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Integrated urban traffic control for the reduction of
travel delays and emissions

Shu Lin, Member, IEEE, Bart De Schutter, Senior Member, IEEE, Yugeng Xi, Senior Member, IEEE,
and Hans Hellendoorn

Abstract—Refining transportation mobility and improving the
living environment are two important issues that need to be
addressed in urban traffic. In order to reduce traffic delays
as well as traffic emissions for urban traffic networks, this
paper first proposes an integrated macroscopic traffic model
that integrates a macroscopic urban traffic flow model with a
microscopic traffic emission model for individual vehicles. This
integrated model is able to predict the traffic flow states, as well
as the emissions released by every vehicle at different operational
conditions, i.e. the speed and the acceleration. Then, Model
Predictive Control is applied to control urban traffic networks
based on this integrated traffic model, aiming at reducing both
travel delays and traffic emissions of different gases. Finally,
simulations are performed to assess this multi-objective control
approach. The obtained simulation results illustrate the control
effects of the model predictive controller.

Index Terms—Urban traffic network control, Model predictive
control, Urban traffic modeling.

I. INTRODUCTION

RAFFIC emissions is one of the biggest sources of

the environmental pollution in cities. The emissions of
vehicles contain several harmful substances, such as nitrogen
oxides (NO,, i.e. nitrogen monoxide, nitrogen dioxide), hydro-
carbons (HC), carbon monoxide (CO), carbon dioxide (CO,),
and fine particulate matter. Around the world, approximately
50% of the NO, emission, and 90% of the CO emission come
from traffic [1]. These emissions can pollute the air that people
breathing, cause smog for cities, do harm to soil, water, build-
ings, etc. In general, traffic pollution deteriorates our living
environment, and increases the risk for people who have heart
or lung diseases. Therefore, it is necessary to integrate traffic
emission control into the urban traffic management system, so
as to provide a healthier, safer, and more comfortable living
environment for people in urban areas.

For most of the existing traffic control strategies, the control
objectives are economy-oriented: they are mainly focusing on
reducing traffic delays, travel time, and traffic congestion, and
on improving the traffic flow throughput. For instance, SCATS
[2] aims at reducing the traffic occupancy in front of the
traffic signals; SCOOT [3] mainly focuses on controlling the
length of queues; The total time spent or total travel delays is
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usually taken as the control objective in many optimization-
based traffic control strategies [4]-[12]. Since traffic emissions
have a significant influence on air, climate, and human health,
it is not a sustainable policy to only consider economy-
oriented performance criteria for traffic control strategies.
Consequently, traffic emissions, as an environment-oriented
traffic control objective, draws more attention [13]-[19].

In the aforementioned research works taking traffic emis-
sions as control objectives, traffic emissions are controlled
from two points of view: intelligent-vehicle-based methods
and traffic-management-based methods. Intelligent-vehicle-
based methods implement cruise control function to vehi-
cles by adopting vehicle-to-vehicle or infrastructure-to-vehicle
communication technologies, so as to get a fuel efficient and
reduced emission driving behavior. Adaptive cruise control
algorithms were proposed adopting upcoming road infrastruc-
ture information (e.g. traffic signals) so as to smooth traffic
flows, and thus to reduce fuel consumptions [13], [14]. A ve-
hicular network with virtual traffic lights was proposed in [20],
which can improve the utilization efficiency of an intersection,
and was proved to have good effect on reducing CO; emission
[15]. Due to the use of information of neighboring vehicles
and infrastructures (e.g. traffic lights), intelligent-vehicle-based
method opens a way to help drivers have more optimal driving
behaviors, and consequently to decrease the emission level of a
traffic network. However, the intelligent-vehicle-based method
focuses more on the individual vehicles and is often under a
decentralized control structure, therefore it lacks a global reg-
ulation and control of entire traffic networks. On the contrary,
traffic-management-based method can control and optimize
traffic control measures to smooth and schedule traffic flows,
and balance traffic emissions within traffic networks. Traffic
control strategies were proposed for traffic emission reduction
based on the traffic flow information collected from in-vehicle
information broadcasting devices [16]. Stevanovic et al. [17]
integrated a microscopic traffic simulator, a microscopic emis-
sion model, and a signal optimization tool together to search
for the best traffic signal timings for fuel consumption and
emission reduction. This research established an effective tool
for off-line optimization of the traffic signals for vehicular
emission mitigation. Zegeye et al. [18], [19] designed model
predictive control strategies to online control both the total
travel time and the total emissions, based on an integrated
model of a macroscopic traffic flow model and a microscopic
traffic emission model. But this control strategy is only for
freeway traffic networks. For urban traffic networks, there is
still lacking of efficient and effective traffic control strategy
for reduction of both travel delays and emissions.



Therefore, in this paper, a model predictive control (MPC)
control strategy is proposed considering both traffic delays
and emissions of traffic networks. As a model-based opti-
mization control approach, MPC [21] is an advanced control
method that can globally coordinate traffic network flows,
and can easily combine multiple objectives into one control
problem. An integrated traffic model is established for the
MPC controller to predict/estimate both the travel delays
and the traffic emissions of traffic networks. Since an MPC
controller needs to optimize the control performance in a
receding horizon way, it has a high requirement for online
computation efficiency. Thereafter, the prediction model of
the MPC controller has to keep efficient to satisfy online
computing requirement. The proposed integrated traffic flow
and emission model combines a macroscopic urban traffic
flow model (i.e. the S model [22]) with a microscopic traffic
emission model (i.e. the VT-micro model [23]). The VT-
micro model can give a comparatively accurate estimate of
the vehicular emissions based on the operational conditions
of the vehicles, i.e. velocity and acceleration. The S model
is proved to be a fast and accurate macroscopic traffic flow
model for MPC control purposes. The integrated traffic flow
and emission model keeps the advantages of the two models,
and is able to provide reasonable estimates of both travel
delays and emissions for the MPC controller.

