Pi

oo (k) = min {di,c(kw

)

The flows entering the first section from the mainstream are
computed similarly to on-ramps flows.

In case the on-ramps are controlled via ramp metering and
letting 7; (k) denote the actuated on-ramp flow for section
i=1,...,N, at time step k = 0,..., K — 1 for class ¢ =
1,2, (7) are substituted by

lie(F)
T
s — pi(k
max pL p ( )} (8)
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III. THE VERSIT+ EMISSION MODEL

In order to properly consider the freeway traffic emissions,
the microscopic emission model VERSIT+ (for details see
[18]) will be considered. This model is able to compute
many types of pollutant emissions for a wide range of
vehicles and for several traffic conditions. In particular the
emission factor, produced by the model, depends in part on
the combination of acceleration and speed, included in the
model by the dynamic variable w = a + 0.014v and in
part on the value of the speed, which may be divided in
four categories corresponding to different driving conditions:
idling condition with v < 5 and a < 0.5, urban driving with
v <50, rural driving with 50< v <80 and motorway driving
with v >80. The emission factor F in [g/s] is given by

Ug ifv<b5anda<0.5
polu + ugwy + ug(w —1)4 if v <50

ug + uswy + ug(w — 1) 4 if 50< v <80

uz + ug(w — 0.5) 4 + ug(w — 1.5) 4 ifv>80(9)

where a represents the acceleration of vehicles in [m/s?]
and v represents the speed in [km/h], whereas u;, j =



0,...,9, are the coefficients of the emission model for each
driving condition. Moreover the function (x), imposes the
nonnegativity of the variable x:

(x)+ _ {O ifrx <o (10)

X  otherwise

IV. THE NEW TWO-CLASS MACROSCOPIC
VERSIT+ EMISSION MODEL

A new version of the macroscopic VERSIT+ emission
model is described in the present section.

A. The mainstream emission

In order to adopt the VERSIT+ emission model, the
average acceleration and the number of vehicles involved
have to be computed for each section ¢, for each class of
vehicles ¢ and for every simulation time step k. In [12], [17],
two types of acceleration have been identified: the segmental
acceleration considering the speed variation within a section,
and the cross-segmental acceleration, which concerns the
speed variation of vehicles moving from one section to the
consecutive one between time step k and k£ + 1. In [13],
[22] such accelerations have been extended to the multi-
class case, and in [19] a multi-class version of VERSIT+
emission model has been proposed. In the following a5 (k)
and a$'%%; (k) are reported, adapted to the two-class model
considered in this paper, i.e.

’Ui,c(k + 1) — Uz‘7c(k)
T

. ; k+1)—vi(k

s 1) = el ) sl

withc=1,2,¢=1,...,N, k=0,..., K — L

Moreover, the number of vehicles 73 (k) and n§"? (k)

subject to segmental and cross-segmental accelerations, are
respectively given by

;o (k) = Lipic(k) — Tgic(k)

ni,i+1,c(k) :T‘Ji,c(k)
withec=1,2,i=1,...,N, k=0,..., K — 1.

(an

a;t(k) =

i,c

(12)

13)
(14)

B. The on-ramp emission

In the existing works, the emissions of vehicles present
on the on-ramps have not been considered. Nevertheless,
the operating conditions of such vehicles are quite important
and the associated emissions should be included in the total
calculation of traffic emissions. In this work, in order to
consider the driving behavior on the on-ramp, four groups
of vehicles (i.e. arriving vehicles, waiting vehicles, leaving
vehicles with stop and leaving vehicles without stop) are
introduced.

The arriving vehicles represent the vehicles arriving at the
on-ramp at time step k£ and waiting at time step k + 1. Such
vehicles are subject to the arriving acceleration
. vie(k +1) — vP2(k)
7,('(k) = : T

15)

where v§% (k) is the on-ramp speed and v} (k) is the speed
of the vehicles moving within the queue. Both speeds are
assumed to be based on on-line measurements.

