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Abstract

In recent years, several perimeter control strategies have been proposed for traf-
fic management in cities. The common factor found in these works is the use of
Macroscopic Fundamental Diagram (MFD) models to describe the dynamics of
the network and optimize traffic inside the perimeter by manipulating perimeter
inflows. Perimeter gating control strategies are attractive for traffic management
inside the inner city. However, it inevitably creates a negative impact on the
traffic outside. Most of the works in this research area have neglected vehicle re-
routing outside the controlled perimeter, i.e., they do not consider demand elas-
ticity to the central region resulting from gating and the related queues. In this
paper, we propose a global modeling framework capable of assessing the effect
of perimeter gating control (in terms of queue, emission, and total time spent)
on the full network, considering demand elasticity resulting from Dynamic User
Equilibrium (DUE). Classical Proportional-Integral (PI) control scheme is used
to control traffic congestion inside a central region (reservoir). The modeling
framework is comprised of: (i) an accumulation-based MFD model to reproduce
traffic dynamics inside the reservoir, (ii) point-queue model to represent queu-
ing vehicles on inbound links to the gating points, and (iii) a time-dependent
travel time profile based on a steady-state approximation of MFD dynamics to

characterize the alternative road network (bypass). DUE is then implemented,
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considering instantaneous predicted travel time. This determines how the de-
mand to the inner region is affected by the gating. The functioning of the global
system is assessed by total time spent and NOx and CO, emissions inside the
reservoir and for the full network. The presented simulation results show that
the perimeter gating control helps to maintain congestion at the desired level
with significant improvements in the total time spent and the mean speed in
the network. However, it shows a slight increase in the queues. As expected,
deviation to the bypass alternative is significant and should not be neglected
when carrying out a global assessment of gating system performance.

Keywords: Traffic dynamics, MFD, routing, travel time estimation, perimeter

gating control, emission.

1. Introduction

Nowadays, traffic congestion is a crucial issue in metropolitan cities. Traffic
congestion not only causes traffic delays but also increases fuel consumption
and results in health issues for the inhabitants. Researchers and engineers are
developing new strategies and infrastructures to deal with traffic congestion.
Over the last two decades, the application of control systems engineering to
traffic congestion has gained significant attention by ensuring the efficient and
reliable operation of urban traffic networks (for a review refer to Papageorgiou
et al. (2003); Wang (2010); Zhao et al. (2012); Zhong et al. (2018a)). In recent
years, significant efforts have been made to provide efficient solutions to urban
traffic problems. These efforts have mainly been directed in two directions: first,
the modeling of urban networks; second, their control.

Regarding urban network modeling, the concept of Macroscopic Fundamen-
tal Diagram (MFD) has been used since the 1970s. This concept provides for
network regions a well-defined relation between space-mean flow and density
(or vehicle accumulation). The idea behind the MFD was initially proposed
by Godfrey (1969) and similar approaches were introduced later by Mahmas-
sani et al. (1984); Daganzo (2007). It was first tested in a field experiment in
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the city of Yokohama, Japan and revealed that the MFD exists over a large
urban area (Geroliminis and Daganzo, 2008).

In the literature, there are two forms of MFD models: accumulation-based
and trip-based models. The accumulation-based model is simply a conservation
equation where the outflow is determined by the MFD function. This model
has been criticized recently (see Mariotte and Leclercq (2018); Lamotte et al.
(2018)) because outflow overreacts to sudden inflow surges, leading to incorrect
travel time situations. The trip-based model has been proposed (Mariotte et al.,
2017) to circumvent this issue. It tracks vehicle traveled distance inside the
reservoir while assigning the same instantaneous speed to all vehicles defined
by the MFD. The most recent studies (Mariotte and Leclercq, 2018; Leclercq
and Paipuri, 2018; Mariotte and Leclercq, 2019) have shown that the trip-based
model provides significant improvements in free-flow but that the accumulation-
based model certainly appears better during saturation and congestion periods.
These periods are predominant when traffic conditions are critical. Thus, the
accumulation-based MFD model is used in this paper.

The issue of traffic congestion in large urban networks can be solved us-
ing perimeter control (i.e., manipulating the traffic flow at the periphery of a
city or its central business district). In recent years, different classical and ad-
vanced control strategies have been implemented for traffic control, considering
the city as a single reservoir or partitioned into multiple reservoirs. The clas-
sical Proportional-Integral (PI) controller was designed for the control of an
urban network in China and in Greece (Keyvan Ekbatani et al., 2016). The
multi-variable feedback regulator considering three reservoirs was designed for
the traffic network of San Francisco (Aboudolas and Geroliminis, 2013). Both
controllers were constructed for reference tracking purposes using a linearized
model of the network. The reference trajectory was chosen in such a way that the
value varies in the uncongested regime of the MFD having a positive slope and
close to the critical value of the controlled variable. Moreover, in both works,
the constraints on the input variable were imposed after controller action was

obtained. The advantage of these controllers is that they are computationally
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efficient and easy to design, but the downside is that they do not consider the
constraints explicitly as a part of the controller. To overcome the downside of
the works mentioned previously, the robust PI controller (based on Quantitative
Feedback Control (QFT) theory) for the uncertainty linear model of an urban
region was presented in Haddad and Shraiber (2014). The robust controller
was also designed to handle the control constraints within the design level in
a systematic way, where the constraints are explicitly integrated utilizing the
so-called describing function. The solution of the control problem in a bi-model
multi-region urban network is presented in Ampountolas et al. (2017) with a
robust PI controller. The reference model adaptive control approach was imple-
mented to design distributed adaptive perimeter control laws Haddad and Zheng
(2018); Haddad and Mirkin (2017). Recently, perimeter flow control with an
observer-based H., Proportional (P) and Proportional-Integral (PI) controllers
based on Lyapunov theory were presented in Mohajerpoor et al. (2019).

With respect to advanced control strategies, Model Predictive Control (MPC)
has been employed for the perimeter control of single and multi-region cities,
considering non-linear, linear, and hybrid models of an urban network. To solve
the perimeter control problem several MPC approaches have been used, such as
linear MPC (Kouvelas et al., 2017b), non-linear MPC (Geroliminis et al., 2013),
hybrid MPC (Lin et al., 2011), distributed MPC (Majid et al., 2014), economic
MPC (Sirmatel and Geroliminis, 2017), robust MPC (Tettamanti et al., 2014),
two-level hierarchical MPC (Zhou et al., 2017), etc. The MPC schemes men-
tioned above can be designed for different objectives, such as state regulation,
output tracking, profit maximization etc. However, the success of MPC is mainly
dependent on the accuracy of the prediction model (Maciejowski, 2002). It is
well-known that different types of uncertainty can be integrated in the MFD
model of heterogeneous networks (Daganzo et al., 2011) or model parameters.
To deal with uncertainty in MEFD models, a robust perimeter control scheme
has been designed using different approaches, such as Linear Matrix Inequal-
ities (LMI) optimization (Ampountolas et al., 2014), interpolation (Haddad,
2015), control-lyapunov function (Zhong et al., 2018a), Sliding Mode Control
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(SMC) (Aalipour et al., 2018), etc. In Haddad (2017) the optimal control pol-
icy to maximize the total network throughput was designed for the perimeter
control of two urban regions.

