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is essential to incorporate real-time robustness against travel demand fluctuations into a
pragmatic perimeter control strategy. This paper proposes robust perimeter control algo-
rithms based on partial information feedback from the network. The network dynamics
are modeled using the concept of the Macroscopic Fundamental Diagram (MFD), where a

ﬁi{affi&fundamenml diagram heterogeneously congested network is assumed to be partitioned into two homogeneously
Gating congested regions, and an outer region that acts as demand origin and destination. The de-
Observer based control sired operating condition of the network is obtained by solving an optimization program.
Robust H-infinity control Observer-based H,, proportional (P) and proportional-integral (PI) controllers are designed
Traffic flow based on Lyapunov theory, to robustly regulate the accumulation of each region and con-

sequently to maximize the network outflow. The controller design algorithms further ac-
commodate operational constraints by guarantying: (i) the boundedness of the perimeter
control signals and (ii) a bounded offset between the perimeter control signals. Control
parameters are designed off-line by solving a set of linear matrix inequalities (LMI), which
can be solved efficiently. Comprehensive numerical studies conducted on the nonlinear
model of the network highlight the effectiveness of the proposed robust control algorithms
in improving the congestion in the presence of time-varying disturbance in travel demand.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Congestion in cities is rapidly increasing due to population growth and the limited capacity of road networks. Among the
remedies to this rising problem are: (i) infrastructure construction, (ii) congestion pricing, and (iii) improving the efficiency
of traffic control strategies. Solution (i) is extremely costly and solution (ii) despite sound theoretical support is still hindered
by political barriers. On the other hand, solution (iii) could potentially provide cost effective and sustainable resolutions that
can be implemented in conjunction with the other methods to alleviate congestion.
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The most common method of traffic control in urban networks is through traffic signals. However, controlling multiple
traffic signals in a complex and large urban network in a centralized manner is challenging both mathematically and com-
putationally. This is due to several complexities such as uncertainties in travel demand, lack of real-time measurements of
traffic flows and queue lengths at every intersection, as well as the curse of dimensionality stemming from the size of the
problem increasing with the number of controlled intersections. Modeling the traffic dynamics of networks at the macro-
scopic scale provides an opportunity to reduce the complexity of the microscopic interactions. This is achievable using the
concept of the Network Macroscopic Fundamental Diagram (MFD or NFD) Daganzo (2007); Geroliminis and Daganzo (2008),
which relates the rate that vehicles inside the network finish their trips to their accumulation.

The outflow-accumulation MFD, in conjunction with the conservation of flows principle, can be used to de-
rive an accumulation-based macroscopic dynamic model of a single traffic network or multiple traffic subnetworks
Geroliminis et al. (2013); Mahmassani et al. (2013); Kouvelas et al. (2017); Haddad and Mirkin (2017). The speed-
accumulation MFD can be further used to develop event-based modeling of trip duration and congestion level
Mariotte et al. (2017). The accumulation-based dynamic model can be used to control the inflow and outflow of the
regions by controlling the traffic signals on each region’s perimeter, with the objective of regulating the accumula-
tion of vehicles inside the region in real-time Geroliminis et al. (2013). This city-level control scheme, i.e. perime-
ter flow control, has been studied in the literature, from different perspectives Geroliminis et al. (2013); Keyvan-
Ekbatani et al. (2012); Ramezani et al. (2015). An MFD further enables investigation of congestion pricing Liu and Gerolimi-
nis (2017); Gu et al. (2018), region-based routing Yildirimoglu et al. (2015); Leclercq et al. (2015); Yildirimoglu et al. (2018),
large-scale analyses of multi-modal networks, e.g. Ramezani and Nourinejad (2018); Amirgholy and Gonzales (2016);
Loder et al. (2017); Chiabaut et al. (2018), and network-wide demand management Yildirimoglu and Ramezani (2019). More-
over, MFD estimation has been studied in e.g. Leclercq et al. (2014); Laval and Castrillon (2015).

Part of the MFD-based network perimeter control literature focuses on nonlinear control algorithms such as model
predictive control (MPC), which generally require real-time network state variables and prediction of demand (see
e.g. Geroliminis et al. (2013); Ramezani et al. (2015); Yang et al. (2018)). Although MPC algorithms have shown promis-
ing performance when applied to single and multi-region networks (e.g. Ramezani et al. (2015)), their implementation is
often computationally expensive (depending on the prediction time horizon) compared to classical feedback regulators such
as proportional-integral-derivative (PID) controllers. In addition, MPC robustness to accommodate model uncertainties and
unpredicted demand disturbances needs careful attention.

Linear control techniques such as PID and adaptive control algorithms on the other hand, provide cost effective and prag-
matic solutions that can handle parametric uncertainties and bounded disturbance effects Aboudolas and Geroliminis (2013);
Kouvelas et al. (2017); Haddad and Mirkin (2017). Kouvelas et al. Kouvelas et al. (2017) employ a dynamic MFD model of the
network by neglecting the internal dynamics (as in Aboudolas and Geroliminis (2013)) and design a proportional-integral
(PI) controller using an adaptive fine-tuning algorithm based on heuristic techniques. Haddad and Mirkin in Haddad and
Mirkin (2016, 2017) propose adaptive control algorithms that guarantee the asymptotic stability of the controlled networks
in the presence of the system’s parametric uncertainties and disturbances. However, the proposed methods neglect inherent
bounds on the perimeter control signals in the controller design process. Very recently, Zhong et al. Zhong et al. (2018a) pro-
posed nonlinear control algorithms for robust perimeter control of a two-region traffic network based on the Lyapunov
theory. They extended the proposed algorithm to a multi-region network in Zhong et al. (2018b).

A few existing algorithms consider the real-time variation of demand from the nominal values (e.g. Haddad and
Mirkin (2017, 2016); Ampountolas et al. (2017); Zhong et al. (2018a,b)) in the controller design process. This is crucial as
demand disturbances (as in Kouvelas et al. (2017); Geroliminis et al. (2013); Aboudolas and Geroliminis (2013); Keyvan-
Ekbatani et al. (2015)) may result in degraded performance of the closed-loop controlled system. H,, control synthesis
Doyle et al. (1989); Gahinet and Apkarian (1994) provides an effective method for designing control algorithms for lin-
ear or nonlinear systems, to ensure the stability of the system in the presence of bounded disturbances. This method has
been applied to robust ramp metering of freeways Lemarchand et al. (2011). However, H., control has not yet been consid-
ered for the perimeter control of MFD-based traffic models. Moreover, the literature has generally assumed that the traffic
state information is fully observable Geroliminis et al. (2013); Kouvelas et al. (2017); Haddad and Mirkin (2017); Keyvan-
Ekbatani et al. (2012); Ramezani et al. (2015). This includes accumulation of vehicles in the network, together with the
number of vehicles that aim to finish their travel within the network or have a destination outside the network. However,
real-time collection of the data related to the destination of each traveller is difficult and may not be feasible in the fore-
seeable future. Additionally, the majority of the literature assumes uncorrelated perimeter control values for the inbound
and outbound travel directions. Although, this strategy results in more degrees of freedom (DoFs) for the controller, it may
result in impractical signal timing at the controlled intersections Luk and Green (2010). For instance, it is possible that we
attain u,; = 0.2 for the high demand direction and u;, = 0.9 for the opposite direction, to maintain the accumulation of the
inner Region 1 at a desired level (see Fig. 1). Note that u;; is the gated transfer flow to demand ratio from Region i to Region
j, i, j={1,2} (see the nomenclature below). Therefore, as a consequence of gating for an intersection that connects Region
2 to Region 1, we might allocate 90% of the green time to the less congested direction (movement towards Region 2), while
only 20% of the green time is allocated to the opposite direction (movement towards Region 1) that is heavily congested.

Motivated by the above, we propose effective robust control algorithms to address the above problems for a network par-
titioned into two homogeneous regions (subnetworks) with two controlled perimeters. To this end, optimal permissible set-
point accumulations and Steady-State (SS) control signals are computed by solving an optimization problem, given the nomi-
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Fig. 1. The schematic diagram of the network representing the MFDs, control signals, and demand generated within the regions, or transferred between
the regions. Demand generated from the outer region Ry is gated at Perimeter 2, in a way that flow Qo ug; is added to the traffic in R, with destination in
R, (i.e. ny,), and flow Qp;ug; is added to the traffic in R, who aim to finish their travel in Ry (i.e. ny;). Note that the accumulation of the outer region Ry
is neither modelled nor controlled.

nal demand during the demand peak period. Furthermore, we develop observer-based robust Hy, linear control strategies for
the linearized model of the network based on Lyapunov theory, which is an energy based method (see Doyle et al. (1989);
Gahinet and Apkarian (1994); Khalil and Grizzle (2002) for more information on Lyapunov theory and H,, robust control,
and Mohajerpoor et al. (2015a,b) for more information on observer design). Proportional (P) and proportional-integral (PI)
control architectures are separately designed, and their stability conditions are expressed in terms of Linear Matrix Inequali-
ties (LMIs), which can be efficiently solved by any convex optimization algorithm Boyd et al. (1994). The controllers account
for bounded variations of demand from the nominal value, and guarantee the boundedness of the control actions. More-
over, the design algorithms ensure the difference of control signals on each perimeter remains within a given threshold. A
pseudo bang-bang control scheme is further proposed mainly for benchmarking purposes. We provide results of numerical
experiments to elaborate the controller design procedure and highlight the effectiveness of the proposed control algorithms.
Given the nonlinear nature of the network, the controllers’ robust performance in efficiently regulating the accumulation of
each region is emphasized.
In summary, the contributions of the paper are as follows:

Admissible set-point accumulations and set-point control signals are obtained off-line from an optimization problem.
The controllers are designed based on the Lyapunov theory to guarantee the asymptotic stability and robust perfor-
mance of the linearized model in the presence of bounded demand disturbances. Control parameters are obtained off-
line from solving a convex LMI program, which can be efficiently solved (computational complexity is polynomial time
Boyd et al. (1994)).