This paper is organized as follows. Section II and III briefly
introduce a macroscopic urban traffic flow model (S model)
and a microscopic vehicle emission model (VT-micro). Section
IV describes the integrated traffic flow and emission model.
The MPC controller design is given in Section V. Section VI
presents the results, and Section VII concludes the paper.

II. MACROSCOPIC URBAN TRAFFIC MODEL (S MODEL)

In the macroscopic urban traffic model of [22], called the S
model, we define J the set of nodes (intersections), and L the
set of links (roads) in the urban traffic network. A link (u,d)
is marked by its upstream node u (u € J) and downstream
node d (d € J). The input and output links of link (u,d) can
be also specified by these upstream and downstream nodes.
The sets of input and output nodes for link (u,d) are I, 4 CJ
and O, 4 CJ. Some variables are first defined as (see Fig. 1):

Lia : set of input nodes of link (u,d),

Oyq : set of output nodes of link (u,d),

kq : simulation step counter,

cyq : cycle time for intersection d,

nuq(kg) : number of vehicles in link (u,d) at step kg,
qud(ks) : queue length at step k; in link (u,d) (in number

of vehicles); g, 4, is the queue length of the
sub-stream turning to link o,

alave (k) : flow rate leaving link (u,d) at step ky; {3V (k)

U, u,d,o
is the leaving flow rate of the sub-stream to-
wards o,
o™ (1 the continuous-time leaving flow rate from the

upstream link i of link (u,d) (i € I q),

: flow rate arriving at the end of the queue in link
(u,d) at step kg; 0375 (kq) is the arriving flow
rate of the sub-stream towards o,

o2 (k)

o™ (kg)  : flow rate entering link (u,d) at step kg;
' o' (k) is the flow rate entering link (u,d)

from i,

Budo(ks)  :relative fraction of the traffic on link (u,d)
turning to o at step kg,

Mud : saturated flow rate leaving link (u,d),
8udo(lkq) : green time length during step k, for the traffic
stream towards o in link (u,d),

virff : free-flow vehicle speed in link (u,d),

CM : capacity of link (u,d) expressed in number of
vehicles,

Llane : number of lanes in link (u,d),

Ac/uyd : cycle time offset between node u# and node d,

Lven : average vehicle length.

In the S model, every intersection takes the cycle time as
its simulation time interval. The cycle times for intersections
u and d, which are denoted by ¢, and c; respectively, can be
different from each other. In this situation, the simulation step
counters of different intersections are not same. As cycle times
are the simulation time intervals of the S model, the input and
output flow rates of the link are averaged over the cycle times
in the S model.

Taking the cycle time ¢y as the length of the simulation time
interval for link (u,d) and k; as the corresponding time step
counter, the number of the vehicles in link (u,d) is updated
according to the input and output flow rate over c,:

Pl + 1) = nuallr) + (05 (ka) — o5 (k) ) -ea - (D)

The leaving flow rate Oc}f;"e(kd) is the sum of the leaving
flow rates chlt‘fgf’oe(kd) turning to each output link 0 € O, 4.

The average leaving flow rate over c; is determined by the
capacity of the intersection, the number of cars waiting and

arriving, and the available space in the downstream link:

(Ztlfg\"g (kd) = min (ﬁu,d,o (kd) “Mud8udo (kd)/cdv 2)
Qu.d.o (kd)/cd + a:j,rc?,\(/z(kd)v

Bud.o(ka) (Cao—nao(ka)) / Cd) :

The number of vehicles waiting in the queue turning to link
o is updated as

Qudo(ka+1) = quaolka) + (ajflff,(k( ) — o5 (kd)> cq -
3)
The flow of vehicles that entered link (u,d) will arrive at
the end of the queues after a time delay T(kg)-cq+ v(ky):

aar;’iV(kd) _Gd— Y(ka) aefbtcr (kg — T(kq)) +

u, u
) Cd

k
Pha) gemer (1, 2(k) 1), @
Cq

with

r@»—mm{ww_%““””m}

lane _, free ,
Lu,d vu,d Cd

(Cu,d - QM,d(kd)) “lyen } )

5)
lane _ . free (
Lu,d 'vu,d "Cd

Y(kg) = rem {
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Fig. 1. A link connecting two traffic-signal-controlled intersections

When reaching the end of the link, the arriving flow rate is
separated into sub-streams by multiplying it with the turning
rate B (ka).

The flow rate entering link (u,d) is the sum of the flow
rates entering from all the upstream links:

=Y =Y

icl, 4 lEIu’d

leave

enter
al U, d

enter
al u, d

(6)

Some operations need to be carried out to synchronize the
leaving and entering flow rates. This goes as follows: A com-
mon control time interval is adopted by all the intersections
in the network, as

)

where T is the least common multiple of all the intersection
cycle times in the traffic network.