Due to the limitations of model-based control strategies, the authors in Li
et al. (2012) introduced a concept of fixed-time signal timing perimeter control.
A generic real-time feedback-based gating concept was proposed for perime-
ter control (see Keyvan-Ekbatani et al. (2012, 2014)). Not all these perimeter
control works explore the actuation of vehicle routing outside the perimeter in
detail. The authors in Hajiahmadi et al. (2013) and Yildirimoglu et al. (2015)
used optimal dynamic traffic route guidance to solve the problem of conges-
tion in multiple MED sub-regions. To control the perimeter flow rate, the work
in Sirmatel and Geroliminis (2017) and Ding et al. (2017) coupled optimal traffic
guidance with boundary control and proposed an optimization method aimed
at minimizing total network delay. This approach provides a solution to traffic
congestion but does not consider the influence of the control method on network
state transition, which may cause hysteresis in the network or local gridlock in
the optimal regulation rate of excessive flows. Recently, learning-based approach
have been used in perimeter control, e.g., reinforcement learning (Ni and Cas-
sidy, 2019). These works deal with optimal route guidance without considering
user compliance with instructions. Nor do they consider current behaviors of
user who try to optimize their trip in a selfish way by finding their shortest-
path, referred to as user equilibrium in the literature. To deal with the waiting
queues at the perimeter, authors in Hajiahmadi et al. (2015); Keyvan-Ekbatani
et al. (2016); Kouvelas et al. (2017a) has derived an optimal perimeter control
policy that explicitly considered the effect of queuing vehicles on traffic flow
dynamics but not the elasticity of demand for the inner regime, i.e., users who
take an alternative path due to the queues to enter the perimeter. In Kim et al.
(2018) investigated the influences of boundary capacity, outflow restriction, and
demand ratio on traffic dynamics. The perimeter control of a mixed-network
consisting of a freeway and urban region was designed using MPC (see Haddad

et al. (2013); Frejo et al. (2014)).
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This literature review shows that vehicle routing strategies outside the perime-
ter is a blind spot regarding perimeter control works based on MFD. Deriving a
modeling framework to account for this specific problem is not trivial. In partic-
ular, multi-reservoir systems that are a direct extension of the MFD model in the
inner-region are not ideal because all the surrounding reservoirs are defined by a
single speed whatever the number of vehicles that want to enter the reservoir or
bypass it. Thus, locally there is no gain in switching to another alternative de-
spite the fact that in reality there are queues due to gating. Therefore, we need
to design a new modeling framework to properly isolate the queues entering the
controlled area and clearly differentiate other alternatives.

In this paper, we present a perimeter gating control scheme to control traffic
congestion in an urban network with three regional routes (one “internal” route
representing internal trips and two “transfer” routes representing trips with
different lengths crossing the reservoir). We call it gating and not perimeter
control, as the different entries are monitored separately and exit flows are
not controlled. One of these routes has an external alternative for routing,
corresponding to the roads that permit bypassing the inner reservoir. A classical
PI control scheme is applied to control total accumulation inside the perimeter
by manipulating traffic inflow through the gates at the entry of two transfer
routes.

Generally in perimeter control, congestion from inside the reservoir is moved
to the outside by manipulating the inflows that create queues outside the perime-
ter. In our settings, we consider that for one Origin-Destination (OD) pair a
bypass option exists in addition to the route that enters the reservoir. The total
input demand for this OD pair is distributed along the transfer and bypass road
options by solving the Dynamic User Equilibrium (DUE) problem. By doing so,
we consider user adaption to the perimeter control. This requires designing a
new modeling framework to handle flows and queues on the different itineraries
outside the reservoir. The main contribution of this paper compared to previous
works is that the external UE discipline makes the input demand elastic from

the standpoint of the reservoir. The evaluation of global system performance
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is therefore much more realistic. Note that the way we implement external
UE discipline in the MFD framework also represents another contribution as
we formulate the DUE of predicted travel times without re-routing using usual
quasi-static approximation.

The rest of paper is organized as follows. The urban network under consider-
ation is introduced in the next section. Section 2 sets out the problem statement
of this work. In Section 3, an overview of the global modeling framework along
with the routing scheme and emission laws is given. Section 4 provides a de-
scription of the design of the perimeter gating control scheme. Section 5 gives
the results of presented approach while the concluding remarks are given in

Section 6.

2. Problem Statement

The network under consideration corresponds to a homogeneous urban reser-
voir with one internal regional route, two external regional routes that cross the
reservoir, and one bypass option as depicted in Fig. 1. In this work, a regional
route, or simply “route” in the following, corresponds to the aggregation of
multiple individual paths in the real city street network which share character-
istics in common (e.g., similar topology or length, following the same sequence
of reservoirs in multi-reservoir systems, etc). Both external routes also include
an Inbound Link (IL) at the reservoir entry. This represents the aggregation
of all portions of the road on which vehicles may wait due to inflow limitation
(natural propagation of congestion or action of the controllers).

We assume that the traffic dynamics of the reservoir is described by a well-
defined production-MFD P(n) (in [veh-m/s]), or equivalently, a speed-MFD
V(n) (in [m/s]), where n (in [veh]) is the total number of vehicles circulating
in the reservoir. Production-MFD is defined by the following characteristic
values: jam accumulation n;, critical accumulation n., maximum production
or capacity P. = P(n.), and free-flow speed © = dP(0)/dn. We consider the

accumulation-based model presented in Yildirimoglu and Geroliminis (2014)
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Fig. 1: Two bin network with one central reservoir and bypass option: one internal
route (R1), two external routes (R2 & R3), two perimeter control inputs usz(¢) and

uz(t), and one measured output n(t) as total accumulation inside the reservoir.

and further extended in Mariotte and Leclercq (2018). It considers different
trip lengths inside the reservoir, the proper treatment of the input and output
flow of the reservoir based on the constraints on flow and travel production, and
accounts for the effect of internal trips.