Employing the observer in the control structure, the controller only intakes partial information feedback from the net-
work, instead of the full state measurements. This mitigates the existing barriers in real-time collection of data related
to the destination of travellers.

The controller design algorithm limits the perimeter control signals of the linearized model within the minimum and
maximum values. The controller design algorithm further guarantees a bounded offset between the control signals of
the inbound and outbound directions.

The rest of the paper is organized as follows. Nonlinear dynamics of the network and the linearization of the model are
introduced in Section 2. Section 3 presents the proposed robust control algorithms. Illustrative numerical experiments are
given in Section 4, and a summary and discussion of future direction are given in Section 5.

2. Dynamic modelling of the network
2.1. Preliminaries

Notations: Throughout the paper, R™ denotes the vector space of real m-tuples; R™*P the space of m x p real matri-
ces; S™M the space of m x m real symmetric matrices; I, the m x m identity matrix; 0 the zero matrix with appropriate
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dimension; He(X) = X + XT for a square matrix X and X~! denotes its inverse; diag(Xj, ---, Xm) indicates a block diagonal
matrix with matrices X; to X;; on the diagonal; ||x|| is the Euclidean norm of vector x; e, is a row vector with appropriate
dimension with element number v >1 equal to 1 and all the other elements of 0; X, indicates the row number v of array
X (i.e. X,y = e,X); and ||X]||F is the Frobenius norm of matrix X. Moreover, M > 0 (< 0) and M > 0 (=< 0) indicate that square
matrix M is positive (negative) definite and positive (negative) semi-definite, respectively.

Nomenclature

n(t) Accumulation of Region i at time ¢, [veh]

n{: Jam accumulation of Region i, [veh]

ng* Critical accumulation of Region i, where the maximum outflow occurs, [veh]

n; Steady-state (or equilibrium) accumulation of Region i, [veh]

n(t) Number of vehicles in Region i with destinations in Region j at time t, [veh]

Gi(n;(t)) Outflow of Region i, [veh/s]

Qui(t) Controllable demand from the outer Region O to Region i, [veh/s]

u;(t) Transfer demand flow split from Region i to Region j that is allowed to cross the perimeter, that is the perimeter control signal at time t
q;(t) Demand generated in Region i with destination in Region j at time t, [veh/s]

§i Prescribed difference between the inbound and outbound perimeter control signals on Perimeter i = {1, 2}
Qn Set {1, 2, 11, 22, 10, 20} as indices for the elements of the state vector

Qu Set {12, 21, 02, 20} as indices for the elements of the control vector

Q Set {0, 1, 2} as indices for the regions

In this paper, without loss of generality, and for the sake of simplicity, the traffic network is assumed to be partitioned
into three regions. Based on this assumption, our network comprises two regions, each represented by a well-defined MFD,
and an outer region, 0, which generates controllable demand to Region 2 that includes vehicles with destinations in Regions
1 and 2 (i.e. Qg;(t), i = {1, 2}). Regulating the accumulation of Region 0 is not of interest, as we assume it comprises suburban
areas and pertains a large capacity to store vehicles, thus it less likely gets congested. Therefore, vehicle accumulation and
traffic dynamics of Region 0 are not incorporated into the model.

A schematic diagram of the inner and outer regions, their MFDs, perimeter control locations, and demand flows are
depicted in Fig. 1. Note that in this paper, the perimeter control also regulates the transfer flow over the outer bound-
ary between Regions 2 and 0. This has not been considered in the majority of papers on network perimeter control, see
e.g. Geroliminis et al. (2013); Kouvelas et al. (2017); Haddad and Mirkin (2017) among others.

The number of vehicles in each region can be expressed as the sum of the number of vehicles moving towards a desti-
nation inside the region and the number of vehicles moving towards a destination outside the region:

ny(£) = ny (8) + npa(t) + nyo(t), (1a)

na(t) = nop () + nop () + Ny (), (1b)

where n;, i = {1, 2}, is the accumulation of Region i, and n; is the number of vehicles in Region i with destinations in Region
jer=1{0,1,2}.

The aim of the controller is to adjust the proportions of the flows permitted to travel between the regions (i.e. uyy(-),
Up1(-), uga(-), and uy(-)) using a robust feedback regulator. Moreover, there must be a lower-limit and an upper-limit for
the control signal u(t), k € Q4 = {12, 21,02, 20}, to realize the minimum and maximum green to cycle time ratios of the
intersections that are controlled by the perimeter control strategy:

0<uf <u(0) uf™ <1 i={12,21},

' (2)
0<uf <u;(t) <uf™ <1  j={02,20}.

Conditions in (2) imply the general operational constraints on the signal timing of the controlled intersections on each
perimeter. For instance, a control signal cannot be equal to one, since under a high inter-region demand the full cycle
length of each controlled intersection on the perimeter should be devoted to the green time of the phase serving vehicles
moving towards a region. This will result in the full blockage of the other conflicting movements at the intersection, which
is not feasible.

Furthermore, most of the existing perimeter control algorithms assume uncorrelated perimeter control values (i.e. green
times) for the inbound and outbound movements. This assumption provides more DoF for the control algorithm in achieving
the controller objectives. However, this might not be implementable in practice, because the green times for opposite flow
directions (enforced by pairs (u(t), upq(t)) and (ugy(t), uxe(t))) might belong to the same phase, and hence be correlated.
Accordingly, we relax this assumption in this paper, and consider that the difference between perimeter control values of
the inbound and outbound directions is bounded. These constraints on the perimeter control signals read as:

=81 < Uz (8) —up2(t) <6y,

3
8, < iy (t) — gy (t) < 8. 3)

where 0<§; <1, i={1,2}, is the upper-bound of the allowed difference between the inbound and outbound perimeter
control values of perimeter i. As a special case, §; = 0 implies equal gated proportions of demand crossing perimeter i.
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2.2. Nonlinear dynamics of the network

The following assumptions are used in deriving the mathematical model of the network: [A] vehicles with internal trips
in a region do not cross the perimeters, [B] trip lengths of vehicles within a region with internal or external destinations are
similar and time-invariant, [C] the internal (external) trip completion rate in each region is proportional to the accumulation
of vehicles in the region with internal (external) destinations Geroliminis et al. (2013), and [D] the receiving capacity of each
region is not incorporated into the model. Considering the conservation of flows principle, together with Assumptions [A-D],
the equations below describe the nonlinear model of traffic propagation in the network:

i (0 = =061 01 (0) + T2 G ma ) O+ 0. (42)
fa(t) = =72 Go(ma (1) + T2 G (M (O ) + Qon (Otica (1) + G2z 1) (4b)
i ©) = 2061 (m ) ©) + 0120, (40
i (0) = =220 G (1 (0t () + Qon (O ©) + 40 0, (4)
o©) = =Gy (11 () ) + o (©), (4e)
0 (©) = — T2 G (1 ()t (©) + 2 Gy 0 0 ©) + €00, (40

where G;(n;(t)) is the outflow of Region i {1, 2} at time ¢ with accumulation n;(t), given by the MFD. Qy; is the controllable
exogenous demand (passing through controlled intersections) from outer Region O to Region 2 with destination in Region i,
and g;; is the exogenous (uncontrollable) demand from Region i {1, 2} with destination in Region j e €.

Assumptions [A-D] are the principal assumptions used to derive the dynamic model (4). They have been used in the
majority of previous studies on the control of MFD-based traffic networks (see e.g. Geroliminis et al. (2013); Keyvan-
Ekbatani et al. (2012); Kouvelas et al. (2017); Haddad and Mirkin (2017); Ramezani et al. (2015)), and they have been
discussed in Daganzo (2007); Geroliminis and Daganzo (2008); Ramezani et al. (2015). Assumption [A] ensures that the
outflow of a region corresponding to the external trips does not contain the flow of vehicles with internal destinations.
Otherwise, there would be a portion of flow n;/n;G;(n;) travelling to the other region adding to n, (ie{1, 2}, je 2, and
i#j) Yildirimoglu et al. (2015). Assumption [B] can be readily relaxed by considering a production-MFD and its relation to
outflow-MFD. This has been studied in Ramezani et al. (2015) among others. Assumption [C] relates the region’s outflow to
the ratios between the accumulations based on the destination, which holds in steady-state conditions (Little’s law). More-
over, Assumption [D] ensures that there is enough receiving capacity in a region for the demand flow that is transferred
from the other regions. Otherwise, if for example Region 1 does not possess enough receiving capacity for the transfer flow
demand from Region 2, due to e.g. the congestion of downstream links, then only a portion of the demand can be trans-
ferred, violating model (4). This is a not a limiting modeling assumption when a proper perimeter controller is applied as
the controller should avoid the gridlock of the regions. A detailed modeling approach to address the receiving capacity for
smaller subregions is studied in Ramezani et al. (2015).