The leaving flow rates in the timing of intersection u can be
recast into the entering flow rates in the timing of intersection
d as follows. First, we transform the discrete-time leaving flow
rates from the upstream links into continuous time using a
zero-order hold strategy, as

1o (k) (8)

Then, we convert the result again to obtain the average entering
flow rates in time step ky:

Tewn =aj-cj, forall j€J, with a; an integer ,

aleave,cont(t) _

iu,d ky-cy <t <(ky+1)-c4

(ka+1)-ca+Aeua leave,cont
o (t)
Tu,d
kg-cqt+Ac, 4 dr

€))

agnter k —

iu,d ( d ) c

We refer the interested readers to [22] for more details about
the S model.

III. MICROSCOPIC TRAFFIC EMISSION MODEL

The operating conditions of vehicles, e.g. speed, accelera-
tion, and engine load, are the most decisive elements for the
emission of harmful substances. Therefore, traffic emission
models are established based the operating conditions of
vehicles. Average-speed-based models calculate the emissions
of each vehicle based on the average traveling speed of the
vehicle. This average traveling speed can be calculated either
over the entire trip, or over some local time periods to take
some variations of the speed into consideration [24]. However,
the emissions of a vehicle do not only depend on the speed but
also on the acceleration and the deceleration of the vehicle.

03

On signalized urban roads, the acceleration and deceleration
are vehicle dynamics that cannot be ignored. Therefore, it is
better to select dynamic emission models, which use more
detailed knowledge of the vehicle dynamics, e.g. the speed
and acceleration data of each vehicle at every time step. As
microscopic traffic emission models, dynamic models yield
more accurate estimates of the vehicle emissions than the
average-speed-based models, and are more suitable for urban
road networks.

VT-micro [23] is a microscopic dynamic traffic emission
model. It evaluates the emissions based on not only the speed
of every vehicle, but also the acceleration or the deceleration
of each vehicle. VT-micro generates emissions of an individual
vehicle with index i at every time step k based on the current
speed v;(k) and acceleration a;(k) of the vehicle, as

Ee,i(vi(k>7ai(k)> = exp(f'lT(k)Pgﬁl(k)) )

where Eg; stands for the emission for 6 € M =
{CO,NO,,HC}; ¥;(k) and a;(k) are defined as vectors, ¥;(k) =
(1 vitk) V() v R)IT &k) = [1 ai(k) a2(k) a}(R)]T, with
the elements formed by the speed and the acceleration of
vehicle i with different exponents; and Py is the pre-calibrated
parameter matrix of the model for different types of emissions.

The matrices Pg for 8 € M can be found in [23].

(10)

IV. INTEGRATED TRAFFIC FLOW AND TRAFFIC EMISSION
MODEL

A. Urban traffic behaviors for individual vehicles

As a microscopic model, the VT-micro model provides
the emissions of an individual vehicle at a certain location
and a certain time instant. But, as a macroscopic model, the
S model only provides information of traffic flows instead
of every detail of every individual vehicle. However, the S
model can capture the main behavior of the vehicles, when
they are running along a road. The time period spent by
a vehicle running along a road can be divided into several
parts, in each of which the behavior of the vehicle is as-
sumed to be uniform. Define the set of the behaviors as
B = {free, idling, dec, acc, nonstop, sns }, where dec stands for
deceleration, acc stands for acceleration, and sns stands for
start-and-stop behavior. Fig. 2 shows how the velocity of a
vehicle could vary in different behavior regions, when it travels
along an urban road.
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Fig. 2. Vehicle dynamic behavior on a road

As Fig. 2(a) shows, in the regions “free” and “idling”, the
vehicle runs with a constant velocity, i.e. the acceleration is
a = 0. The region “free” stands for the time period that the
vehicle is running on the link with free-flow speed v = vgee,
while the region “idling” represents the time period that the
vehicle is moving in a queue in front of an intersection with
a very low speed v = vjqy,. Therefore, the emission functions
for the vehicle running with free-flow speed and the vehicle
idling with a very low speed in the queues are respectively

(1)
12)

Eg?e(k) = E97i(vfree70) bl
ESM (k) = Eg (viow,0).

The regions “dec” and “acc” represent the deceleration and
acceleration behavior of the vehicle near an intersection re-
spectively. Here, the assumption is made that the vehicle will
decelerate and accelerate with a constant acceleration age. < 0
and ay. > 0 respectively. The emission functions for the
vehicle decelerating and accelerating are

d Adec Viow
Ee?ic (k) = EG,i(Vv adec) dv, (13)
Viow — Vfree  Viree '
Aace “Vfree
Eg (k) = ——— / Eg ;(v,dacc) dv, (14)
Viree — Viow 7 Viow

which are the average released emissions over the time when
vehicles are accelerating and decelerating.

If the vehicle arrives at the stop line, where no queue is
in front of it and the traffic light is also green, then the
vehicle will leave the link without a stop. In such situation,
the behavior of drivers can be roughly classified in two
categories: 1) aggressive behavior, i.e. accelerating slightly
in order to pass the intersection within the green light; 2)
conservative behavior, i.e. decelerating a little bit so as to
pass the intersection safely. In general, if the arriving traffic
density is low (e.g. very few vehicles), drivers tend to have
the aggressive behavior; if the arriving traffic density is high,
drivers tend to have the conservative behavior. Therefore, the

emissions for the nonstop vehicles are (see Fig. 2(b))

a. Vagg .
L/ Epi(vagee)dv if O<A
Vagg — Vfree /v, ’

Adec Veon

free

ng)instop (k) _

Eg;(v,agec)dv if 0> A4

15)
where the less conservative drivers will speed up to vuee(>
Viree)» the more conservative drivers will decrease their speed
to Vcon(< Vfree)v 0= aﬁlv(kd)/uu,d (kT € [Cd ka,cq- (kd + 1)})
is defined as the capacity occupancy rate of a link (i.e. the
arriving traffic flow rate divides the saturation flow rate of the
link), and A € [0 1] is the threshold.