The objective of this work is to investigate the impact of the gating control
on routing inside-and-outside the reservoir and see how the controller reacts to
the routing scheme. Gating control is applied to track desired accumulation
(n(t)) inside the reservoir by manipulating two input flows (us(t) and us(t))
at the perimeter. We design two PI controllers with the anti-windup scheme
and saturation limits on manipulated variables; routing discipline is designed
based on UE obtained by exact predictive travel time. Different scenarios will
be considered for this network to cover the most usual congestion situations

(resulting from internal flow or from downstream spillbacks on routes 2 or 3).



s 3. Traffic Modeling

In this section, we introduce the dynamics of both the accumulation-based
MFD model of the central reservoir and the simplified model of the periph-
eral reservoir where users can re-route. The total system includes three regional
routes inside the central reservoir and a bypass route inside the peripheral reser-

190 VOIT.

3.1. Central reservoir dynamics

First, we focus on traffic dynamics inside the central reservoir. The accumulation-
based model with N regional routes of lengths L; has been fully described
in Mariotte and Leclercq (2018, 2019). The accumulations n; are the numbers
15 of vehicles traveling on each route ¢ inside the reservoir, satisfying the following
system (Geroliminis, 2015):

dni .
E :qin,i(t)_qout,i(t)v VZ S {L"'aN}v (1)

where gin ;(t) and gous,;(t) are respectively the effective inflow and outflow for
route 7.
In this work, we use the model of flow exchange at the perimeter proposed
20 by Mariotte and Leclercq (2018, 2019) to define gin ;(t) and gout,i(t). The effec-
tive inflow @i, ;(¢) for a transfer route 7 is the result of the competition between
a corresponding demand \;(t), an entry supply function I;(n;,n), and control
actions at gates u;(t). We also account for a queue at the entry of each route
(described by a point-queue model) to store the waiting vehicles when the de-
2s  mand is not satisfied. These vehicles are physically waiting on the corresponding
inbound link in our network. The inflow of an internal route is assumed to be
unrestricted, thus equal to its demand:
min(\i(t — Trr.), Ii(na(t), n(t)),us(t)), for a transfer route,
Gin,i(t) =
Ai(t), for an internal route,
where wu;(t) is the gating inflow obtained by PI controller. The inflow demand

for any transfer route ¢ is shifted from TILJ-, which corresponds to the free-flow



210

215

220

225

230

travel time required to transfer through the inbound link before reaching the
reservoir entry. We have TIL,Z- = Ljpi/P114, where Ly ; is the length of the
inbound link ¢ and 9y, ; its free-flow speed. The entry supply function is given

by

n; abP, .

i xle ifn<n

n L’L b Cy
L O‘Iz(vn) ,  otherwise.
n i

We decided to adopt a shape similar to that of Mariotte and Leclercq (2018,
2019), who discussed the role of the entry supply function. The purpose of
coefficient & > 1 is to let the total inflow temporarily exceed the reservoir
capacity. In this work, we have chosen o = 1.3 quite empirically, as shown in
Fig. 2.

In case of an inflow limitation due to either the control gating or the entry
supply function, the accumulation in each inbound link (1L, ¢) stores the vehicles
queuing to enter the reservoir. It is governed by the following conservation

equation
dnir;
dt

= Gin, 11,i(t) — Gout,12,i(t), (4)

where the inflow of the IL ¢ is equal to the route demand gin, 1z,i(t) = Ai(t), and
its outflow to the inflow on route 4, i.e., gout,iL.i(t) = Gin,i(t). For route 2, the
inbound link inflow is modified when users prefer switching to the bypass route
according to the UE principle. This is detailed further in subsection 3.3.
Because they are the result of the reservoir inner dynamics, the outflows
Qout,i(t) are all inter-dependent through the following relationships between the

most constrained outflow k£ and other effective outflows 7 written as:

QOut,k(t) = min(:uk (t)a Ok (nkv n))a (5)

where k = argminj<;<ny O_(‘:;_ oy and

Zk((?) i—’:qout,k(t), Vi k. (6)

qout,i(t) ==

Function O;(n;,n) is the demand for outflow of route i. As in (Mariotte and

Leclercq, 2018, 2019), in over-saturated situations, we assume this demand to

10
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Fig. 2: Production-MFD and production entry supply function.

be maximum for transfer routes (outflow at the reservoir exit border), and
to decrease along the production-MFD for internal routes (the rate at which
destinations are reached inside the reservoir):

For a transfer route:

!

(n)

o=, ifn < ng,
Oi(ni,n) = ' (Ta)
o %, otherwise.
For an internal route:
n; P(n)
Oi s = — . b
(3m) = 2 (7b)

For more details on the considered accumulation-based model see Mariotte et al.

(2017); Mariotte and Leclercq (2018, 2019).

3.2. Bypass Road Network

The bypass road network is considered as a second single reservoir but with

simplified traffic dynamics. The reason for doing this is that it is very challeng-

11
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ing and often uncertain to seek instantaneous dynamic equilibrium between two
alternatives with fast varying travel time functions. Whereas the travel time
dynamics of traffic entering the city reservoir must be monitored closely due to
the considerable influence of gating, the alternative road network can be char-
acterized by a piecewise constant travel time. The idea is that this alternative
option corresponds to the bypass around the city center, which is subject to
slow-varying traffic conditions as it is located in a much less dense urban area.
Therefore, we can reproduce the evolution of travel time in the reservoir rep-
resenting the alternative, by using the steady-state approximation of the MFD
dynamics. In practice the mean speed for the next time period is derived from
the MFD speed function, considering the current accumulation at the beginning
of the time period.

Therefore, in comparison with the city center represented by the central
reservoir which is that most likely to undergo highly dynamic traffic conditions,
the assumption of a piecewise constant travel time evolution in the peripheral
reservoir seems reasonable. In order to track the slow variations of traffic con-

ditions in the latter, we define its speed-MFD function as follows:

vp(np) = p(1 — ”p/”j-,p)zv (8)

where v, is the mean speed function depending on its current accumulation
Ny, Up is its free-flow speed and n;, its jam accumulation. The actual mean
speed v," of the reservoir is considered constant for a fixed period of At, from
t = mAt, to t = (m + 1)At,, after which it is updated according to the new
accumulation value n,(t) at t = (m + 1)At,. The actual travel time for users
entering this reservoir at ¢ = mAt,, is approximated as T;"" = Ly, / v,". Then, the
bypass reservoir dynamics are described by the following conservation equation
with a fixed delay (the constant travel time T;")

dny,

dt = Qin,p(t) - qin,p(t - T;;n) (9)

The inflow into this bypass route is defined after UE discipline for users entering

inbound link 2, as detailed in the following subsection.

12
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3.3. User Equilibrium discipline

As shown in Fig. 1, the users willing to enter route Rs can choose to take
the bypass route instead of entering the inbound link and crossing the reservoir
to reach their destination. Let us first assume that we have mAt, < ¢t <
(m+1)At,. If we assume that these travelers are making their choices according

to DUE, we should have the following relationships in travel time at ¢:

no one chooses
T]L72(t) + ot + T]Lg(t)) < Tpm
the bypass,

at least one user
T]L72(t) + ot + T]Lg(t)) = Tpm

chooses the bypass,

where T is the travel time of the bypass route, Ty, 2(t) and T3(t) are the exact
predictive travel times on the inbound link and in the central reservoir, respec-
tively, for route Ry (that will be experienced by users entering the reservoir or
the inbound link at ¢). The inbound link is assumed to consist of two parts: the
first one is free-flow with travel time TIL,Z, and the second one is congested, dy-
namically represented by a point-queue model. Thus, its travel time consists of
two terms: T o(t) = T]L)g +0m2(t+ T]L)Q), where d;7,2(t) is the exact predic-
tive delay in the inbound link (that will be experienced by users willing to enter
the reservoir at t). Both ;7 2(t) and Tz (t) are the result of traffic dynamics that
will be observed inside the reservoir after ¢. During the simulation, we cannot
estimate this delay and travel time at ¢ without knowing the future evolution
of the reservoir. Consequently, we have implemented a two-step simulation pro-
cess that first permits obtaining the predictive travel time in the direction of
the reservoir and, second, determines the path flow distribution over the routes

based on DUE.