Aggregating (4) using (1), we obtain:

in(®) = = 31061y 6)) - M2 EROC G 0y + T2 G0 () + s 1), (52
fa(t) = — T2 Ga(na(0) + 20RO G )y

- TG ma () 6) + Qo (O

- 2 Ga a0 ) + o 1), (5b)

where dq(t) = g1 (t) + q12(t) + q10(t), do(t) = g2 () + G21(t) +q20(t), and Qo(t) = Qo1 (t) + Qo2 (t). In this paper, we as-
sume that the MFD of each region is well-defined and can be approximated with a third-order polynomial:

Gi(n;(t)) = c3imi(t)* + comi(£)? + cimi(t), (6)

where c3;, ¢y, and c¢q; are MFD functional form parameters, i e {1, 2}.
2.3. Steady-state condition

The primary step in linearizing the nonlinear dynamics of the system (4) and (5) is to obtain the equilibrium (inter-
changeably used with steady-state) traffic states nj, nj‘J and control signals u#, given an estimation of the expected nominal
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values of demand q;‘j and Qg; (ie{1, 2}, je 2, and ke €2y). As such, finding the equilibrium states nj; and control signals uj
can be carried out by solving the following system of nonlinear algebraic equations (8 equations and 12 unknowns):

n?l n31 * *
——Gi(n}) + =G (n3)uzy + 47, =0,
m m
_n;ZG (n*)+n7;(26 (n*)u* +Q6<u* + =0
n 21, nt 1)Uy 2Ugy T3 = U,
nTZ G %\ 4% -0
- nflf 1(“1)”12 +q;, =0,
n;l * * * g% *
T Go(m3)u3; + Qgugy + G5, =0, (7)
2
_nTOG (n*)u* + * 0
n 1(M)Up +q =L,
Mo Mo
T Ga(ny)u0 + n761 (n)ui; +q3 =0,
1

2
* * * gk
ny + Ny, + Ny =1y,
* * * *
Ny, + Ny + My =1,.

Note that uf should fulfill constraints (2) and (3), and the last two equations imply that two states are redundant, and can
be eliminated resulting in 6 equations and 10 unknowns. In addition, measuring or estimating the nominal (equivalently
steady-state) demand q;*j and Qg; is achievable in practice using existing data sources such as vehicles and drivers equipped
with GPS devices, and connected vehicles such as taxi fleets Hamedmoghadam-Rafati et al. (2017). The data sources are
becoming richer and more accessible every year.

Desired set-point accumulations of each region are ideally defined to maximize the outflow of each region simultane-
ously, i.e. nj = n{’. However, this aim may not be necessarily achievable, because the regions are interconnected, and the SS
exogenous demand and constraints on the SS perimeter control signals (defined in (2) and (3)) may force one or both regions
to operate in the congested (uncongested) regime, where the SS accumulation is higher (lower) than the critical accumula-
tion. A few papers have studied obtaining optimal set-point accumulations Kouvelas et al. (2017); Kutadinata et al. (2016).
Kouvelas et al. Kouvelas et al. (2017) employed an adaptive fine tuning algorithm (a data-driven approach) to update the
set-point accumulations in real-time, together with the control parameters. Kutadinata et al. Kutadinata et al. (2016) em-
ployed a Nash extremum seeking scheme to update the set-point accumulations in real-time to optimize a certain objective,
such as network outflow.

Alternatively, we propose an optimization problem to seek the optimal set-point accumulations n} and nj‘] and equilib-
rium perimeter control values uj, k< 2y, given the steady-state (SS) demand q;‘j and Qg; while ensuring the SS perimeter
control signals are feasible:

minimize Y7, B;(n; — nd)?
n! ,nij,uk
Subject to : (7),

0 < {n}, nf} < o,
W < {5} < g
w3 < (U, 3o} < U™

-0y < uj, —uj, <01,
=8y Sy —ug, <8y,

where nf‘ is the prescribed desired accumulation of Region i, u;”“i" and uf™* are the SS lower and upper bounds of the

control signals (u;™" < u;‘mi“ and uf™* <u;M*), 0 <a; <1 is a constant coefficient to specify the maximum allowable SS
accumulation of Region i€ {1, 2}, and B; is a positive prescribed weighting parameter that characterizes the relative impor-
tance of Region i with respect to the other region. If the inner region has the priority to achieve the maximum outflow,
then its associated weight, i.e. 81, should be larger than S,.

The optimization problem (O1) is nonlinear and non-convex. The non-convexity of the problem arises from the nonlinear
equality constraints (7). The problem can be efficiently solved for the local optimal solution via existing nonlinear optimiza-
tion programs. It is clear that setting the initial set-point accumulations at the desired values, the local optimal solution is
conceivably the global optimal one, provided that it is not located far from the desired set-point values. Nevertheless, as
long as the solution space is not empty, a local optimal solution can be found.

A special aim could be enforcing the SS accumulation of region i to be exactly equal to its desired value. This could be
simply achieved by modifying (O1), through nullifying the associated weighting coefficients (8; = 0), and substituting n; =
nf. Consequently, the program becomes a feasibility problem that might have no solution. This point is further elaborated
via an example in Section 4. Nevertheless, if we do not restrict the set-point accumulations to be exactly equal to their
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desired values, the optimization problem (O1) will always find an admissible SS condition that minimizes the objective
function in the solution space, unless the feasible solution space defined by the constraints of (O1) is empty. In case the
solution space is empty, there will be no feasible control action that can avoid the over-congestion of one or both regions
(defined by accumulations ot,»nji).

2.4. Linearization of dynamic equations

The dynamic model (4) is nonlinear, whereas the proposed controller is a linear controller. Accordingly, the controller
design requires the nonlinear model (4) to be first linearized at the equilibrium states, control signals, and demand de-
rived through solving optimization problem (O1). The state space dynamic model of the linearized system is derived in this
section.

Let us describe the dynamics of the system using (4a), (4b), (4e), (4f) and (5) as we choose the independent states of the
system as nq, ny, Ny, Ny, Nqg, and nyg. The nonlinear dynamics can be written in abstract form as:

n;(t) = fi(ng, ) + d;(0),

where fi(n;, u); ie Qp={1,2,11,22,10,20}, k € ,, are the nonlinear terms on the right hand side of (4a), (4b), (4e),
(4f) and (5), and d;(t) = q;(t), i€ Qn\{1, 2}. Linearizing the above equations at the SS values of the states, control signals,
and demand can be carried out as:

. 0
Ani(t)zjeig: flA ](t)+zaf’Auk(t)+Ad (1),
where An;(t) = ni(t) —nf, ieQn, Au(t) =uw(t) —ug, keQy, Ad;j(t) =d;(t) - d;f (e Rn\{2, 22}), Ady(t) =dr(t) —d5 +
(Qo(t) — Q%)ug,. and Adyy (t) = dyo(t) — di, + (Qoa(t) — QF,)up,. As such, the linearized dynamics are:

Af(t) = AAN(t) + BAu(t) + Ad(t), ®)
y(t) =CAn(t),

where An(t) = [Any(£). Any(t), Anyp(t), Anyp(t)., Anyg(t). Any(D)], Au(t) = [Auga(t), Auyi(t), Augy(t), Auy(D)]
Ad(t) = [Ady(t), Ady(t), Adq1(t), Adyy(t), Ad(t), Adyg (t)]T, y(-) is the measurement output from the network,
AecRSn>Sn BeRSn*Su and C e RSP*m are constant matrices that are obtained from the linearization procedure, sp =6 is
the number of states, sy = 4 is the number of control signals, and sp is the number of states that are measured in real-time.
Detailed expressions of the elements of matrices A and B are given in Appendix A.

In practice, it is challenging to measure the number of vehicles in a region based on their destination region. One of the
contributions of this paper is to relax this limitation, in a way that the control framework needs only a subset of the states.
In other words, it is possible to measure only one state in real-time, e.g. the accumulation of the inner region, or the full
set of states. The number of measured states sp can vary from 1 to sp.

Moreover using (2), Au;(t) is bounded as:

—uf < —AuM" < Au(t) < AulM* < 1 —ul, (9)

where Au"® := u* —u* and Au{“i“ = —ulY“i“ +uf > 0. It is assumed that the real-time variation of demand d(t) from its
nominal value is bounded. This constraint can be described as

1Ad(©)]), = \/ /0 Y AdT(s)Ad(s)ds < d, (10)

where d > 0 is a constant scalar that represents the maximum expected sum of squared variations of the demand from its
nominal value at the steady-state equilibrium.

3. Controller design

The aim of the control strategy is to maintain the accumulation of each region at the desired level by allowing only a
fraction of the transfer flows to travel between the regions in real-time. The block diagram of the proposed control archi-
tecture is depicted in Fig. 2.

We develop two classes of controllers, (i) P and (ii) PI. The contribution of this section is the design of the control gains
for the multi-input multi-state traffic model, guaranteeing the asymptotic stability and robust performance of the network.
The controllers are designed for the linearized model (8), and can be applied to the nonlinear system as long as the system
does not considerably deviate from the equilibrium state. The numerical experiments in Section 4 show the output of the
nonlinear model while the controller is designed based on the linearized model.