The waiting vehicles, representing the vehicles moving
within the queue on the on-ramp between time step k and
time step k£ + 1, have the following acceleration

v (1 = PO+ D) — ()
" T

The acceleration of leaving vehicles with stop, represent-

ing the vehicles at the head of the queue at time step k and

that leave the on-ramp at time step k + 1, is computed as

vie(k+1)— v;dcl(k)
T
The leaving vehicles without stop, representing the vehi-
cles that arrive at the on-ramp at time step k and leave the
on-ramp at time step k£ + 1 without any intermediate stops,
are characterized by the following acceleration

ai“cs(k) _ Vie(k+1) —vP(k)

' T
i=1,...,N, k=0,..
number of vehicles belonging to each group may be defined
according to the entering flow from the on-ramp r; (k) at
time step k. To this end, the following two scenarios may be
distinguished:

e scenario 1 with 0 <r; (k) < #,

o scenario 2 with % <rie(k) <die(k)+ %

(16)

as (k) =

i,C

a7)

(18)

with ¢ = 1,2, K — 1. The

Fig. 2 and Fig. 3 depict the driving behavior in these
two scenarios, while Fig. 4 illustrates the patterns used to
indicate the number of arriving vehicles n{ .(k), the number
of waiting vehicles n}".(k), the number of leaving vehicles
with stop nisc(k:) and the number of leaving vehicles without
stop ninﬁ(kz) In the first scenario (Fig. 2) the following
equations are used

n (k) = Td; o(k) (19)
ni (k) = lic(k) — Tri (k) (20
(k) = Tr;o(k) 1)
(k) =0 (22)
withc=1,2, i=1,...,N, k=0,...,K—1.

In the second scenario (Fig. 3), instead, the following
equations hold

ng (k) = Td; (k) + i (k) = Tri (k) (23)
ny.(k) =0 (24)

(k) = lie(k) (29)

nS (k) = Tri o(k) — li (k) (26)

with ¢ =1, 2,
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Fig. 2: Dynamic behavior of vehicles at the on-ramp in
Scenario 1
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Fig. 3: Dynamic behavior of vehicles at the on-ramp in
Scenario 2
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Fig. 4: Legend for Figs. 2 and 3

C. Overall two-class VERSIT+ model

In accordance with the accelerations previously defined,
the two-class macroscopic VERSIT+ emission model, for
each vehicle class ¢, for each section ¢ and for each time
step k, may be computed using equation (9) and replacing
the variables as indicated in Table I.

TABLE I: Variables definition of the two-class VERSIT+
model.

VERSIT+ | Two-class VERSIT+
Seg Cross ramp,y
E Eé’ccg Ei,i+1,c Ei,cy
Cross
w Wi e Wilit1,c Wi e
v Vi Vie vy,
a ai’E A o af
The coefficients u;, j = 0,...,9, used in (9), are replaced

by the coefficients u;; ¢, 7 = 0, ..., 9, properly identified for
the two-class emission model for each section ¢ and vehicle
class ¢, whereas y € {a, w,ls,Ins}, and v] (k) assumes the
following values

if y=a, ory =Ins

27)

ify=w,ory=Is

V. THE TWO-CLASS PI-ALINEA CONTROL
STRATEGY

The local ramp metering strategies adopted in this work
originate from the well-known controller ALINEA [2], which
has shown, also in real applications, to be a simple and
effective control strategy [23]. In particular the considered
controllers are based on the two-class PI-ALINEA proposed
in [16] in which two different control actions are applied for
cars and trucks waiting in separate lanes at the on-ramps. Let
us first of all define the following quantities indicating the
ratio of the occupancy of each class over the entire occupancy
(including both the mainstream and the queues)

0i,1(k)L; +1; 1 (k)
0;1(k)L; + 1, 1(k) + 1 - [oi2(k)Li + li,2(k)(]28)

n - [0i2(k)Li +1; 2(k)]
0;1(k)L; + 1;1(k) + 1 - [oi2(k)Li + li,Z(k)(]zg

fia(k) =

fia(k) =
Hence, the on-ramp flow of class c is set as follows

7ic(k) = max {r;flcin,ri,c(k -1
— Kp.ojc(k—1) = 0;.(k—2)]
+ K fh = Do - ok~ 1]}

c=1,2 i=1,...,N, k=0,....,K—1 (30)

where 0 is the occupancy set-point appropriately defined
to reduce pollutant emissions and congestion, Kp, and
Kpg., ¢ = 1,2, are suitable parameters for the considered



min

regulators, ;)" is the minimum on-ramp traffic volume for
class c and on-ramp 7 and the total occupancy is obtained as

Ol(k) = Oi’l(k) + nOi,g(l{?)

i=1,...,N, k=0,....,K—-1 (31

It is worth nothing that the values of the occupancy
measurements are typically given as percentages or as values
between 0 and 1. In this paper we assume that these values
are reported to a density scale and expressed in [veh/km].