Step 1 Perform first simulation without the bypass route (7" is set to infinity)
and calculate Tz 2(t) and T (t).

Step 2 Perform second simulation with the bypass route and divert users to it

once the condition Ty, 2(t) + T2(t + TrL2(t)) = T is satisfied (the travel

13
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times are known from the previous simulation). Once users are diverted
to the bypass route, the inbound link delay will be changed. The new
evolution of this delay is determined by the UE condition Ty, 2(t) + To(t +
Tin2(t)) =T,

As presented in Fig. 3, the exact predictive delay and travel time are calculated
based on the cumulative entering curves Niy, 11, 2(t), Nin2(t), and exiting curves
Nout,2(t), which are direct outputs from the single reservoir simulation (integra-
tion of the effective flows over the simulation period). Switching the users to the
bypass is achieved by splitting the inflow demand A2(¢) into the inbound link
inflow ¢in,z,2(t) and the bypass route inflow gin »(t) according to the following

scheme:

Gin,10,2(t) = X2(1),
if T]L)g(t) + Tg(f’) < T;n,

Qin,p(t) =0,
Gin,1£,2(t) = Qour,2(t"),

Ginp(t) = A2(t) — Gin,1z,2(1),

} if T]Lﬁg(t) + Tg(t/) = Tgn,

where ¢/ = t + Ty 2(t) and ¢ = t' + To(t') (see also Fig. 3). By setting the
inbound link inflow to gout,2(t") once Trr 2(t) + To(t') = T, we ensure that the
latter equality (the DUE condition) is always satisfied as long as some users are
diverted to the bypass.

When an update in the bypass route travel time 7} occurs, the previous
scheme must be adjusted to ensure the proper transition between 7" and T;”“.
Two cases are distinguished, as presented in Fig. 4. The first one is when
T < Ty, which means that the peripheral reservoir is being loaded, resulting
in a decrease in its mean speed. In this case, fewer users will switch to the bypass
route, so that the inbound link of route 2 is temporarily loaded at a maximum
rate of gmax during a period of At. The exact duration of this transient period
is calculated to adjust UE conditions to the new value of T;”H, as illustrated
in Fig. 4(a). Thus, we have, after the update of 7", for (m + 1)At, < t <
(m 4+ 1)At, + At, and if Tipo(t) + To(t + Trp2(t)) > Tp" ! (users are still

14
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np (t) //' in,2

oty [ A7 ’

no (1) /:///
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Fig. 3: Cumulative count curves for route Rz and the bypass route (demand curve,
entering curve to the inbound link, entering and exiting curves of route Ry in the
reservoir). Exact predictive travel times and accumulations are mentioned for a given
time ¢. The gray line splits the inbound link into free-flow and congested parts (delay).
The gray area indicates when Tyz2(t) + To(t') = .

switching to the bypass route):

Gin,12,2(t) = min (gmax, A2(t)) ,
Gin,p(t) = X2(t) — Gin,11.,2(t),
B Gout,2(t") (T = T0m)

At = 13
Qmax — QOut,Q(t/) ( )

(12)

where t/ = t + 1. The calculation of At is deduced from the expression of
the number of vehicles impacted AN, calculated as AN = gnaxAt and AN =
Qo2 ()AL + ot () (T — T,

The second case is when 77" > T;’H‘l, which means that the peripheral
reservoir is released so that its mean speed increases. In this case, more users can
eventually switch to the bypass route, so that the inbound link 2 is temporarily
loaded at a minimum rate of ¢, during At. As previously, the duration of
the transient period is calculated in compliance with UE conditions, as shown

in Fig. 4(b). Thus, after the update of 7", we have (m + 1)At, <t < (m +

15



1A, + At, and Ty o(t) + To(t + Trp 2(t) > Tyt

Gin,12,2(t) = min (gmin, A2(t)), (14)

Ginp(t) = A2 (t) — Gin,11,2(2),
o QOut,Q(t/)(T;n - TgnJrl)

At
Gout,2 (t/) — Qmin

; (15)

where t' =t + T;”. These maximum and minimum flows gmax and gmin applied
to the inbound link are set in our modeling only to avoid instantaneous switching

between the latter and the bypass route.

(a) (b)
#veh #veh
Ve Ndem,Z Ve Ndem,Z
At A /
Gmax 7 Nin,1L2 Nour,2 Gmin Ninr2 Nout,2
m+1 \ m+
aN | ‘s AN | ™~ ,
qout,z(t') Gour,2(1")
[j T;" +1 [ Tm+ 1
m p
v t s ¢
t t t t

Fig. 4: Detail of the cumulative count curves for route Rz and the bypass route that
illustrate changes in the bypass route travel time. (a) Case when T, < TIQ"H7 and

(b) when T > T;" .

3.4. Emission Laws

310 Emission laws are required to calculate total emission when performing the
overall assessment of the urban network. Here, we use macroscopic relation-
ships that provide the emission rate (in [g/km]) of a vehicle fleet depending
on the mean speed v*(t). These rules are taken from the COPERT IV frame-
work (Ntziachristos et al., 2009) and have been integrated with the fourth-degree

a5 polynomial for simplicity Lejri et al. (2018).
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Fig. 5: Measured and estimated emission factor of NO, and CO, for varying mean

speed.

Fig. 5 shows the emission levels of NO, and CO, for different mean speeds

of the vehicle. The emission model for NO, is given as
EFxox(v) = p1v° + pav® + psv + pa, (16)

where the values of coefficients p1, po, ps, and py are —6.142 x 1077, 2 x 10~4,
—2.08 x 1072, and 9.944 x 10!, respectively. The emission model for CO, is

given as

EFco2 (U) = p1U4 + p2U3 +p302 + pav + ps, (17)

where the values of coefficients p1, pa, ps, pa, and psare 4.1526 x 1076, —1.0412 x
1073, 1.0017 x 107!, —4.4723, and 123.5378, respectively.