The controllers are designed under the assumption of partial information feedback from the network, e.g. only measuring
the accumulation of each region, which corresponds to sp =2 and C = [Is,, 0]. Unmeasured states, i.e. ny;(t), naa(t), nio(t),
and nyg(t), are estimated in real-time using a state observer. To design the observer, it is sufficient that the pair (A, C) be
observable or detectable Brogan (1982). If the system is not observable nor detectable, it is still possible to design a functional

Please cite this article as: R. Mohajerpoor, M. Saberi and H.L. Vu et al., H,, robust perimeter flow control in urban networks
with partial information feedback, Transportation Research Part B, https://doi.org/10.1016/j.trb.2019.03.010



https://doi.org/10.1016/j.trb.2019.03.010

JID: TRB [m3Gsc;March 20, 2019;18:3]

8 R. Mohajerpoor, M. Saberi and H.L. Vu et al./Transportation Research Part B xxx (XXxX) XXX

Offline process

r————-—
=

|
_____;_4}_____[

>R

y(®) State = An(t)
observer

1 1

Fig. 2. A block diagram of the P and PI control schemes. The nonlinear dynamics of the network is demonstrated by (1) and (4), and the linearized
dynamics are stated in (8). n*, u*, and d* are the vectors of equilibrium states, control inputs, and demand, respectively. The controller aims at the real-
time adjustment of the control signals u(t), k € €2, in response to real-time variations of demand using a partial information feedback from the network.
Each dashed line indicates that the process is off-line and is not recurrent in real-time, while the solid lines sketch the real-time processes.

d(t)

observer based controller for the system (see Mohajerpoor et al. (2015b,a) for more information on functional observers),
which is a topic for future research.

Remark 1. Note that the origin-destination data is only required in the steady-state condition to define the SS demands qi*j

and Q; (i{1, 2}, je{1, 2, 3}). However, the demand can vary from the SS condition in real-time and the variation is treated
as uncertainty/disturbance. The control algorithm only requires the knowledge on the variation bounds of each demand from
its SS value to achieve a pre-specified Hy, robust performance. The data that should be measured in real-time is defined by
y(t) in (8), which are the accumulations of each region.

3.1. Proportional (P) controller design

We consider an observer-based P controller as follows:
Au(t) = KpAn(t), (11)

where ﬂ() € RS is the estimation of An(-), and Kp € RS***n is the proportional gain to be designed. A full-state Luenberger
observer is considered to estimate the states of the linearized system (8) Brogan (1982):

An(t) = AAR(E) + L(y(t) — CAN(t)) + BAu(t), (12)

where L € R®>5p is the observer parameter to be designed. Therefore, the observation error ey (t) £ Z?l(t) — An(t) has the
following dynamics:

é,(t) = (A—LC)ey (t) — Ad(t). (13)
Let us define xp(t) := [An(t)T, e] (t)]" € R%n. Accordingly, dynamic Egs. (8), (11) and (13) can be augmented as

xp(t) = Apxp(t) + DpAd(t),
z(t) = Cpxp(t),
where z( - ) is the controlled output,

_[A+BKp  BKp [ ks -
Ap = [ 0 A—LC:|, Dp = |:—Is" , and Cp—[]s",o].

(14)

Definition 1. The system (14) is globally uniformly asymptotically stable (GUAS), if the equilibrium point xp(t)=0 of the
system with Ad=0 is GUAS.

In addition to the asymptotic stability, the controller aims to achieve the H,, performance criteria defined below.

Definition 2. System (14) is H. robustly stable, if under zero initial conditions we have J, <0, where J, =
5% (21 (9)z(s) — y? AdT (s)Ad(s))ds for some y >0 Apkarian and Noll (2006).

The robustness gain y characterises the capability of the controller in damping out the effect of disturbance terms. The
lower the admissible gain y, the better performance can be achieved from applying the robust controller. The following
theorem summarizes the proposed design procedure for controller (11)-(12).

Please cite this article as: R. Mohajerpoor, M. Saberi and H.L. Vu et al., H,, robust perimeter flow control in urban networks
with partial information feedback, Transportation Research Part B, https://doi.org/10.1016/j.trb.2019.03.010



https://doi.org/10.1016/j.trb.2019.03.010

JID: TRB [m3Gsc;March 20, 2019;18:3]

R. Mohajerpoor, M. Saberi and H.L. Vu et al./Transportation Research Part B xxx (xXxx) xxx 9

Theorem 1. Consider the linearized dynamics (14). Let L be designed in a way that the eigenvalues of matrix A = A — LC are
placed arbitrarily in the negative half of the s-plane. Given d > 0 and §&;, i = (1,2}, if there exist positive definite matrices W,
and P, € S$*>Sn | and any matrices Kp and Zp € R»>*n | such that the following LMIs and equality constraint are satisfied, then the
system is globally uniformly asymptotically stable.

[He(AW; + BZp) BKp
* He(PBA.) | = 0, (15)
[ Law 0 Zlel
s ﬁﬁva Klel | =0 v={1- s}, (16)
* 1
i %’zw 0 be) .
%Pz efe) =0 i={1,2}, (17)
L * 1
Zp — KW, = 0, (18)

where i, £ Ay _ Aymin® 4 JAuMIn AyMX = 242 4 V(0), G, =[-1,1,0,0], Gy, =[0,0,-1,1], and W(t) is the Lya-
punov function defined in (B.1). The system is further Hy, robustly stable, if the additional LMI below is satisfied for given y > 0:

He(AW; +BZp) W, BKp I,
% -1, ()} 0
. «  He(PA) -p |0 (19)
* * * —)/215,l

Proof. The theorem is proved in Appendix B. O

The LMI (15)-(19) are not convex due to the nonlinear constraint (18). To resolve this problem, we propose a modified
Cone Complementary Algorithm (CCA) Ghaoui et al. (1997), as Algorithm 1. Steps (ii) and (v) of the algorithm are added

Algorithm 1 Modified CCA for designing the control matrix Kp.
(i) Initialization: Solve LMIs (15), (16), (17), and (19) for Wy, Kp for given y > 0, and Zp, and set W10 =W; and KS = Kp.
(ii) Define Kp = Z}}WP”. If LMIs (15), (16), (17) and (19) are feasible with Kp = Kp, W;, and Zp, then choose Kp = K, and
exit the algorithm. Otherwise, proceed to Step (iii).
(iii) Iteration k > 0: If k > kmax, With kmax > 0 as a sufficiently large threshold criterion, then the algorithm does not return
any solution and terminates. Otherwise, solve the following convex optimization problem for W;, Kp, and Zp

miniKmZize |KkW; + KpWf — 2Zp |

Wi .Kp.Zp (02)
Subject to: (15), (16), (17), and (19).

(iv) If replacing Kp by Kp = ZpW; 1 still satisfies LMIs (15), (16), (17), and (19), then Kp < Kp, and exit the algorithm.
Otherwise, proceed to Step (v).

(v) If | KkW; + KpWk — 2Zp||F < 8, with § > 0 as a sufficiently small threshold criterion, then Kp < KK and stop. Otherwise,
k<~k+1, K].f <« Kp and W1’< < Wi, and return to Step (iii).

with respect to the original CCA to accelerate the convergence rate of the algorithm. If the algorithm does not converge,
e.g. by breaching the maximum iteration criterion, then one can sacrifice the controller’s performance by increasing y, and
repeat the algorithm until a feasible solution is obtained.

Remark 2. There are two sources of inaccuracies with an MFD-based dynamic model of a network: 1. uncertainties in de-
mand estimation (modelled as Ad(t) in the paper) and 2. uncertainties and inaccuracies of the MFD model, which are partly
due to the heterogeneity of the network density. The paper focuses on the first source of uncertainties, while treating the
second source of inaccuracy (i.e. model uncertainties) can follow the same methodology proposed here. However, the mod-
elling and controller design procedure should be amended to cope with this extra complexity. Moreover, through modelling
the MFD heterogeneity (as in Ramezani et al. (2015)), one can predict the behaviour of the network, instead of treating the
deviations from the ideal MFD shape as uncertainties. Studying this topic is a crucial future work.
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3.2. Proportional-Integral (PI) controller design

We consider an observer-based PI controller as follows:
— [ —
Au(t) = KeAn(t) +1<,/ An(s)ds, (20)
0

where Kp, K; € RSu*$n are the proportional and integral gains to be designed, respectively. Note that Kp in the P controller
(11) and PI controller (20) should be distinguished.

Let us define xp(t) := [An(t)T, el (t), Au(t)T]" e RZntsu)x1, Accordingly, dynamic Eqgs. (8), (13) and (20) can be aug-
mented with

xpi(t) = Apixpi(t) + Dpy Ad(t),
z(t) = Cpxpy (1), (21)

where

A 0 B I,
Ap = 0 Ac 0 |.Dp=|—Ik, |
KIJA —+ K[ KPAC =+ Kl KpB 0

and Cp; = [Is,, 0]. Similar definitions of GUAS and H,, robust stability as given in Definitions 1 and 2 are applied to (21). The
following theorem describes our method to design the observer-based PI controller.

Theorem 2. Consider the linearized dynamics (21). Let L be designed in a way that the eigenvalues of matrix Ac = A —IC are
placed arbitrarily in the negative half of the s-plane. Given d > 0 and §;, i = {1, 2}, if there exist positive definite matrices P; e
§fnxsn, Py e SuxSu, and any matrices Z; € R, j = {P,I}, such that the following LMIs are satisfied, then the system is globally
uniformly asymptotically stable.