When the traffic in a link is saturated, there are vehicles
arriving at the link, but that cannot leave the link within
the same cycle. These vehicles have to accelerate and then
decelerate to keep on waiting in queues, which we call
start-and-stop behavior. The emissions for the start-and-stop
vehicles can be estimate as

Eg; (k) =

Veon — Vfree  Viree

Aaccldec

adec(Vsns - Vlow) + aacc(Vlow - Vsns)

Vsns
/ (Eg (v, @acc) + Eg ;(v,adec)) dv,
Vi

low

(16)

where vy is the speed that a vehicle reaches when it is subject
to a start-and-stop behavior in waiting queues.

Remark 1: In this subsection, for the sake of simplicity of
the explanation, all the variables are assumed to be the same
for a vehicle on any link. If the locations of vehicles are
considered, then the emission qui (60 € M) of vehicle i on
link (u,d) in behavior b should be remarked as Eg‘u, di

B. Integrated VT-S traffic emission model

The S model provides macroscopic traffic states for each
link (u,d) € L in each simulation time interval (cycle time).
The traffic states include the number of vehicles traveling
with free-flow speed, the number of vehicles decelerating and
accelerating, and the number of vehicle waiting and idling in
queues. The vehicles idling in front of the stop-line in link
(u,d) can be classified into four groups:

« Idling, 1: Vehicles idling for the rest of the cycle time after
deceleration;

o Idling,2: Vehicles idling between deceleration and accel-
eration;

o Idling,3: Vehicles idling for the entire cycle time;

o Idling,4: Vehicles idling from the start of the cycle time
until acceleration.

Correspondingly, the VT-micro model can provide an estimate
of the emissions for the vehicles under these traffic states as
Section IV-A shows. By summing up the emissions of vehicles
in different traffic states provided by the S model, the total
emission of a road network can be calculated.

Based on the traffic flow state information and the vehicle
emission information, a macroscopic traffic emission model
can be obtained by combining the macroscopic S model and
the VT-micro model together, which results in a macroscopic
integrated traffic flow and emission model, which we call the
VT-S model.



The VT-S model for emission 6 € M in link (u,d) € L
during time period [cy - ky,cq- (kg +1)] is

Eg ak)=Y Y T Y E§,..k
beBkeH (dkg) i€V (bu,dk)
=Y E§alka)-NDg(ka) 10 4(ka), — (17)
beB

where ¥ (b,u,d,k) is the set of vehicles that have behavior
b (b € B) at time step k in link (u,d), # (d,kg) is the set
of time steps k such that kT € [cy - kg, cq- (kd —1— 1)] at which
the vehicles are in behavior b in link (u,d), E} walka) is the
constant traffic emission for emission @ of a vehicle on link
(u,d) with behavior b during time period [c;-kg,cq- (ka+1)],
N’ (k) is the number of vehicles that have behavior b in link
(u,’d) during time period [cg - kg,¢q - (kg +1)], and tf{”d(kd) is
the length of the time period that the vehicles keep having this
behavior.

Urban traffic states on a link can be separated into different
scenarios according to the level of the traffic density. In the
saturated traffic scenario, the queues of vehicles resulting from
the red phase cannot be dissolved completely at the following
green phase, i.e. all the arriving vehicles have to stop and wait
once for the next green light to leave the link. For the over-
saturated traffic scenario, the vehicles need to wait for even
more cycle times in the queues than in saturated scenario.
On the contrary, in the under-saturated traffic scenario, all the
accumulated vehicles during the red phase are able to leave
the link in the following green phase, some vehicles can even
leave the link without any stop. Since the traffic behaviors
could differ between these scenarios, the VI-S model can be
further illustrated for the three scenarios.

1) Saturated scenario: In the saturated scenario, not all the
vehicles waiting and arriving in the queues could leave the link
in the current green phase, some vehicles have to wait until
the next green phase, i.e. the number of vehicles waiting and
arriving to leave the link exceeds the maximum number of
vehicles that could leave at most in one cycle time, but the
queues can be dissolved in the current green phase. This is
characterized by the following condition:

CIu.,d(kd> < Z Bu,d,o(kd) “Mud 'gu,d,o<kd)

0€0, 4

< cq- o (ka) + qua(ka) - (18)

So, all the vehicles have to wait once for a red traffic signal
in the queues before leaving the link, i.e. no vehicle can leave
the link without a stop. For the saturated scenario, the number
of vehicles that have behavior b € B in link (u,d) during time
period [cg-kg,cq- (kg+1)] is given by

NI (ka) = nua(ka) — ca- 2" (ka) — qua(ka) (19)
N (k) = cq - 06 (ki) + qua (ka)—
Y, Budolka) tud - 8ud.o(ka) (20
OEOMA
Nf,ljing’z(kd)z Y, Buaolka) tud-8udoka) — qua(ka)
onu,d
21
N (k) = 0 (22)

N (k) = qua(ka) (23)
Nyt (ka) = ca - 0" (ka) (24)
wika) =Y. Budolka) tua-8udo(ks) (25)
060”.’{1
Ny P (k) =0 (26)
8 (ka) = ca - 2 (ka) + qu.a(ka)—
Y. Budo(ka)-Mud-gudo(ka), (27)