In this work, we obtained the Emission Factor (EF) model of Nitrogen Oxide
(NOx) and Carbon Dioxide (CO,) based on the measured emission data with

the mean speed (v*) profile of private cars. Then, the evolution of emission level
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E4(t) (in [g]) of one pollutant between ¢ and t 4 dt is calculated as:
Eaqt(t) = EF(v*(t)) x n*(t) x v*(t) x dt, (18)

where EF(v*(t)) is the emission factor of the pollutant considered (in [g/km]),
n*(t) the accumulation and v*(t) the mean speed at t. The value of EF(v*) is
estimated by (16) and (17). Eg(t) corresponds to instantaneous emissions, as
it is calculated for a small time step dt = 1 s. On route ¢ in the reservoir, n*(t)
is the partial accumulation n;(t), and v*(¢) is the central reservoir mean speed
v(t). In the IL for route i, n*(¢) is the link accumulation ny;(t), and v*(¢)
is the link mean speed vy ;(t). On the bypass route, n*(t) is the peripheral
reservoir accumulation n,(t), and v*(t) is its current mean speed vy'. The mean

speed in inbound link ¢ is obtained as:

U]L)i(t) = (19)

where Ly, ; and Tyz,; are respectively the inbound link length and travel time.

4. Gating Control Strategy

The Proportion-Integral (PI) controller has been the most popular and the
most commonly used industrial controller in recent years. In the traffic con-
trol literature it has been shown that gain-based control algorithms such as PI
and Proportion-Integral-Derivative (PID) controllers provide cost-effective and
pragmatic solutions for handling uncertainties and bounded disturbance effects
(see Keyvan Ekbatani et al. (2016); Aboudolas and Geroliminis (2013); Haddad
and Shraiber (2014); Ampountolas et al. (2017); Haddad and Mirkin (2017);
Zhong et al. (2018a,b)). As mentioned in the introduction, our objective is to
investigate the impacts of perimeter control and therefore we used a well-known
and classical PI controller.

The application of a PI controller in a perimeter control scheme is shown in
Fig. 6, where r is the desired reference (total accumulation inside the reservoir,

n¢(t)), y is the output of the reservoir (measured total accumulation in the
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reservoir, n(t)) obtained by the traffic dynamics as in (1), e is the error between
the reference and output, and u is the vector of control actions (gating flow,
u;(t)). The PI controller manipulates the traffic flow rate of the route 2 (u2(t))
and route 3 (u3(t)) while the flow rate to the internal trip route 1 (u1(t)) is kept

constant.

Accumulation-based| ¥
Model

PI Controller

\{

Measurements [«

Fig. 6: A block diagram of closed-loop perimeter gating control using the PI controller.

The simplest form of the PI controller in continuous-time is given by

u(t) = kpe(t) + kr /t e(r)dr, (20)

0
where u is the control input, e is the error between the reference and the output,
and kp and k; are the proportional and integral gain, respectively. The propor-
tional action is related to the typical operation of increasing the control variable
when the control error is large (with the appropriate sign) and integral action
is related to the past values of the control error. The discrete time equivalent

expression is:
k
u(k) = kpe(k) + kiTs Y e(j), (21)
§=0

where T is the sampling time of the system. In this work, we applied the
clamping anti-windup scheme with saturation limits on the inputs to avoid the
integrator windup phenomenon (Visioli, 2006, Chapter 3). The desired reference
value (n.(t)) is set to the critical density inside the reservoir, as this guarantees

maximized outflow.

5. Simulation Results

In this section, we present the simulation results of the gating control scheme

with DUE discipline applied to the network considered, as shown in Fig. 1. We
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consider three case studies where congestion is created by increasing internal
trips or by imposing flow restrictions on the output of routes 2 and 3. The

global parameters used for all the case studies are listed in Table 1.

Table 1: Values of the parameters used in the case study.

Component Parameter Value Unit
Central reservoir trip lengths (L;) [1600 2000 1500] m
maximum production (P.) 3000 veh.m/s
free-flow speed () 15 m/s
jam accumulation (n;) 1000 veh
critical accumulation (n.) 400 veh
Peripheral reservoir  trip length (L,) 22500 m
free-flow speed (vy,) 25 m/s
free-flow travel time (7)) 900 s
jam accumulation (n; ) 8100 veh
update period (At,) 600 s
Inbound links free-flow speed (01z,4) [0 25 25] m/s
trip length (Lyz ;) [0 2500 2500] m

In each case, user equilibrium is derived from instantaneous exact predictive

w5 travel time in the reservoir. Apart from the main objective of the controller
to track the desired reference, we investigate several other parameters, such

as the Total Time Spent (TTS) in the network, length of the queue at gating
entries, number of vehicles inside-and-outside the reservoir, and emission caused

by (NOx) and (CO,). While emissions are not part of the control scheme, we

s found it interesting to include these factors to investigate the effect of gating
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on them more broadly. In our accumulation-based model framework, the total

time spent on each route ¢ is calculated as

TTS: (1) = /0 (n1pa(r) + na(r)) dr, (22)

where nyz,;(7) is the accumulation of inbound link ¢. Note that nj,1(7) =0
because the first route corresponds to internal trips and the accumulation of the
bypass ns(7) must be added in the calculation of TTS5(t).

In the following, we compare the results of Uncontrolled (UC) and gating-
based Perimeter Control (PC). For the PI controllers, proportional and integral
gains are tuned based on a trial and error method and saturation limits are

imposed on the input flows with the values given in Table 2.

Table 2: Values of the proportional and integral gains and saturation limits on input

for PI controller design.

Parameter Value Unit
Sampling time (TY) 1 s
Proportional gains (kp) [0.6 0.6] -
Integral gains (ky) [0.05 0.05] -

Minimum input flow (umin) [0.10.1]  veh/s

Maximum input flow (tmax) [3 3] veh/s

5.1. Case I: Increasing the Internal Trip Volume

In this case, a congestion scenario is created by increasing internal trip de-

mand inside the reservoir. The related demand pattern is presented in Fig. 7.
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Fig. 7: Inflow demand profile used in case I.

As these trips have full priority and are not limited by the entry flow function,
accumulation n quickly exceeds the critical accumulation n, which leads to
reduced outflows.

Fig. 8 shows the travel time profiles for route 2. Fig. 8 (a) shows the travel
time on the bypass and route 2 for the uncontrolled case and Fig. 8 (b) shows
the same for the control case. During congestion periods, the travel time for
the uncontrolled and control cases matches with the bypass travel time (7;").
It shows that the proposed modeling framework works as expected for user

equilibrium. The detailed analysis of the travel times is given in Appendix B.
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Fig. 8: Travel time evolution of route 2 inside and outside the reservoir.
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Fig. 9: Total accumulation (a), inflow (b), and outflow (c) inside the reservoir.

In the uncontrolled case, congestion appears in the reservoir, as shown in
Fig. 9. To alleviate it the perimeter gating control scheme with the PI con-
troller is utilized, as described in Section 4. The objective of the controller is
to track n to n.. Fig. 9 (a) shows the closed-loop performance of the uncon-
trolled and control cases. During the network loading period, both cases show
the same performance. Once demand starts increasing, the uncontrolled case
drives the reservoir into a congested state, whereas the PI controllers maintain
accumulation at n..