[He(P,A) 0 PB+ATZY + 7T
% He(PA.) AlZb+ZT | <0, (22)

| * He(ZpB)
- -

25IP C”] >0 v={1,-- s}, (23)
| * 1
(4 5p  @TcT

TUP Cp{lcu;i| >0 i= {l’ 2}’ (24)

%

where P = diag(P;, o, Py), Cp; =[0.1,]. G, =[0,e,], il = [iy, - ,ﬁsu]T, and iy, p, and Cy; are as defined in Theorem 1. The
system is further H, robustly stable, if the additional LMI below is satisfied for given y > 0:

He(PA) + 15 0 PB+ATZY + 7T P
* He(PA.) ATz + 27 -P
% » He(Z»B) o |=<© (25)
* * * —y2I,

Ultimately, the control gains can be obtained from Kp = P3_1Zp and K; = P3‘12,.
Proof. The proof is given in Appendix C. O

Remark 3. Note that the observer gain L could also be obtained from the LMI problems in Theorems 1 and 2 (see
Wang et al. (1992); Boukal et al. (2017) for more information). However, the performance of the observer influences the
performance of the controlled system, as the controller acts more accurately when it is fed by the actual values of the states
of the system. Hence, to enable the full adjustment of the observer’s performance, L has been obtained via a pole-placement
technique Brogan (1982).

Remark 4. The robust performance index y is assumed to be predefined in Theorems 1 and 2. However, as y appears
linearly in the LMIs, its least admissible value can be obtained from a minimization program, e.g. the feasibility problem
(22)-(25) converts to minimization of y subject to (22)-(25)

Remark 5. It is clear that the criteria of Theorems 1 and 2 do not guarantee the existence of a solution, as there might
be no admissible stabilizing controller for the network given the initial accumulations, steady-state solution, bounds on the
control signals, and the magnitude of demand disturbances (see Zhong et al. (2018a) for more information). Moreover, to
derive the LMIs corresponding to boundedness of the control signals and their differences, a few conservative assumptions
are made. First, V (t) + 2T (t)z(t) — y2AdT (t)Ad(t) < 0 is approximated by V(t) — y2Ad” (t)Ad(t) < 0 in obtaining (B.5) and
(B.10). Second, Young's inequality is used in obtaining (B.6) and (B.9). These make the criteria of each theorem a suffi-
cient stability condition (as opposed to the necessary and sufficient condition). Further relaxing conditions (16) and (17) in
Theorem 1 and conditions (23) and (24) in Theorem 2 is a future direction of this research.
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Table 1
Parameters of the MFD of the regions.
Region  n[veh] ni[veh] ¢ (=) =
1 3200 8450 3.5x 10~ -7.1x 1077  0.0035
2 4000 12000 246x10°" -59x1077  0.0036

Remark 6. A problem with regular PID controllers is their reaction delay in accommodating abrupt, unpredicted, and
significant demand disturbances. As such, designing proactive controllers, such as predictive PID controllers (Katebi and
Moradi (2001)) is an important future line of research. Furthermore, setting the desired accumulation of each region slightly
lower than the critical accumulation (e.g. nf‘ =0.9n{", i = {1, 2}), can protect the region from becoming over-congested. This
strategy is useful, because each region has the capacity to accommodate the unavoidable increase in the region’s accumula-
tion from its set-point due to the abrupt and unforeseen increase of the demand.

Remark 7. The developed control algorithm can be readily extended to a network with multiple concentric regions, or
multi-region networks with different topologies. In light of that, the number of states and control inputs of the system
increases, and the nonlinear dynamics of the system (4) should be modified. However, obtaining the steady-state condition,
as well as the linearization can follow the same procedure proposed here. Accordingly, the linearized dynamics can still
be represented in the form of (8), and the proposed controller design algorithms proposed in Theorems 1 and 2 remain
valid. Another challenge is clustering the network into multiple homogeneous regions (see e.g. |i and Geroliminis (2012);
Saeedmanesh and Geroliminis (2017)). Studying a large complex network comprising multiple regions is a future research
direction.

3.3. Pseudo bang-Bang control algorithm

As a benchmarking control algorithm, this section proposes a bang-bang type control scheme that switches each control
signal u;, (k € 2,) between their maximum and minimum values, while keeping the bounded difference of the control signals
on each perimeter (i.e. Conditions (3)). We name the algorithm a pseudo bang-bang (PBB) control method, since unlike
other bang-bang algorithms the control signals could take values less than their maximum, or greater than their minimum
admissible magnitudes. The aim of this nonlinear controller is regulating the accumulation of each region at the SS value.
The PBB algorithm is illustrated in Appendix D.

4. Numerical experiments and discussions

This section presents the results of numerical experiments on the hypothetical road network depicted in Fig. 1. The
critical and jam accumulations, as well as the MFD parameters of each region are listed in Table 1 and the MFDs are plot-
ted in Fig. 3. Note that the desired accumulation of each region should be chosen to be close and slightly lower than the

Outflow [veh/s]

0 L L L L L
0 2000 4000 6000 8000 10000 12000

Accumulation [veh]

Fig. 3. MFDs of the studied regions. Initial accumulation of each region is highlighted with a red circle, and the desired accumulation of each subnetwork
(0.9nf") is highlighted with a green circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. Real-time demand during the simulation period. Each demand profile rises to its nominal value first (loading regime), then fluctuates around the
nominal value, and finally drops (unloading regime). (a) Demand with moderate disturbances to show the asymptotic stability and robustness properties
of the controllers. (b) Demand with heavy disturbances to examine the effectiveness and robustness of the control algorithms under more severe and
persistent demand fluctuations. Each SS demand is highlighted via a dashed line. Note that d; (t) = q11(t) + q12(t) + q10(t), da(t) = q22(t) + @21 (t) + q20(t),
and qyo(t) and gyo(t) are not shown for the sake of presentation quality of the other demand components in the figure.

-
o

corresponding critical accumulation. This is first to maximize the region outflow as much as possible and second to ac-
commodate the fluctuations in the region’s accumulation, which can stem from the delay of the controllers in reacting to
demand disturbances. Hence, the desired accumulations of each region is considered as 90% of its critical accumulation, i.e.
"? =0.9nf", i = {1, 2}. The initial accumulations of the regions are arbitrarily selected as n;(0) = 1.5n} and n,(0) = 0.8n3,
i.e. Region 1 and Region 2 are initially congested and uncongested, respectively. The initial accumulations are chosen far
from the equilibrium states to better examine the effects of the nonlinearity of the dynamics.

Let us assume that during the studied peak period, which lasts 90 minutes, the SS demands are estimated or measured
as qj; = 2.5 [veh/s], g3, =2 [veh/s], g}, = 0.6 [veh/s], g5, = 1.2 [veh/s], g, = 0.1 [veh/s], g5, = 0.3 [veh/s], Qj, = 0.8 [veh/s],
and Q, = 0.6 [veh/s]. This indicates that the inner region has a higher internal and transfer flow demand in the steady-state.

Three case studies are considered: (i) loading each region with moderately-fluctuating demand demonstrated in Fig. 4(a)
and setting §; = 0.3; (ii) loading each region as in Case study (i) and setting §; = 0, i = {1, 2}; and (iii) loading each region
with heavily-fluctuating demand demonstrated in Fig. 4(b) and setting §; = 0.3. Case study (i) aims to demonstrate the ef-
fectiveness of the proposed controllers in robustly asymptotically stabilizing the network. Case study (ii) investigates the
potential impacts of reducing the degrees of freedom of the controller by setting §; = 0. Note that §; = 0 necessitates that
U2 (t) = Uy (t) and ug, (t) = uyp(t) at all times. The PBB algorithm in all case studies uses the actual values of the internal
states, whereas the P and PI controllers employ the estimated states (obtained from observer (12)) in their structures. Fur-
thermore, case study (iii) elucidates the performance and robustness of the control algorithms when facing severe consistent
random variations in the demand.

Throughout the section it is assumed that the SS control signals are at least 0.4 and at most 0.7, i.e. u;‘mi“ =0.4 and
uy™* = 0.7, and in solving (O1) B; =1 and o; = 0.9 (i = {1,2}). Note that larger control signals uy, ke Sy, lead to higher
transfer flows and potentially larger trip completion rates. Hence, it is highly desirable that the SS control signals be as close
as possible to 1, provided that there exists a solution to the optimization problem (O1) such that the SS accumulations are
sufficiently close to the desired accumulations. Moreover, the real-time lower and upper bounds of the control signals are
fixed at u{"i“ = 0.2 and u™* = 0.9. Further, it is assumed that only the accumulation of each region is measured in real-time,
i.e. C=[,0].

We investigate the performance of the proposed perimeter control algorithms on the nonlinear, dynamics (4) considering
five different perimeter control strategies: (i) robust P controller with best achievable performance, (ii) robust PI controller
with best achievable performance, (iii) the PBB control algorithm (Algorithm 2) (iv) the SS control signals u(t) = u; (k =
), and (v) no real-time control by fixing u, = 0.9 (called fixed control hereafter), allowing no dynamic control of the
transfer flows between regions.