In order to evaluate the effectiveness of the proposed
control strategy, some performance indicators are introduced.
These indicators show the effects in terms of reduction of
traffic emissions and in terms of reduction of congestion (i.e.,
maximization of the throughput) on the whole time horizon
and on the entire freeway stretch.

Let us start from the indicators of traffic emissions. The
total emissions in the freeway, denoted as TE and expressed
in [g], may be computed by adopting the relations of the
extended VERSIT+ emission model described in Section IV-
C, and are given by

+ET (k) nd

>

y€{a,w,ls,Ins}

E; 2 (k)nj (k)

i,c

(32)

Besides the emissions in the freeway, other important
indexes regard the capability of the control scheme to reduce
the congestion and to improve traffic conditions. In the fol-
lowing, the two most common performance indexes adopted
in literature (see for instance [24]) are described, properly
adapted to the two-class case. The Total Time Spent (T'TS),
in [veh-h], is computed as

TTS = i XN: T [Li <pi,1(k) +7- pi,z(k)>

k=1 i=1
+ (lzl(k) +n- 122(/“))} (33)

The Total Traveled Distance (TTD),
[veh-km], is given by

TTD = i i [Lz— : T<qi,1(k) +7- qm(k)ﬂ (34)

k=11=1

measured in

As introduced previously, the two-class PI-ALINEA pa-
rameters have to be properly calibrated in order to reduce
congestion and at the same time to minimize the total
emissions. At this purpose, a finite horizon optimization
problem is proposed in order to define the optimal value
of the desired density 0, and the optimal values of the gain
factors Kp, and Kgr,., ¢ = 1,2. The FHOP is stated with
reference to a time horizon denoted with K, to initial traffic
conditions, and to proper estimates of the traffic demands
over the given time horizon. By considering a generic time
step k, the problem statement follows:

Problem 1: Given the system initial conditions p; .(k),
vie(k), L c(k),i=1,...,N, c= 1,2, the present traffic de-
mand d; (k) and the estimated values d; .(h), i =0,..., N,
c=1,2 h =k+1,....,k + K, find the PI-ALINEA
parameters 0, Kp. and Kg., ¢ = 1,2, which minimize

TE TTS
o — =
TTS + TE TTS +TE
with the TE and TTS being computed in the time interval
[T, (k + K)T] and subject to the two-class METANET
traffic flow model, the two-class VERSIT+ emission model,
and the two-class PI-ALINEA control strategy.

(1-a) (35)

d

In the proposed objective function, TE and TTS are
arbitrarily weighted by « € [0, 1]. The FHOP is a nonlinear
optimization problem that may be applied in different ways,
both in online and in offline schemes.

Specifically, in an offline scheme, a set of suitable traffic
scenarios (characterized by different initial conditions and
estimates of the demands) is defined, and the FHOP is solved
for each scenario, finding the corresponding parameters of
the PI-ALINEA regulator. Then, in the real-time application
of the control strategy, the most suitable scenario is identified
and the corresponding parameters are applied.

Alternatively, the FHOP can be solved on-line, on the basis
of the measured system state and the estimated demands.
Then, whenever it happens that the traffic demand has a
behavior significantly different from the expected one, the
FHOP is solved again and new regulator parameters are
computed and applied.

VI. SIMULATION RESULTS

In the following, simulation results are proposed in which
the uncontrolled scenario is compared with the controlled
one. In particular the proposed two-class PI-ALINEA reg-
ulator is used in order to reduce the congestion and the
emissions in the considered freeway stretch. To this end,
the two-class macroscopic VERSIT+ model is adopted to
compute the COs emissions. The considered case study
concerns a three-lane freeway stretch composed of N = 20
sections, each one with a length L; = 500 [m], with three
on-ramps located in sections ¢ = 12, 14, 16 (see Fig. 5).
The sample time is 7' = 10 [s] and a total time horizon of
2 and half hours (K = 900) is considered for the simulation
tests. The case study is characterized by trapezoidal demand
profiles for both vehicle classes, as shown in the left side
plots in Fig. 6, whereas the mainstream flow is considered
constant for total time horizon and is composed of 4000
cars per hour and 186 trucks per hour. For this case study
the following traffic model parameters are selected: vf’l =
120 [km/h], v£2 = 90 [km/h], pj"®* = 200 [veh/km/lane],
pi" = 46.66 [veh/km/lane], "{* = 1800 [veh/h], 775 =
450 [veh/h], Vi, and the conversion factor n has been chosen
equal to 4. As regards the VERSIT+ emission model, the on-
ramp speed vfrc‘(k) is considered constant and selected equal
to 30 [km/h], and the speed of the vehicles moving within
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the queue v
[km/h], Vi.