Fig. 9 (b) and (c) shows the corresponding input and output flows for the
uncontrolled and controlled cases, respectively. For the initial period, the inflow
and outflow are the same. Once the total accumulation reaches n., the controller
suddenly decreases the inflows. Due to the low inflow and high outflow, the mean
speed increases. After that, the controller keeps the inflow constant until there

is no change in demand. At time 4425 s demand decreases and thus we can see
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a sharp decrease in the inflow for a short duration.
Fig. 10 shows the profiles of accumulation, inflow, and outflow for each route.
Fig. 10 shows (a) that in the controlled case during the congestion period, route

2 has a higher accumulation due to the highest demand and trip length.
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Fig. 10: Accumulation (a), inflow (b), and outflow (c) for each route inside the reser-

voir.

Fig. 10 (b) and (c) shows the inflow and outflow profiles for all routes. To
achieve the desired reference value, the controller balances the inflow on routes
2 and 3. This results in a different accumulation on both routes inside the
perimeter when comparing the uncontrolled and controlled cases. This is very
pronounced here because routes 2 and 3 have different lengths.

From the above figures, it is clear that perimeter gating controllers help to
keep accumulation at the desired value. However, it modifies traffic behavior
outside the perimeter because we properly account for users switching routes

to maintain DUE as queues increase at the gating entries. Fig. 11 shows the

25



430

435

440

evolution of accumulation of vehicles on each route outside the reservoir and on
the bypass. The length of the queue on route 2 is increased due to the controller
that limits access to this route after 2000 s. For route 3, there is smaller queue in
the perimeter control case, due to the increase in inflow and outflow. Route 3 is
shorter so it benefits from the control on route 2 to increase its share inside the
reservoir and then allows higher inflow. Regarding the bypass, almost the same
number of vehicles takes this alternative in both the uncontrolled and control
cases. But in the control case, switching to the bypass occurs sooner than in

the uncontrolled case when the gating on route 2 becomes effective.
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Fig. 11: Accumulation of vehicles on the inbound links and bypass.

Fig. 12 depicts the total time spent to reach the destination. With the
perimeter gating control, the total TTS in the network is improved by 31.13%
in comparison to the uncontrolled case. This is a positive side-effect as the
perimeter control is designed to optimize the reservoir state, not the full system.

It can be seen that this improvement is mostly due to routes 1 and 3. As
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a general rule, improving the TTS of a given route mainly depends on the
improvement of this route’s outflow, because usually the demand for this route
(its inbound link inflow) cannot be modified. But this is also true for route 2,
where part of the inbound link inflow is diverted to the bypass because of the
DUE discipline. In Fig. 10 (b), we see that once n reaches n., the controller
reduces the inflows of routes 2 and 3. As a result, the queue starts increasing
at IL. But this does not necessarily mean that more users will switch to the
bypass because the travel time in the reservoir is better due to improved traffic
conditions (see Fig. B.29 in Appendix B). As shown in (11), the switch ratio
to the bypass is directly governed by the outflow of route 2. Hence, the slight
worsening and then slight improvement of the TTS of route 2 (see in Fig. 12)
are fully explained by the worse and then better outflow of this route in the
control case.
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Fig. 12: Total time spent by the vehicles in whole network (reservoir + inbound link

+ bypass).
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Fig. 13 (a) shows the emission level for NO, and CO, in the reservoir.
For the control case during the congestion period, the instantaneous emission
levels are quite similar. This is because of the emission reduction gained from
increased mean speed and the increase in distance traveled at each time-step due
to better traffic conditions. After the congestion period, the emission level falls,
which reduces the total emission for the perimeter control case. Thus, reducing
congestion through optimal gating has a positive side-effect in terms of emission.
Over all, the controller reduces NO, by 1.52 kg and CO, by 223.06 kg, with

significant improvement in the mean speed (see Fig. 13 (b)).
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Fig. 13: Emission level of NO, and CO, (a) and mean speed (b) in the reservoir.

5.2. Case II: Outflow Restriction on Route 2

In this case, congestion occurs because outflow is limited on route 2 (gou,2)
by 0.6 veh/s, mimicking what will happen in the case of an accident, for example.
There is no restriction on the maximum outflows of routes 1 and 3. Fig. 14

shows the route-wise and total input demand considered for this case. Demand
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profiles are given such that controller performance can be tested for congested

(from time 1000 to 4500 s) and free-flow traffic states.
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Fig. 14: Inflow demand profile used in case II.

Fig. 15 (a) depicts the response of uncontrolled and perimeter gating con-
trol cases in terms of accumulation. It can be seen that from time 1000 s, as
total demand starts increasing the total accumulation of vehicles also continues
increasing. In the control case, the PI controller keeps congestion at n., by
manipulating the inflows at the perimeter, as shown in Fig. 15 (b). To keep n
at n., outflow at the exit is maintained at the same value as inflow (see Fig. 15
(c)). For the uncontrolled case, around 5500 s, we can see the bump in the
total outflow due to the discharge of vehicles stored in the reservoir once traffic
conditions are improved after the demand peak. It is interesting to observe that
there is no bump in the perimeter control case because of the improved outflow

during the onset of demand.
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Fig. 15: Total Accumulation (a), inflow (b), and outflow (c) inside the reservoir.

Fig. 16 (a) shows the route-wise accumulation response of the uncontrolled
and controlled cases. Due to the restriction on gout,2 of 0.6 veh/s, we can see that
as the controller reaches n., inflows gin 2 and gin,3 suddenly decrease to keep the
total accumulation at the desired value (see Fig. 16 (b)). Consequently, gout,2
and gout,3 reach steady state at 0.6 veh/s (see Fig. 16 (c)). The gin,1 remains
unchanged as it is fixed to a constant flow. However, we can see an improvement

in the gout,1 during the high demand period to keep n at n..
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Fig. 16: Accumulation (a), inflow (b), and outflow (c) for each route inside the reser-

Voir.

Fig. 17 shows the consequence of control in the form of queues at the perime-
ter and an accumulation of vehicles on a bypass. In this case, as expected during
the congestion period, route 2 has a large queue in the control case due to the
restriction on the outflow. The accumulation on the bypass is exactly the same
in the uncontrolled and control cases due to the same outflow in both cases (see
our previous explanation about Fig. 12). Route 3 has a smaller queue in the

control case due to the increase in its inflow and outflow.
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Fig. 17: Accumulation of vehicles on the inbound links and the bypass.

Fig. 18 depicts the total time spent for the vehicles traveling on each route.
For the perimeter control, it can be seen that: (a) the TTS of routes 1 and
3 are reduced by 36.84% and 44.89%, respectively (b) but the TTS of route
2 is relatively unchanged because similar outflows are observed in both the

uncontrolled and control cases (see also the explanation of Fig. 12).
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Fig. 18: Total time spent by the vehicles in the whole network (reservoir + inbound

link 4+ bypass).