OEOH,d

and the length of the time periods that the vehicles keep having
this behavior during time period [cy - kg, ¢y - (kg +1)] are

free(kd) =cq (28)
tfilm&l (kd) =Cd— (Vlow - Vfree)/adec (29)
tzl(?;ng,Z (kd) =Cq — (Vlow - Vfree)/adec - (Vfree - Vlow)/aacc
(30)
1d11ng3(kd) _ (31)
1d11ng 4(kd) = (Vfree - Vlow)/aacc (32)
lfljea(': (ka) = (vlow Viree) /Qdec 33)
[t ( d) (Vfree Viow ) /aacc (34)
nonstop (ka’) (35)
[ (kd) (Vlow - Vsns)/adec + (Vsns Vlow)/aacc . (36)

In the saturated scenario, equation (19) gives the number of
vehicles that are running on link (u,d) with free-flow speed
during the time period shown in (28). Equation (20) gives the
number of vehicles that arrive at the end of the queues and
decelerate to a low speed in link (#,d), and then keep idling
for the time period as in (29). Equation (21) gives the number
of vehicles that decelerate to arrive at the end of the queues,
keep idling for time period in (30), and then accelerate to
leave link (u,d). Equation (23) gives the number of vehicles
in the queues that keep idling for the time period as in (32),
and finally accelerate and leave link (u,d). All the vehicles
arriving at the end of the queues need to decelerate as (24)
shows, and all the vehicles leaving link (u,d) will accelerate
as (25) shows. The waiting vehicles in (27) that cannot leave
the link in the current time interval will start and then stop
again to keep on waiting in queues.

2) Over-saturated scenario: In the over-saturated scenario,
the vehicles waiting in the queues could not leave the link in
the current green phase. Hence, the number of vehicles waiting
in the queues to leave the link exceeds the maximum number
of vehicles that could leave at most in one cycle time:

Z ﬁu,d,o(kd) “Mya 'gu,d.o(kd) < ‘Iu,d(kd) .

0€0, 4

(37

For the over-saturated scenario, the number of vehicles
having behavior b € B during [c;-kg,cq - (kg+1)] is

N (ka) = nua(ka) = ca- 085" (ka) — qua(ka) (38)
Nog™! (ka) = cq - 55 (ka) (39)
1dlmg 2 (kd) 0 (40)



;dj;ng . (kd) Qu.d (kd) - Z ﬁu,dﬂ (kd) “Mud - 8udo (kd)
0€0y 4
(41)
ijimgA(kd) = Z ﬁu,d,() (kd) . .u'u,d *8u,d.o (kd) (42)
0€0, 4
N dec(k ) = ca- oy (ka) (43)
i (ka) =Y, Budo(ka) - tua-&ud.o(ka) (44)
06014,d
Ny * (ka) =0 (45)
o (ka) = ca - 0" (ka) + qua(ka)—
Z Bu,d,o (kd) “Mud 8udo (kd) , (46)

0€0, 4

and the length of the time periods that the vehicles keep having
this behavior in link (u,d) are given by

free( d) (47)
zltdclimg ! (kd) =C4 — (Vlow - Vfree)/adec (48)
1dlmg z(kd) -0 (49)
1d11ng 3 (kd) _ (50)
thdtl;ng 4 (kd) = (vfree - vlow)/aacc (28
S%C (ka) = (Vlow — Viree) /Adec (52)
155 ( d) (Vfree Vlow)/aacc (53)
Z?St(’p (ka) = (54)
Sns(kd) (Vlow Vsns)/adec + (Vsns - Vlow)/aacc . (55)

Except for the “idling” behavior, all the above formulas are
the same as in the saturated scenario. All the vehicles arriving
at the end of the queues as shown in (39) will decelerate and
be idling for time period (48). A part of the vehicles waiting
in the queues as in (41) cannot leave link (u,d), and will be
idling for the entire cycle time. All the vehicles as shown in
(42) will be idling for time period (51), and then accelerate
and leave link (u,d).

3) Under-saturated scenario: In the under-saturated sce-
nario, the queues can be dissolved before the current green
phase ends. Thus, the traffic demand, i.e. the number of
vehicles waiting and arriving to leave the link is less than the
maximum number of vehicles that could leave in one cycle
time, which is characterized as

Cd - aﬁw(kd) + ‘Iu,d(kd) < Z ﬁu.d,o(kd) “Hyd - gu,d,o(kd) .

0€0, 4

(56)

Therefore, during a green phase, the vehicles waiting in the
queues can be considered to first leave the link according to
the saturated flow rate of the link 4, and then, after the
queues are dissolved, the arriving vehicles will leave the link
without a stop according to the arriving (or demand) flow rate
Ocl‘jfii"(kd) in the rest of the green time. Hereafter, the green
time for link (u,d) in the k4th cycle time, g, 4(ks), can be
approximately separated into two parts, one is the green time
g, 4(kg) in which the traffic leaves the link with the saturated
flow rate, the other is the green time gﬂy 4(kq) during which the

traffic leaves the link with the demand flow rate. The quantities
8 q(ka) and ggﬁd (kg) satisfy

a0y (ka) + qu.a(ka) = & 4 (ka)tua + 84 4 (ka) 035" (ka)
85 .a(ka) + 84 g (ka) = gualka)- (57)
Hence, we have
) a0t (ka) + qu.a(ka) — gua (ka) 02" (ka)
ualka) = ot — 05 () (58)
o (k) = 8ud(ka)tud — a0y (ka) = qua(ka) 59)

Hyag — a;l.r;iv (kd)