4.1. Case study (i)

As a first step, solving the optimization problem (O1) results in the SS accumulations and control signals, n = n? (i=
{1,2}), nj; =2504 [veh], nj, = 2078 [veh], nj, = 346 [veh], n}, = 1231 [veh], nj, =30 [veh], nj; =291 [veh], uj, = 0.61,
uz, = 0.53, ug, = 0.69, and u3; = 0.64. The algorithm is quite efficient in finding the SS solution, and it only took 7 iterations
to find the optimal solution.
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Fig. 5. Variations of accumulation errors (n;(t) — n;, i€ Q,) of Regions 1 and 2 under various controllers applied to the nonlinear model in case study (i):
1. robust P controller with best achievable robust performance (y = 0.7), 2. robust PI controller with best attainable robust performance (y = 4.7), 3. PBB
control algorithm (Algorithm 2), 4. the SS control signals (u;(¢) = uj, ke Qy), and 5. fixed control u; = 0.9. The PBB algorithm employs the actual states in
examining Conditions I and II used in Algorithm 2.

Characteristic matrices A and B obtained from linearizing the nonlinear dynamics (1), (4), (5), and (6) at the nomi-
nal equilibrium states, control signals, and demand are reported in Appendix E. We placed the closed-loop poles of the
observer dynamics arbitrarily at [-8.8 — 8.6 — 8.2 — 8.3 — 8.4 — 8.7]. Thereafter, applying the criterion of Theorem 1 and
Algorithm 1 to design the proportional controller, we obtain the best admissible performance of y = 0.7. Moreover, ap-
plying the criterion of Theorem 2 to design the PI controller, the best admissible performance of y = 4.7 is achieved. The
attained observer and control parameters are presented in Appendix E.

Simulation results from implementing control strategies (i-v) conducted in a MATLAB environment are demonstrated
in Figs. 5 to 10. Fig. 5 shows the accumulation errors (i.e. An; and Any) of the controlled regions with different control
strategies. Moreover, Fig. 6 highlights the MFDs when adopting various control strategies. According to the figures, with the
SS and fixed control strategies (strategies (iv) and (v)), Region 1 (which is the destination of most of the trips) becomes
heavily congested and faces gridlock. This emphasizes the importance of dynamic control actions. Moreover, the heuristic
PBB controller has resulted in the gridlock of both regions. On the other side, through applying the robust P and PI dy-
namic controllers, the accumulations essentially remain close to their desired values when the disturbances are nonzero,
and their errors asymptotically converge to zero when Ad(t) = 0. This leads to the maximum outflow of the whole network
as emphasized in Figs. 6 and 10.
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robust PI controller with best achievable performance at y = 4.7, 3. constant nominal SS control signals u (t) = uj (ke €2,), and 4. fixed control u; = 0.9.
It is observed that the designed real-time controllers enable maintaining the accumulation of each subnetwork around their desired accumulations, while
the SS control signals and fixed control strategies lead to the gridlock of Region 1.

Fig. 7 shows the dynamic perimeter control signals at each perimeter with robust P and PI control strategies and the
PBB framework. Moreover, Fig. 8 shows the difference between the P and PI control signals on each perimeter during the
experiment, which highlights that the differences remain within the defined threshold of §; = 0.3. The comparison of the
robust P and PI controllers in Figs. 5, 7, and 8 suggests that the criterion to design the robust P controller obtains superior
robust performance due to achieving a lower minimum admissible y. As such, the robust PI controller is slower in address-
ing the disturbance effects, but has satisfied constraints (2) and (3) (see Figs. 7 and 8). The shortcoming of the PI controller
can be addressed in future research studies via proposing a less conservative stability criterion (see Remark 3). It is worth
highlighting that the PBB controller results in a undesirable high switching rate around t = 10 [min] for the first perimeter.

Fig. 9 plots the state estimation errors, where the state estimations for the linearized model (8) obtained from (12) are
compared against their actual values from the nonlinear model (4). It can be seen that the errors are bounded when
[|Ad(t)|| >0 and quickly converge to zero when Ad(t) = 0. Accordingly, the observer effectively estimates the unknown
accumulations in real-time.

Fig. 10 shows the cumulative trip completion of control strategies (i)-(v). Note that the total trip completion rate of the
network is the sum of the trip completion rate of each region (internal outflow) plus the outflow from Region 2 to the
outer region 0 (external outflow). Accordingly, the cumulative total trip completion of the network can be expressed as the
integration of the total trip completion rate as follows:

2
/r Z ;i (s) Gi(ni()) + N20(S) G, (ny(s)) |ds.
0

— ni(s) ny(s)

Comparing the control strategies in Fig. 10 indicates that the PBB control strategy imposes the highest delays on the net-
work’s vehicles. Note that the area between the curves associated with the trip completions of two control strategies cor-
responds to the total extra delay implied due to applying a strategy compared to the other (the strategy with lower trip
completion imposes further delays). On the other hand, the robust P and PI controllers have shown similar performances
and they outperform other strategies in minimizing the total delay of the network. The proportional controller has per-
formed slightly better than the PI controller as shown in the right sub-figure of the figure.

Note that the PBB controller is heuristic and unlike the P and PI controllers its robustness is not guaranteed. The perfor-
mance of the PBB controller depends sensitively on the steady-state and demand perturbation, and it might even outperform
the robust P and PI controllers in certain conditions like scenarios wherein the rate of the transfer flow to the internal flow
demand is low. The robust performance of the PBB controller can be adjusted and improved by designing its switching rule
based on a stability or optimization objective criterion (see e.g. Aalipour et al. (2018)).
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Fig. 7. Perimeter control signals with robust P, PI, and PBB control strategies applied to the nonlinear model for Case study (i). The minimum and maximum
admissible control values are shown by black and red dashed lines, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

4.2. Case study (ii)

In this case study, we assume §; = 0, which reduces the controller’s DoF from 4 to 2, i.e. perimeter control signals op-
erating on a perimeter have identical values for both directions. Accordingly, and due to fixing the minimum allowable SS
control signals at u;‘mi“ = 0.4, the optimization problem (O1) could not return the desired accumulations as the SS accumu-
lations. The SS accumulations and control signals are obtained as nj = n‘{' + 211 [veh], n} = ng — 617 [veh], nj; = 2451 [veh],
n3, = 1385 [veh], nj, = 548 [veh], n3, = 1110 [veh], nj, = 91 [veh], n;, = 488 [veh], u}, = u3, = 0.67, and uf, = uj, = 0.40.

Applying Theorems 1 and 2 result in control gains for the observer-based robust P and PI controllers with lowest admis-
sible performance gains of y = 0.7 and y = 15.5, respectively. The results shown in Figs. 11, 12, 13 indicate that only the P
controller has been successful in regulating the accumulations of each region at the SS values. In summary, the PI, SS, and
fixed control scenarios result in the gridlock of Region 1, and the PBB controller result in the gridlock of both regions. This
case study shows that there exists the opportunity to fully equalize the green times of opposite gated movements without
losing the performance of the control strategy. Nevertheless, we observe possible aftereffects of losing the controller’s DoF
rising from this assumption on the performance of the PI controller. Fig. 10 shows that the Proportional controller has re-
sulted in the lowest network delay, and the PI controller has had a slightly better performance than the SS control scenario
as the second best control scenario. Note that the proposed robust P and PI controllers guarantee a global stability perfor-
mance when they are applied to the linearized model. Nevertheless, their effectiveness holds locally for the actual nonlinear
model (4). Four factors could have critical impacts on the performance of the controllers when applied to the actual non-
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Fig. 9. Time evolution of the errors of the state estimator (observer) in case study (i). The errors are defined as E(t) — (n(t) —n*(t)), where 571([) is
obtained from observer dynamics (12) and n(t) is obtained from the nonlinear dynamics (4). The closed loop poles of the observer dynamics are placed
arbitrarily at [-8.8 — 8.6 — 8.2 — 8.3 — 8.4 — 8.7], and fast convergence of the estimated states to their true values is observed. Bounded observation errors
between t=15 and t=55 [min] and after t=85 [min] are due to disturbance effects.

linear model: (i) Initial accumulations, (ii) best achievable performance gain y, (iii) magnitude of disturbance (characterized
by d) during the operation of the network, and (iv) using the observed states rather than the actual states. It is clear that if
the controllers are applied at the initial stages of congestion growth, the initial accumulations would remain close enough
to their equilibrium values, resulting in further validity of the linearized model and thus a higher performance of the con-
trollers. Moreover, a larger performance index y could slow down the controller’s reaction time, and thus deteriorate the
controller’s robust performance when applied to the nonlinear model. The disturbance magnitude and persistence influence
the best achievable performance index y, and have a direct impact on the performance of the controller. Large disturbances
may push the system towards an unstable state, where the linear controllers could become ineffective. This explains the
poor performance of the PI controller in this experiment, where a large performance index of y = 15.5 has been obtained
as the lowest admissible value from the criterion of Theorem 2.
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Fig. 11. Variations of accumulation errors (n;(t) —n;, i€ ;) of Regions 1 and 2 under various controllers applied to the nonlinear model in Case study
(ii): 1. robust P controller with best achievable robust performance (y = 0.7), 2. robust PI controller with best attainable robust performance (y = 15.5),
3. PBB control algorithm (Algorithm 2), 4. the SS control signals (u(t) = u;, ke ), and 5. fixed control u, = 0.9. The PBB algorithm employs the actual
states in examining Conditions I and II used in Algorithm 2.
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states), and 5. fixed control u, = 0.9.