(k) is also considered constant and equal to 5

A. Uncontrolled case

Referring to the plots on the right side of Fig. 6 showing
the behavior of density downstream the three on-ramps, it is
possible to observe that the uncontrolled case is characterized
by a high congestion in the downstream sections, in which
for most of the time the density is much higher than the
critical value. In the uncontrolled case the queue lengths at
the on-ramps are zero over the whole simulation horizon.
Fig. 7a depicts the density evolution in all sections in the
uncontrolled case. Referring to this figure it is evident that
the level of congestion is quite high when no control is
applied. Finally, Fig. 7b describes the COy evolutions in
space and time in the case without control. The resulting
Total Time Spent is TTS = 2613 [veh-h], the Total Emissions
are TE = 33357 [kg] and the Total Travel Distance is TTD
= 152156 [veh- km].

B. Controlled case

In order to apply the two-class PI-ALINEA strategy,
Problem 1 has been solved considering the estimated traffic
demand over the whole time period and choosing the weight
parameter « equal to 0.5. In the present proposal, the consid-
ered scenarios correspond to regular traffic conditions and to
possibly critical conditions in the time intervals between the
beginning and the end of peak periods. This means that the
regulator parameters are changed just at the beginning and at
the end of rush hours. The obtained gain factors are Kp; =
100, Kpy = 50, Kp; = 30, Kry = 5 [km/h] whereas the
optimal occupancy set-point 0, converted to a density scale,
is 47 [veh/km/lane]. The results obtained by applying the
two-class PI-ALINEA controller are presented below. Fig. 8
shows, on the right side, the density behavior downstream
of the on-ramps, which is strongly reduced by applying the
proposed control strategy. However, it is also possible to
observe that the control approach causes the creation of a
queue at the third on-ramp (left side of Fig. 8), whereas
the queues at the others on-ramp are zero due to the local
nature of the controller. Moreover, the TTS is reduced to
2223 [veh-h], which is a 14.93% reduction compared with
the uncontrolled case, TE is reduced to 28011 [kg], which is
a 16,03% reduction compared with the uncontrolled case,
whereas the TTD is very close to the uncontrolled case,
corresponding to 0.098%. These results are confirmed by
Fig. 9a and by Fig. 9b. In particular, Fig. 9a shows a strong
reduction of the congestion compared with the uncontrolled
case depicted in Fig. 7a, whereas Fig. 9b illustrates the global
reduction of CO5 emissions, which are more concentrated on
the freeway section corresponding to the third on-ramp, since
vehicles are queued on this on-ramp as a consequence of the
application of the two-class PI-ALINEA.

VII. CONCLUSIONS

In this paper a new two-class macroscopic emission model
has been proposed able to model several types of pollutant

emissions produced on the freeway by cars and trucks.
In this model, the driving behavior at the on-ramps has
been included in order to properly calculate the emissions
produced on the on-ramps in different traffic scenarios.
Finally, a ramp metering control strategy based on the two-
class PI-ALINEA controller has been proposed in order to
reduce emissions and congestion through a proper parameter
optimization of the two-class controller. The effectiveness
of the proposed control strategy has been confirmed by
simulation results in which it is shown that, for the con-
sidered scenario, reduction of emissions and maximization
of the throughput are nonconflicting objectives, since both
the total emissions and the congestion are reduced if the
control action is applied. Furthermore, the results show that
the adoption of ramp metering control laws may cause a
high concentration of pollutants at the entering on-ramps.
As a consequence, the effect of these emissions cannot be
excluded in the global computation, since these may be
harmful for the environment, especially if the on-ramps are
located in proximity of urban areas.
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Fig. 6: Uncontrolled case (dashed blue line for cars, dotted
black line for trucks [PCE], solid red line for cars plus trucks
[PCE)).
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