For the under-saturated scenario, the number of vehicles that
have behavior b € B in link (u,d) [cq-kg,cq- (kg+1)] is

free( 4) =n, d(kd) —cq- 0 (kg) — qua(ky) (60)
N (kg) = 61)
;di;“g2<kd> (ca— 83 4 (ka)) 0 (kg) 62)
Nea™ (ka) =0 (63)
ldhng Hka) = qu d(ka) (64)
dec 25 (ka) = (ca — 85 q(ka)) 025" (ka) (65)
a“( ka) = 83 4(ka) b (66)
NP (ka) = g8 g (ka) o2 (kq) (67)
:f‘j(kd> =0, (68)

and the time periods that the vehicles keep having this behavior
in link (u,d) are given by

free (kd) =y (69)
tff;“g’l (ka) =0 (70)
t;(iljmg,Z (ka) = ca— gg.d (ka) = (Viow — Viree) /dec (71)
- (Vfree - Vlow)/aacc (72)

1d11ng 3 kd) (73)
1d11ng 4(kd) =C4— gu d (kd) (Vfree - Vlow) /aacc (74)
dec (kd) (vlow Vfree)/adec (75)
thw; (kd) (Vfree Vlow)/aacc (76)
t;l(;nstop (kd) _ (Vagg - Vfree)/aacc 1f O<A 77

’ (Vcon - Vfree)/adec ifoO>2

£5ns (kd) 0. (78)

In the under-saturated scenario, no vehicle will be held at the
stop-line for more than one cycle time, i.e. all the queues will
be dissolved in the following green time. Thus, only “idling,2”
and “idling,4” vehicles exist. All the arriving vehicles except
the “nonstop” vehicles (as in (62)) will experience deceleration
and acceleration, and be idling for the time period in (72). All
the waiting vehicles in the queues in (64) will be idling for the
time period (74), and then accelerate to leave the link. Only
the arriving vehicles except the vehicles that do not need to
stop will decelerate and wait in queues as in (65). All the
vehicles leaving at the saturation flow rate have to accelerate
to leave the link as (66) shows. The arriving vehicles as shown



in (67) will leave link (u,d) with acceleration or deceleration
(depending on the capacity occupancy rate of the link) without
stops.

V. MPC FOR URBAN TRAFFIC NETWORKS

Model Predictive Control [21] is a methodology that im-
plements and repeatedly applies Optimal Control in a rolling
horizon way. The aforementioned integrated VT-S model
is able to efficiently predict both the traffic flows and the
traffic emissions, which can be used to compute the control
performance, and thus the VTI-S model can be used as the
prediction model of the MPC controller.

Based on the prediction model, at every control time step,
an optimization problem needs to be solved on-line over a
prediction horizon to derive the sequence of the optimal future
control decisions. Solving this optimization problem is the
key part of the MPC methodology, and is also the step that
costs most of the on-line computation. Given the control time
interval Ty and the simulation time interval c; of node d € J,
there exists an integer N; such that

Tew = Nycy, (79)

according to the definition of the cycle times for the nodes
in a traffic network, as shown in (7). For a given k;, the
corresponding value of k., is given by

Ko (ka) = {"”’J |

Nqg
where |x| for x a real number denotes the largest integer less
than or equal to x. On the other hand, a given value k.y of
the control time step corresponds to the set {kctrlNd,kCtr]Nd +
Loy (ke + )Ny — 1} of simulation time steps.

When the prediction horizon is N, the optimization problem
of MPC can be expressed as
alomy? = ket
s.t. VT-S model

D(g(ket)) =0
&min < g(kctrl) < gmax

(80)

(81)

where g(keyi) is the future control input at control step ke
(e.g. the green times), i.e. g(kew1) = [gT(kctrllkctrl) gT(kctrl +
llkctrl) e gT (kctrl + Np - 1|kctrl)]T’ and the vector g(kctrl +
Jlkc1) denotes the control input at the jth control step in the
future based on information at the current control time step
kew1- The equality constraint in (81) is the cycle time constraint,
i.e. the sum of the green times of all the phases equals to the
cycle time in an intersection. To decrease the on-line com-
putational complexity, a control horizon N. (N. < Np) can be
defined, such that g(kcg1 + il ketr) = g (ke +Ne — 1]key) for i =
Nc,---,Np, — 1. This nonlinear optimization problem can be
solved by e.g. multi-start Sequential Quadratic Programming
(SQP) algorithm [25, Chapter 5].

The objective function of the integrated urban control prob-
lem at control time step k. is

a’@ Nd (kctrl +Np)

‘I(kCtrl) = Z Z EG,u,d(kd) ’

F— (52
0co 8,nominal (u,d) €Lkg=Ngkerri+1

where E, , ,(k;) denotes the estimated partial criterion
for 6 in link (u,d) at simulation time step ky, © =
{TTS,CO,NO,,HC} is the set of the control objectives,
Eg nominal 1s the nominal performance for objective 6 € © to
normalize the partial objective of 6, and Ay is the weight
parameter for objective 6. For the Total Time Spent (TTS),
we have

ETTS,u.d (kd) = Tsim M d (kd) )

where n, 4(kq) is derived by (1), Ty is the simulation time
step of the VTI-S model, and (17) will be used for computing
emissions. The goal of the control problem is to reduce the
combined performance of the Total Time Spent and the variety
of traffic emissions (i.e. CO, NO,, and HC) of the whole urban
traffic network over the entire prediction horizon. Hence, it
turns out to be a multiple objective control problem. By chang-
ing the weights of the objective function, a different emphasis
can be assigned for different kinds of control purposes.