4.3. Case study (iii)

Since the main difference between Case studies (i) and (iii) is in the extent of the demand disturbances, the same SS
solution and linearized matrices A, B, C are obtained. By applying Theorems 1 and 2, we obtain the control parameters
resulting in the lowest admissible performance gains y = 0.7 and y = 4.7 for the robust P and PI controllers, respectively.
Simulation results from applying control strategies (i)-(v), on the nonlinear model (4) are shown in Figs. 14-18.

Fig. 14 highlights that the proposed robust P and PI controllers maintain the accumulation of each region around their
set-points. However, applying the SS control signals and the fixed control strategies result in gridlock of Regions 2 and 1,
respectively. Furthermore, although the PBB algorithm employs the actual values of the states, it results in gridlock of both
regions as in the previous case studies.

The reason for consistent fluctuations in the accumulation errors corresponding to the robust P and PI controllers is
the consistent random demand fluctuations (see Fig. 4). The fluctuations also affect the observer errors as demonstrated in
Fig. 15. As seen in the observer error dynamics (13), the demand disturbances directly influence the performance of the
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Fig. 14. Variations of accumulations errors (n;(t) —n}, i $2y) under various controllers applied to the nonlinear model in Case study (iii): 1. robust P
controller with best achievable robust performance (y = 0.7), 2. robust PI controller with best attainable robust performance (y = 4.7), 3. PBB control al-
gorithm (Algorithm 2), 4. the SS control signals (uy(t) = u}, ke €2,), and 5. fixed control u, = 0.9. The PBB algorithm employs the actual states in examining
Conditions I and II used in Algorithm 2.
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Fig. 15. Time evolution of the errors of the state estimator for Case study (iii). The errors are defined as ﬂ(t) — (n(t) —n*(t)), where El(t) is obtained
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of the disturbance effects.
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Fig. 16. Perimeter control signals with robust P and PI control strategies applied to the nonlinear model for Case study (iii). The minimum and maximum
admissible control values are shown by black and red dashed lines, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

observer, thus we see the growth of the observer errors whenever the demand disturbances grow in Figs. 9 and 15. Larger
fluctuations are observed in the network with the PI controller, which is the result of larger best admissible H,, robust
performance gain y.

Moreover, it is shown in Fig. 16 that the control signals from both robust P and PI controllers remain within the allowable
bounds, and Fig. 17 confirms that the offset between the control signals on each perimeter does not exceed the pre-specified
threshold §; = 0.3 when the P controller is applied. However, the difference occasionally exceeds the bounds when the PI
controller is applied, which is due to the effects of nonlinearity of the model and poor robust performance of the controller
(large y ). Nevertheless, due to the integral control actions, the PI controller returns smoother control signals in comparison
with the P controller. In addition, Fig. 18 implies that the robust P and PI controllers exhibit the best performance, whereas
the PBB algorithm shows the worst performance in minimizing the network’s delay.

Finally, Table 2 reports the total trip completion of the network (also called the network throughput) at the end of
demand period for Case studies (i)-(iii) when applying various control strategies. Overall, the proposed robust P and PI
control strategies have been effective in improving the network’s traffic congestion.

5. Summary and future works

This paper has developed robust, observer-based, H,, proportional and proportional-integral perimeter flow controllers.
The traffic flow model is based on a multi-region accumulation-based MFD representation. The controllers can intake partial
information from the network as feedback to relax the assumption of availability of the final destination of vehicles. The
controllers that have been designed based on the Lyapunov approach guarantee (for the linearized system) the asymptotic
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Fig. 18. Left: cumulative trip completions obtained from applying the following controllers in Case study (iii): 1. robust P controller with y = 0.7, 2. robust
PI controller with y = 4.7 (the curve lies on top of the P controller scenario), 3. SS control signals uy, = u}, (k€ $2y), 4. PBB controller (employed estimated
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Table 2

Total cumulative network trip completion [veh] at the end of peak period of Case studies (i)-(iii)
with various control strategies. The proportional controller has maximized the trip completion
(highlighted in bold) and the PBB controller has had the worst performance (highlighted in
italic) in each scenario.

Case study P controller  PI controller ~ PBB controller  SS control  Fixed control

(i) 41795 41,511 5226 21,809 17500
(ii) 42153 22,024 1503 21,689 17497
(iii) 40438 40,391 5180 25,352 17478
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convergence of each region’s accumulation to their desired value under zero fluctuations of demand. Furthermore, the con-
trollers reject bounded fluctuations of the demand. The set-point states of the model are derived by solving an optimization
problem. The control parameters are obtained off-line by solving a set of LMIs.

The controller design algorithms not only meet the crucial requirements on the boundedness of the perimeter control
signals, but also guarantee a bounded difference between the inbound and outbound control signals on each perimeter. A
nonlinear bang-bang type control algorithm has also been proposed for benchmarking aims. Implementation of the proposed
robust control algorithms on the nonlinear model has emphasized their effectiveness in regulating the region accumulations,
and their robust performance in accommodating large and persistent demand disturbances. It is realized that bounding the
control signals and their differences on each perimeter can highly influence the performance of the designed dynamic con-
trollers. Moreover, given that the P and PI controllers are designed for the linearized model, the H,, performance gain y has
a high impact on the stability and robust performance of actual nonlinear network. The PI controller has been more reactive
and returns smoother control signals than the proportional controller. To add, the criterion to design the PI controller is
numerically more efficient. However, the criterion to design the PI controller can be more conservative in the sense that it
returns larger least admissible performance gain y, which makes the controller slower in responding to demand perturba-
tions, and thus the stability and robust performance of the actual network becomes more vulnerable.

In addition to the future works outlined in the paper, we will concentrate on a robust two-level control architecture,
wherein a lower level controller will be added to adjust the signal timing of the gated intersections in an optimal manner
(e.g. Mohajerpoor et al. (2019)). The lower level controller models and tackles the spillback and queues at the gated inter-
sections Ramezani and Geroliminis (2015); Haddad (2017). The higher level controller will use a sampled-data framework to
address the shortcomings due to cycle-by-cycle implementation of the controller. Moreover, the implementation of the pro-
posed control algorithms on a microsimulation model can further examine their effectiveness in a more realistic situation.
Coping with the uncertainties of MFDs and the hysteresis phenomena due to spatial density heterogeneity in the network
are other crucial extensions of this research. Another sensible future extension is to consider a time-varying offset, §(t),
which takes into account more complex correlations between the control signals on a perimeter.
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Appendix A. Detailed Expressions of Matrices A and B

The linearized state space matrices A = [Ajjls,xs, and B = [Bjjls,«s, Of (8) are as follows:

¢ Non-zero elements of matrix A:

A = =1 Fyg — By, + 05 Fy 3y, Az = —%
Any = Fyyug, — (0, + 13 Fa U3, Azg = Az = — s,
A =S (1 —upy), Ag = (Fay = Fay 11}y + Fay )W,
Ay =Agg = —%;E)uip Agp = —Fy,n3y,
Az] = Fn‘ Ll’;2 — nTanl UTZ, A44 = —%;})4
Ay =~ By — By U3y — B, U5, As; = —n% Fy %,
+(n5, + 130 Fry U3, 107 T2
A23=A43=A45=*G1,(,7?;)U’1‘2‘ ASSZ*Q,(,*?;)UTZ‘
A24:*GZ,(,7;§)(1 —uh), Ag1 = nigFa, U3,
Aas = S (3, — uzg). Az = =150, U,
A3 = —Fy,nj;, Ags = —An3,
Asy = (Fy, — Foymisg — Fo, 13, )t A = — g,
where F, = 368",(:") lny=n and Fy, = %[G";?i)ﬂni:n?, i={1,2}.
» Non-zero elements of matrix B:
By = —(n —njp) S, B3z = (15 — nj, — n3g) A,
Bz = (5 =y — o) S, B = (nf — iy — mig) S,
By = —Bu1, B3 = Qg,,
By = —Bia, Bsy = *%“Q (n3),
By = Q. Bs1 = —Bs1,
Byy = —n3, Cz,(,?) Bgs = *%Gz(”p-
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Appendix B. Proof of Theorem 1

Let us consider the following Lyapunov candidate function:
V(t) = x5 (t)Pxp, (B.1)

where P = diag(Pq, P,) is symmetric and positive definite. We first prove the asymptotic stability of the closed-loop system
when the disturbance Ad(-) is zero, and next its robust performance for nonzero disturbances. Assuming a null disturbance
condition (Ad(-)=0), and differentiating V(t) along the solution of (14), we have

V(t) = X} () Wpxp(t), (B.2)
_ He(P,A + PBKp) Py BKp
where Wp = . He(PzAC):|'

If Wp<O0, then according to the Lyapunov theorem Fridman (2014) the closed-loop dynamics (14) is globally asymptoti-
cally stable. Nevertheless, Wp~<0 is not in the form of LMI due to the bilinear term P;BKp. To resolve this issue, a congruence
transformation using diag(Wy, Is,), where Wy = Pﬂ, is applied. This results in Inequality (15), after recalling Zp = KpW; in
(18).