Fig. 19 (a) shows the emission levels of NO, and CO,, respectively. It
can be seen that the instantaneous emission levels of NO, and CO, are quite
similar in both the uncontrolled and control cases, though slightly higher during
congestion in the control case. As explained previously for Fig. 13 (a), this is
due to a compensation effect between the increased mean speed and the increase

in the distance traveled at each time-step.
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Fig. 19: Emission level of NO, and CO, (a) and mean speed (b) in the reservoir.

5.8. Case III: Outflow Restriction on Route 3

In this case, congestion is created by imposing the restriction of 0.65 veh/s on
(Gout,3), whereas there is no restriction on the maximum outflow rate of routes
1 and 2. Fig. 20 shows the input demand profile used in this case. The main
difference with the previous case is that route 3 has no alternative and users

will have to go through the reservoir whatever the action of the gating scheme.

34



Demand A(t)
[veh/s]

0.6 -
0.2 L L L L
0 2000 4000 6000 8000 10000
Time ¢t [s]
= Total ===Route | === Route 2 == Route 3

Fig. 20: Inflow demand profile used in case III.

Fig. 21 shows the evolution of the response of the uncontrolled and controlled
515  CasSes.
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Fig. 21: Total Accumulation (a), inflow (b), and outflow (c¢) inside the reservoir.

Fig. 22 (a) shows the accumulation of vehicles on each route. It can be
seen that during the congestion period (in controlled case) route 2 has more
accumulation in comparison to route 3 due to the increase in inflow (gin,2) and
the mean speed in the reservoir. Fig. 22 (b) and (c¢) shows the inflow and outflow

profiles of each route.
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Fig. 22: Accumulation (a), inflow (b), and outflow (c) profiles of each route inside the

reservoir.

Fig. 23 illustrates the impact of perimeter control on the queues for routes 2
and 3 and accumulation on the bypass. The effect of the restriction on gout,3, is
that we can see a long queue during the congestion period for the control case.
Due to the increase in gout,2, route 2 has a smaller queue and no vehicle takes

s the bypass.
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Fig. 23: Accumulation of vehicles on the queues and a bypass.

Fig. 24 shows the travel time spent on each route and the whole network.
Due to the restriction on the outflow of route 3, the TTS for the uncontrolled
and control cases is same. However, due to the increase in goy¢,2 in the control
case, the overall TTS of routes 1 and 2 is reduced by 29.57% and 28.86%,

respectively.
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Fig. 24: Total time spent by the vehicles in whole network (reservoir + inbound link

+ bypass).

Fig. 25 shows the instantaneous emission levels of NO, and CO,. In this
scenario, similar emission levels are observed in both the uncontrolled and con-
trol cases, because of the compensation effect previously described for Fig. 13

and Fig. 19.
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Fig. 25: Emission level of NO, and CO, (a) and mean speed (b) in the reservoir.

Table 3 gives the summary of all the indicators for all three test cases con-
sidering the uncontrolled and perimeter control situations. The values given
in the table are calculated for the whole simulation time (10000 s) in the form
of percentage (%) with respect to the uncontrolled case. The values indicated
in red show a negative effect, values in green show a significant positive effect,

and the values in blue show minor positive or negative effects of the control.
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Case Queue Accumulation Total Time Spent Emission NO,, Emission CO, Mean Speed
Ro Rs Bypass Ri Ro Rs Total Res. Queue Bypass Total Res. Queue Bypass Total Res. Queue
I 60.27 13.52 -0.58
II  97.58 0 -0.34 432 0.73 0 1.40 -1.07 0.46 0 0.25 0.07
I11 65.35 -0.10 0.83 5.43 -2.78 5.88 -3.65

Table 3: Performance comparison of uncontrolled and perimeter gating control approach.
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5.4. Emission Minimization

The previous analysis for all three cases shows that improving traffic con-
ditions inside the reservoir also reduces the emission. It may also reduce the
total emission in the system compared to the uncontrolled case because the
supplementary total emission related to the vehicles re-routed on the bypass
alternative with the longer distance is more than compensated by the reduction
in the reservoir. An interesting question is whether it is possible to do even
better for the total emissions in the system with gating? Designing a complete
optimization framework is out of the scope of this study and is currently being
investigated by the authors, but we give certain directions here. Let us first
consider the reservoir, the instantaneous emission curves for NO, and CO, are
provided in Fig. 5. As the free-flow speed is 54 km/h, all the possible emission
levels are represented by the decreasing left branches of both curves. Thus,
minimizing instantaneous emission inside the reservoir consists in making the
speed levels close to the free-flow one since travel distances are constant inside
the reservoir. The extreme case would be to set the speed to 97, but on looking
at the MFD no inflow can enter. Naturally, the emissions are minimized inside
the reservoir as they are equal to zero, but this will force all the vehicles to take
a longer alternative and obviously significantly generate higher total emissions
in the network. We also show that controlling the reservoir at n. improves the
total emission compared to the uncontrolled case. The question now is: is there
a lower control value n. . between zero and n. that would further improve the
total emission. To answer this question, we simply list different values for case
ITI, see Fig 26 (a). Obviously, the lower n. . gives the lower emission inside
the reservoir because: (i) the more the mean speed increases and (ii) the more
severe the gating becomes, the more vehicles take the alternative route, thereby
reducing the demand to the reservoir for route 2. Likewise, it is not surprising
that the emission outside the reservoir increases when n. . decreases, because:
(i) vehicles are queuing more to enter the reservoir, and (ii) more vehicles are
taking the alternative, which increases their travel distance. What is interesting

is to look at total emission. A global minimum is achieved when n.,. = 290,
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which is below the critical accumulation . Thus, a gating strategy can be im-
plemented to minimize total emission in the network; however, determining the
optimal n. . value is challenging. Here, we only presented such a value based
on trials for a given case. Fig 26(b) shows the total time spent for different n. .
values. It can be noted that when decreasing n. . from n., the total TTS in the
reservoir is reduced as we limit the inflow. The total TTS follows an opposite
trend because of longer queues on inbound links and more vehicles on the by-
pass alternative with a longer distance to travel. Interestingly, the total TTS
follows the same global trend as total emission with a minimum for n. = 290.
Therefore, more severe gating may be very effective at the global network scale:
gains inside the reservoir that exclude the loss outside. The only but significant
challenge is to define the optimal value of n. . in practice. Appendix A shows
the results for cases I and II. The optimal n.. value for case I is the critical

accumulation n. . = 400. For case II, the optimal value is n. . = 290.
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Fig. 26: Evolution of the total emission for different control thresholds (n.,) for case