Once the optimal control input sequence g*(key) is deter-
mined by the optimization, the first sample of the optimal
results, g*(kcyl | keu1), is implemented in the urban traffic
network. When arriving to the next control step, the prediction
model is fed with the newly measured traffic states (i.e. the
number of vehicles on a link [26]), the whole prediction
horizon is shifted one step forward, and the optimization
starts over again. By operating the on-line optimization in the
receding horizon way, the MPC controller closes the control
loop, and enables the system to get feedback from the real
traffic network, which makes the controller adaptive to the
uncertainties and disturbances caused by model mismatches
and errors in the external demand prediction.

(83)

VI. SIMULATIONS

We use CORSIM [27] to simulate the real traffic environ-
ment, and design MPC controllers to decide control inputs
for the traffic signals in CORSIM. The simulated urban road
subnetwork is shown in Fig. 3. Nodes marked as “Sx” are the
source nodes where traffic flows enter and leave the network.

Fig. 3. An urban traffic network

MPC controllers for urban traffic are designed to reduce
both TTS and TE (Total Emissions for CO, NO,, and HC)
for this urban traffic network. MPC controllers are designed



based on the weights specified for the different objectives, as
shown in Table 1.

TABLE I
COMBINATION OF WEIGHT PARAMETERS FOR THE MULTI-OBJECTIVE
MPC CONTROLLERS

MPC Mrs  Aco Ao, Auc
TTS 1 0 0 0

TE 0 0.33 0.33 0.34

TTS+TE 0.5 0.16 0.17 0.17

In the traffic network shown in Fig. 3, the lengths of the
roads are indicated in meter. Each of the roads in the traffic
network has 3 lanes, and the turning rates for each link are
all the same, i.e. left turn 33%, through turn 34%, right turn
33%. The storage capacities of the links are fixed according to
the link lengths, the number of lanes, and the average vehicle
length (7 m). The free-flow speed is 50 km/h. The simulations
run for 80 min, and the traffic demands of all the source nodes
(i.e. network inflows) are given in Fig. 4.

For the set-up of the traffic controllers of this network,
the cycle time is set to 60s for all the intersections, except
30s for Intersection 8. During the experiments, the simulation
time intervals are set to equal to the cycle times of every
intersection. For the MPC controllers, the control time interval
Ty is 120, the prediction horizon N, is 5, and the control
horizon is set to No = N,. The results of MPC controllers are
compared with that of a fixed-time strategy. The fixed-time
control strategy is defined having constant phases, cycle times,
green time durations, and the offsets. The fixed-time signals
are determined based on the data for the saturated scenario, i.e.
the green times are proportional to the traffic demands from
each direction, which depend on the saturated flow rates and
the turning rates under the saturated scenario [22], [28].

The performance indicators that CORSIM provides to eval-
uate the effect of the controllers include the TTS, the TE for
CO, NO,, and HC respectively, the mean speed, the number
of stops, etc. The results for each control performance are
illustrated in Table II for the different control strategies. As
Table II shows, the MPC controllers are able to reduce the
objectives, including TTS and the TE for CO, NO,, and HC,
compared to the FT controller. The TTS-based MPC and the
TE-based MPC are MPC controllers taking only the TTS
or only the TE of the whole network as control objective
respectively. For the TTS-based MPC, the TTS is reduced
obviously, but its ability for reduction of the TE is quite
limited, where the emissions for HC even increase. For the
TE-based MPC, the TE for each of the gases is reduced, but
the TTS becomes higher than the TTS-based MPC. When both
the TTS and the TE are considered for the control objective
as in the TTS+TE-based MPC, a trade-off is made to balance
the TTS and the TE. The TE-based MPC is able to increase
the mean speed and to reduce the number of stops for the
traffic network, so as to obtain smoother traffic flows. The
TTS-based MPC can also improve the mean speed of the traffic
network, but at the cost of increasing the stop-and-go behavior
and the vehicular emissions. The improvements made by the
MPC controllers also illustrate the adaptiveness of MPC to the
uncertainties and disturbances caused by model mismatches

and errors in the external demand prediction.
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Fig. 4. Evolution of the traffic states for the traffic network in the
implemented urban network

In urban traffic networks, traffic flows with fewer stops,
shorter delays, and moderate speed will release less emissions
[17]. In Fig. 4, we demonstrate the evolution of some traffic
states for the entire traffic network in Fig. 3, including the
number of vehicles, the emissions for CO, NO,, and HC,
the mean speed, and the number of stops per minute. As
the figure shows, the TE-based MPC controller obtains higher
network mean speeds and fewer number of stops compared
to the TTS-based MPC controller, which results in smoother
traffic flows within the traffic network. Consequently, TE-
based MPC is able to keep the total emissions from increasing
when the network inflow grows. On the contrary, TTS-based
MPC successfully reduces the number of vehicles in the traffic
network, but it is not good at regulating emissions.