To prove the robust performance in the presence of non-zero Ad(t), we have

V() + 2" (0)z(t) — Y2 AdT () Ad(t) = nh () Wpaonip (D),
where np(t) = [x3(t), AdT(®)]", and

He(P1A + P BKp) + Is,, PiBKp P
Wpoo = He(RA:)  -P
* -y,

Therefore, under zero initial conditions if in addition Wp, <0, the system meets the H,, performance criterion. After a con-
gruence transformation using diag(Wj, Is,, I, ) and using the Schur complement lemma Boyd et al. (1994), it can be shown
that Wp,,<0 is equivalent to Inequality (19).

In addition, to fulfill the constraints on the control bounds (9), we have

=AUl < (KpG) oy Xp(t) < AU,
where C; = [, Is,|. The above constraint can be reformulated as:

0 < (KpG) yXp(t) + AuP™™ < 0, (B3)
where U, £ AuMn 4 AuMa By writing (B.3) in quadratic form, we have

XB(E) (KpCr) () (KpCp) () Xp () + 2AUT™ (KpCp) () Xp(t) + Aumin® < (j2, (B.4)
Furthermore, from V (t) + zT (t)z(t) — y2AdT (t)Ad(t) < 0, we obtain

V(t) —y?AdT(t)Ad(t) < 0.
Therefore, from (10)

V(t) = XL (H)Pxp(t) < p. (B.5)
To add, from completing the squares (or Young’s inequality), we have

2AUT (KpG)) (%0 (£) < AU 4 ((KoG) e (0)) . (B.6)
Noting that

Xb(6) (KpC) ) (KpCp) () Xp (£) = X5 (E)PIP05 (KaC)T,y) (KpCp) ) PO PO (1),
it can be shown from (B.5) and (B.6) that (B.4) is equivalent to

2P~ (KpCp) () (KpCp) (PO — by, < 0. (B.7)

Following the Schur complement lemma and a congruence transformation using diag(Wy,Is,, 1), (B.7) can be written as
LMI (16).

Hereafter, we show that Inequalities (17) guarantee the bounded difference of inbound and outbound control signals on
each perimeter. From (3) and their SS form inequalities expressed in (O1), it can be shown that

—26; < G, Au(t) < 26;.
As such,
0< CuiKpQXp(l') + 25,‘ < 481'. (BS)
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Writing (B.8) in the quadratic form and completing the squares as in (B.6), we have
(|G, KpCixp (t) || — 28; < 0. (B.9)

Now, from (B.5), Inequality (B.9) can be reformulated as

T1TT 4812
CTKECLCukoGi = =P < 0. (B.10)

Applying the Schur complement lemma together with a congruence transformation using diag(W, ks, 1) on (B.10), result in
Inequalities (17). This completes the proof of the theorem.

Appendix C. Proof of Theorem 2

We consider the following Lyapunov candidate function:
V(t) = xp ()Pxpi (£), (C1)

where P = diag(Pq, Py, P3) is symmetric and positive definite. Assuming a null disturbance condition (Ad(-)=0), and differ-
entiating V(t) along the solution of (21), we have

V(t) = xb () Wpixpi (t), (C2)

where Wp; is the left-hand-side of (22) and Z; = P3K; for i = {P, I}. As such, if ¥p;<0, then according to the Lyapunov theorem
the closed-loop dynamics (21) is globally asymptotically stable. In the presence of non-zero disturbance terms, one can
write

V(t) +27(0)z(t) — y? AdT (t) Ad(t) = 0} () Upreenpi (t),

where np(t) = [x,T,,(t), AdT(0)]" and Wp, is the left-hand-side of (25). Therefore, under zero initial conditions if in addition
we have Wp, <0, the system satisfies the H,, performance index.

Inequality (23) guarantees the boundedness of the control signals per condition (9), and (24) implies the constraints
due to bounded difference of inbound and outbound control signals (3). Noting that Au(t) = Cpxp, the conditions can be
proved following the same line as in the proof of Theorem 1 in Appendix B. Therefore, the statements of the theorem are
proved.

Appendix D. The Heuristic Pseudo Bang Bang Network Control Algorithm

The criteria for switching the control signals is based on the congestion level of regions. The PBB algorithm minimizes
(maximizes) the flow into the congested (uncongested) region. Accordingly, four possible situations may occur: Case I. the
accumulations of both regions are less than their steady-state values, i.e. n;(t) < n} (ie{1, 2}); Case Il the accumulation of
Region 2 is more than the SS accumulation (congested regime), but the accumulation of Region 1 is less than the SS value
(uncongested regime), i.e. ny(t) < nj and ny(t) > n3; Case IIl. the accumulation of Region 1 is more than the SS value, but
the opposite holds for Region 2; and Case IV. both regions are in the congested regime. If both regions are congested (Case
IV) at time t > 0 the algorithm considers the level of congestion as defined as n,-(t)/nji (i=1{1,2}) to evaluate which region
is more congested.

One complication with this approach arises from condition (3), wherein the difference between the inbound and out-
bound control signals of Perimeter i is bounded by the threshold §;. To maximize or minimize the flow into Region 2, while
satisfying (3), Conditions I and II below are defined. Condition I is satisfied when given uq,(t) = uy;(t), the transfer flow
from Region 2 to 1 is larger than that from Region 1 to 2. Likewise, the fulfillment of Condition II indicates a higher transfer
flow from Region 2 to 0 for ug, (t) = uyq(t).

Condition I:

11 (t) nyp(t) + nyo(t)

™0) Gy (ny(t)) — "G Gi(ny(t)) > 0. (D.1)
Condition II:

120 (t)

() Go(nz(t)) — Qo(t) > 0. (D.2)
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Algorithm 2 given below, summarizes our proposed PBB control scheme to regulate the accumulation of each region.

Algorithm 2 Pseudo bang-bang control algorithm to adjust the accumulation of each region at the desired value while
maintaining Conditions (3).

Case Control signals for Perimeter 1 Control signals for Perimeter 2
L n;(t) <nf,| upp(t) =uy(t) = uf™ Upz (t) = upg(t) = up’®™
ie{l,2}
o Condition I is satisfied: o Condition II is satisfied:
Uy () = UM ugp () = uP™ - §4 Upo (£) = ul™; ugy (£) = uP™* — &,
IL ny(t) <nj and| « Condition I is not satisfied: « Condition II is not satisfied:
ny(t) > n§ up(t) = Urlnm; Uy (t) = ul]mn + 44 Uy (t) = Lllzmn; Uy (t) = u‘Z“‘“ + 6

o Condition I is satisfied:

Upp () = Ui ugy (t) = uPin + &
L ny(¢) > n and| « Condition I is not satisfied: Upo(t) = ugy () = uji®
my(t) =3 upp (6) = uP™; uy (£) = uP™ - §4

i ony (0)/m) = ny(6)/m:

o Condition I is satisfied:
Uy (£) = uM™; ugp (6) =uP™™ + &4

o Condition I is not satisfied: o Condition II is satisfied:
Uqy (t) = u{lnax; Upq (t) = u?’ax — 81 Uyo (t) = Llrznax; Up2 (t) = Llrznax — 82
IV. ny(¢) >ny and| | i « Condition II is not satisfied:
ny(t) > n3 il m (O/m < na(0)/my: U (£) = U™ 5 Uy () = Ui + &

o Condition I is satisfied:

Uy (t) : l,llinalx; Uy (t) .: uﬂ“ax — 81
o Condition I is not satisfied:

upp () = uf™™; uy (6) =u™™ + &4

Remark 8. Compared to the proposed P and PI control algorithms, the following limitations are intrinsically attached to
the PBB control method: i) it requires knowledge of the internal states of the system; ii) it does not necessarily drive all
the states to their SS values; iii) it may not be implementable in practice due to the high frequency of switching between
the control levels. One suggestion to relax the first shortcoming could be using the estimated states iy, (t), fiyq (t), fiyg(t),
and fipo(t) obtained from observer (12). However, this arrangement could itself deteriorate the network’s outflow, and even
result in gridlock of one or both regions (i.e. instability of the network).

Appendix E. Supplementary parameters of Section 4.1

e Characteristic matrices of the linearized model:

056 208 -189 -335 0 ~335
366 063 —440 —3.07 0 —0.56
a_| 422 208 -628 -335 0 -335| 4
356 238 -440 -643 -440 0 |
0.11 0 0 0 440 0
| —0.11 033 0 0 —440 -391
T 36 1054 0 0
36 -1054 504 -237
0 -1054 0 0
B=1 509 0 2.16 0 | x10%
—0.51 0 0 0
| 051 0 0 237
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7= 16.58 0.11 52.08 5848 —-9.53 1841
“[-127 1459 -123 -9.06 597 2234]
o Control gain for the P controller:
[ 0.54 026 -0.05 -030 -0.03 -0.34
K — 006 -0.12 -0.06 -0.03 -0.03 -0.01 10-3
P=1_-157 -164 029 076 -035 064 |~ ’
| 136 -1.01 0.26 060 -022 054
o Control gains for the PI controller:
(033 -0.17 052 052 059 0.23
K — -036 -042 010 0.12 0.17 024 10-3
P=1 014 -010 007 013 001 009|~ " °
| 044 051 099 112 056 0.69
-283 300 503 478 460 273
K — -223 030 149 077 119 0.69 10-3
1=1-045 -143 137 158 055 1.08|~ " -
-6.84 -531 9.75 1066 467 7.56
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