II1.
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6. Conclusion

This paper proposed a complete modeling framework to assess the global
effect of gating control at the entries of an urban area. This framework com-
bined a reservoir characterized by the accumulation-based MEFD model, inbound
links defined with the point-queue model, and bypass alternatives represented
by piece-wise constant travel time functions corresponding to the steady-state
approximation of the MFD model. The strength of this framework is its abil-
ity to determine the instantaneous path-flow distribution between reservoir and
bypass routes following UE discipline. This permits controlling the full conse-
quences of the gating strategy by considering that the demand to the reservoir
may be elastic as users may favor switching their initial itinerary if travel times
make some other alternative competitive. Considering this effect is paramount
to provide a complete vision of full network functioning and provide a global
assessment in terms of traffic efficiency and emission. The performance and
impacts of the perimeter gating controller were tested in simulations of traf-
fic congestion scenarios created by increasing internal trips and restricting the
outflows. The results showed that the gating control scheme improves traffic
conditions inside the perimeter with a small impact on the outside traffic condi-
tions, because users make their route choice and reconsider the reservoir option.
This keeps the queue at the reservoir gate at a reasonable size. In every case,
the results of the perimeter gating controller were compared with a uncontrolled
case. Comparative analysis showed that the gating control scheme improves the
total time spent in the network and mean speed at the cost of a small increase
in the queues at the inbound links. We showed that gating strategy can be used
to minimize total emission in the network by using the PI controller to track
an accumulation value lower than the critical accumulation. Determining this
optimal value is very challenging and requires further analysis. The future goal
of this research is to generalize the proper framework to account for multiple
bypass routes and cities partitioned in multiple reservoirs with gating at all

perimeter entries.
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Appendix A. Emission Minimization: Case I and II
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Fig. A.28: Evolution of the total emission for different control thresholds (nc,) for

case II.

Appendix B. Exact Predictive Travel Time

We present here the evolution of the exact predictive travel time Ty, ;(t) +
T;(t + Typ,i(t)) for vehicles entering route 2 and 3 at ¢ (i = 2,3). This travel
time is composed by the exact predictive travel time on the inbound link 77z, ;
and in the reservoir T;, as defined in Section 3.3.

Fig. B.29 shows the exact predictive travel times in case I. It can be seen that
the gating control reduces travel time for routes 2 and 3 inside the reservoir.
This is due to the increased mean speed in the reservoir. For route 2 (reservoir +
inbound link), the travel time matches with 7;” in the uncontrolled and control
cases. For route 3 (reservoir + inbound link) in the control case, the travel time
is decreased due to the increase in inflow and outflow. This illustrates the DUE
discipline in both the uncontrolled and control cases. However, in the control

case switching time to the bypass is sooner in comparison to the uncontrolled
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case. The travel time for the uncontrolled and control cases is different due to

the diversion of some vehicles on the bypass (see Fig. 11.)
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Fig. B.29: Exact predicted travel time for vehicles inside the reservoir and in the

inbound links for the case I.

Fig. B.30 shows the profiles of exact predictive travel times in case II. It can
be seen that the total travel time for route 2 (reservoir + inbound link) in both
uncontrolled and control cases are identical. As discussed in Section 5.2, gating
control is unable to improve the global situation of route 2 (reservoir + inbound
link) due to the exogenous limitation on the outflow of this route. This explains
why the total travel time in the control case is same as the uncontrolled case
even if the travel time in the reservoir is notably reduced (congestion is moved
from inside to outside the perimeter). The travel time on route 3 for vehicles
in the inbound link is short in the control case due to the smaller queue and

increased inflow and outflow.
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Fig. B.30: Exact predicted travel time for vehicles inside the reservoir and in the

inbound links for the case II.

Fig. B.31 shows the exact predicted evolution of travel time in case III. In this
case, as the outflow limitation is on route 3, a similar phenomenon is observed
for this route to that of route 2: total travel time (reservoir + inbound link) is
the same in both uncontrolled and control cases. In the control case, vehicles
on route 2 (reservoir + inbound link) experience a shorter travel time than for
the uncontrolled case. As the travel time of vehicles on route 2 is shorter than
T, no vehicle is diverted to the bypass and therefore there is no accumulation

on a bypass.
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Fig. B.31: Exact predicted travel time for the reservoir and the inbound links for case

II1.

Appendix C. Output Production MFD

We present here the total exit production of the reservoir versus total ac-
cumulation for the uncontrolled and perimeter gating control cases. The exit
production is calculated as the sum of all route outflows multiplied by their trip

length inside the reservoir:

out Z Lonut A (Cl)

where N = 3 is the number of routes inside the reservoir. Py (t) shows the
performance of the network under free-flow and congestion states.

Fig. C.32 illustrates the evolution of Puyu(t) versus n(t) in case I. For the
uncontrolled case, we observe over-saturation in the reservoir as the accumula-
tion n(t) exceeds the critical accumulation n.. The exit production decreases

during congestion due to the drop in mean speed, as the result of the high
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number of internal trips. We also notice a clockwise hysteresis loop during the
congestion period. This loop is explained by the reservoir dynamics with differ-
ent trip lengths: during recovery, the lower exit production is due to the lower
outflow on route 2 which has a long trip length, see also Fig. 16. It can be seen
that gating controller limits the accumulation of vehicles from going beyond the

reference value n..
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Fig. C.32: Production MFD at the exit of reservoir for case I.

Fig. C.33 shows the evolution of Pyt (t) versus n(t) in case II. For the un-
controlled case, we observe a large counter-clockwise hysteresis loop, which is
due to the differences in traffic dynamics between the onset and offset of con-
gestion. During the loading of the reservoir at the beginning of the simulation,
the outflow limitation on route 2 also impacts the outflow of other routes be-
cause of the outflow inter-dependency relationships described in (6). Basically,
these relationships represent the effect of the drop in mean speed during con-
gestion, which applies to all the routes equivalently. This explains the low and

almost constant exit production during the onset of congestion. But once the
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route flow demands decrease after ¢ = 5000 s, the reservoir can recover: the
mean speed increases and so does the outflow of routes 1 and 3 to discharge
the vehicles inside the reservoir, see also Fig. 22. This is the reason for the
higher exit production during the offset of congestion. Note that the recovery
process is possible due to our assumption of a maximum outflow demand in
over-saturation regime, see (7a). More details can be on this in Mariotte et al.
(2017); Mariotte and Leclercq (2018). For the control case, however, the total
accumulation is maintained at n. during recovery, so that the hysteresis loop

observed is much smaller.
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Fig. C.33: Production MFD at the exit of reservoir for case II.
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Fig. C.34: Production MFD at the exit of the reservoir for the case III.

Fig. C.34 shows the evolution of Py, (t) versus n(t) in case III. Because the
mechanism of outflow limitation on route 3 is very similar to the limitation
in the previous case II, we also observe quite a similar pattern in this case.
Indeed, the counter-clockwise hysteresis loop in uncontrolled case is due to the
low outflow of all the routes during the onset of congestion, and the higher
outflow discharge once the reservoir recovers. As in case I1, the controller keeps
the total accumulation close to n., which explains the smaller hysteresis pattern

observed in this case.
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