Fig. 5 and 6 illustrate the evolution of the traffic states for
Link 2 and Link 3 in the network of Fig. 3. The results of
the Fixed-time controller (FT), the TTS-based MPC, and the
TE-based MPC are compared in the figures. At the start of the
simulation, all the emissions are high in both links, because at
the beginning of the simulation, the traffic network is empty
and the network inflows are low, so vehicles tend to accelerate
more and made fewer stops until the traffic flows reach an
equilibrium or the network inflows increase. When the number
of vehicles grows with the network inflow in the links (i.e.
the links become more crowded), we can see that the mean
speed decreases and the number of stops increases, thereafter,
more emissions are released for the different kinds of gases.
In Fig. 5, the TE-based MPC has a good effect on reducing



PERFORMANCE COMPARISON OF TTS AND TE FOR A FIXED-TIME CONTROLLER (FT) AND FOR THE MPC CONTROLLERS WITH VARIOUS OBJECTIVE

TABLE I

FUNCTIONS (SEE TABLE I)

Controller  TTS (veh-h) o NOXTE (kg) fc Mean Speed (veh/h)  Stops (veh/min)
FT 1.58 x 107 18.5668 1.3605 0.2674 19.13 568

TE 1.34x 107 (-15.19%) 17.7603 (-4.34%) 12774 (-6.11%) 0.2511 (-6.10%)  20.85 (8.99%) 540 (-4.93%)
TTS 1.26 x 107 (-20.25%)  18.5332 (-0.18%)  1.3600 (-0.04%)  0.2690 (0.60%) 20.20 (5.59%) 693 (22.01%)
TTS+TE 1.31x 107 (-17.09%)  18.1040 (-2.49%)  1.2932 (-4.95%)  0.2539 (-5.05%) 20.60 (5.63%) 549 (-3.35%)

The data in parenthesis are the relative change for each performance indicator compared with that of the FT controller

all kinds of emissions, when the traffic density grows. But
the emission mitigation ability of the TTS-based MPC is not
better than that of the FT controller in Link 2. The emission
mitigation ability of the TE-based MPC is confirmed again for
Link 3 in Fig. 6, where the mean speed is more stable and
the number of stops is obviously smaller. Fig. 7 illustrates the
variation of the mean speed over time on Link 1, 2, 3, and 4
(see Fig. 3 for the locations of the links). More specifically,
Fig. 7(a) gives the results for the FT controller, Fig. 7(b) for
the TE-based MPC controller, and Fig. 7(c) for the TTS-based
MPC controller. We can see from the figures that the values
of the mean speed under the MPC controllers are kept higher
and
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As Table II illustrates, since the MPC controllers focus on
different control objectives, TTS-based MPC can reduce the

n
o
=]

- —TTS

=
[}
=
@ — TE crel - PRV
2 100 N ETPRE A
A T el
S PRSNGSR
F ; ; . . . ; .
0 10 20 30 40 50 60 70 80
x10™
2 -
2
v><
o
z
2
Q
I
2
Q
o

Mean speed (km/h)
n
o
4
{
|
|
|
|
T

o
S

Stops (veh/min)
wu
o

o

Time (min)

Fig. 6. Evolution of the traffic states for Link 3

TTS more than TE-based MPC; and on the contrary, TE-
based MPC is able to reduce the TE more than TTS-based
MPC. A trade-off between the TTS and TE can be obtained
by integrating the two control objectives. For freeway traffic,
the speed range of vehicles is normally from 0 km/h to 120
km/h, in which range the vehicles will release comparatively
high emissions when the speed of vehicles is either very low
or very high. Thus, the TTS performance conflicts with the
TE performance, when the speed of vehicles grows high [19].
However, for urban traffic, due to the speed limit (normally
60 km/h), a high speed is not an important cause for high
emissions anymore, but the stop-and-go driving behavior is
the main cause of generating emissions. Therefore, for urban
traffic emission reduction, we need to focus on smoothing
traffic flows and decreasing the number of accelerations and
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stops. TTS, i.e. the sum of total travel time and total delay
time, is a performance aiming at controlling the traveling
efficiency. By using the integrated traffic flow and vehicle
emission model, the TE control objective focuses on not
only traveling efficiency, but also considers the stop-and-go
behavior. The TE-based MPC controller is able to reduce
all kinds of traffic emissions for the links and for the entire
network, and at the same time, to keep a more steady vehicle
density on the links, smoother traffic flows and mean speeds,
and a lower number of stops. The TTS-based MPC aims at
reducing the TTS of traffic network by regulating the stop-and-
go behavior and partitions of traffic flows within the network
with the aid of traffic signals. To achieve a lower TTS, the
TTS-based MPC obtained higher number of stops than the FT
controller.

VII. CONCLUSION

An integrated macroscopic urban traffic flow and emission
model, the VT-S model, is proposed for urban traffic MPC
controller. The VT-S model is able to predict the traffic flow
states, as well as the emissions released by every vehicle
at different operational conditions, i.e. the speed and the
acceleration. This model enables the MPC controller to address
control problems with multiple objectives, i.e. reducing both
travel delays and traffic emissions.

Based on the VT-S model, the MPC controller can suc-
cessfully reduce both the total emissions and the total time
spent of urban traffic networks by specifying the control
performance indicator. The TTS-based MPC and the TE-based
MPC take the total time spent and the total emissions as the
control objectives respectively. The TTS-based MPC performs
better in decreasing the total time spent at a cost of releasing
more traffic emissions; the TE-based MPC decreases the total

emission level obviously, but its ability in reducing the total
time spent is restricted. The MPC based on both control
objectives achieves a trade-off between the total time spent and
the total emissions of the traffic network. By applying the total
emissions as the control objective, the MPC controller can not
only reduce the traffic emissions of urban traffic networks, but
also keep a comparatively smoother traffic flow mean speed
and less vehicle stops.

In the future, we will extend the VT-S model into a multi-
class model to describe the emissions of different types of
vehicles, and also consider the surrounding traffic dynamics,
then further evaluate the proposed model-based controller
for reducing fuel consumption and CO, emission for urban
traffic networks. Moreover, we will calibrate the model and
implement the proposed model-based controller in a real-life
traffic network, and further assess its control effect.
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