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A hierarchical control framework for coordination
of intersection signal timings in all traffic regimes

Goof Sterk van de Weg, Hai Le Vu, Andreas Hegyi, Serge Paulgdndoorn

Abstract—In this paper we develop a hierarchical approach to
optimize the signal timings in an urban traffic network taking
into account the different dynamics in all traffic regimes. The
proposed hierarchical control framework consists of two lgers.
The first layer — the network coordination layer — uses a model
predictive control strategy based on a simplified traffic flow
model to provide reference outflow trajectories. These refence
outflow trajectories represent average desired link outflow over
time. These are then mapped to green-red switching signals
which can be applied to traffic lights. To this end, the second
layer — the individual intersection control layer — then seécts
at every intersection the signal timing stage that realizesan
outflow which has the smallest error with respect to the refeence
outflow trajectory. The proposed framework is tested using loth
macroscopic and microscopic simulation. It is shown that te
control framework can outperform a greedy control policy that
maximizes the individual intersection outflows, and that tre
control framework can distribute the queues over the netwok in
a way that the network outflow is improved. Simulations usinga
macroscopic model allow the direct application of the refeence
outflows computed by the network coordination layer, and the
results indicate that the mapping of the reference outflows a
the detailed signal timings by the individual intersectioncontrol
layer only introduces a small performance loss.

Index Terms—Model predictive control, urban traffic network
control, link transmission model, signal timings, intersetion
coordination

Apart from that, the direction of the interaction between
intersections changes when the traffic regime changes as
discussed in [1]. More specifically, in the under-saturated
regime — i.e., when queues are completely emptied during
a green time period — an increase in the outflow of an
upstream intersection can lead to a change in the outflow at
a downstream intersection. This relation is typically uged
green-wave approaches that allow vehicles to pass multiple
intersections without stopping. In the saturated regimee= i
when queues neither become empty, nor will spill back to
upstream intersections — there is no such strong coupling.
Finally, in the over-saturated regime — i.e., when queudb sp
back to upstream intersections — a change in the outflow at a
downstream intersection leads to a change in the outflow of an
upstream intersection at a later time instant. All thesea$f
have to be taken into account when optimizing the timing of
a signal controller.

The aim of this paper is to design a control strategy for the
coordination of signal timings of multiple intersectiorihe
control strategy has to account for all the traffic regimes. |
also has to be real-time feasible, meaning that it can coenput
the control actions within the controller sampling time.eTh
controller sampling time is the time period between updates
of the control signal, which is typically in the range of ome t
several minutes.

I. INTRODUCTION

OORDINATION of the signal timings of intersections

to improve the performance of urban traffic networks ié'
a complex problem. One of the main reasons for this is thatThis section discusses approaches to the urban traffic net-
coordination requires accounting for the impact of the aignwork control problem. We examine for what traffic regimes
timings on the propagation of traffic over the network. Thithe different strategies are designed, whether they al¢inea
introduces several issues as discussed below. feasible, and in what way signal timings are considerecst,Fir

One of the main issues of controlling signal timings plangarious well-known or recent control strategies are diseds

is that they have a switching structure, meaning that a sta@jer that, the review focuses on model-based predictive
- i.e., a set of streams that can be active simultaneouslycentrol strategies.
can either be green or red. This introduces interruptioms (o0 1) Approaches to the urban traffic network control prob-
discontinuities) in the traffic flows at intersections. Duwe tlem: The first approaches to the coordination of intersections
these discontinuities, optimizing the signal timing plaesults focused on performance improvement in the undersaturated
in a mixed integer optimization problem that is difficult taraffic regime. A well-known example is the MAXBAND
solve. This is problematic, since only a limited amount aheo approach proposed by Littlet al. [2] for the creation of
putation time is available for the real-time applicatiortraffic  green-waves between intersections. MAXBAND computes the
control strategies. Additionally, other properties of gignal signal timings off-line in such a way that traffic can pass
timing plan such as clearance times, offsets, (predetea)in multiple intersection without stopping. A disadvantageotif
stage sequences, and cycle times, add to the complexity. line control is that it cannot adapt to changes in the traffic
demand. SCOOT [3] and SCATS [4] are examples of widely
used control strategies for under-saturated traffic regithat
can dynamically adjust to changes in the traffic situatidme T
performance of SCOOT may deteriorate in saturated and over-
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saturated regimes according to Papageorgibal. [5]. Re- regimes, resulting in a non-linear optimization problenm L
cently, Lammeret al. [6] proposed a decentralized algorithmet al. [18] used the S-model, which is a simplification of the
that decides at each time instant which stage to actuateler ormodel of Van den Bergt al. [16], to formulate another MILP
to reduce the delay at every intersection in the undersetiraoptimization problem. Despite the ability to explicitlysider
regime. signal timings and all traffic regimes, all of the resultingnna
Diakaki et al. [7] proposed the TUC algorithm, which islinear and MILP optimization problems are cumbersome to
specifically designed to improve the urban traffic networkolve. Due to this, these methods are not real-time feasible
throughput in the saturated regime. TUC has a feedback-strudhen applied to medium to large-scale networks of several
ture, and adjusts the green times at an intersection based(tens of) intersections.
the queue lengths in the network. Various extensions to TUCThe scalability problem can be mitigated by aggregating the
have been proposed, such as the inclusion of green-waves {&jffic dynamics to (several) tens of seconds and replatiag t
Recently, the max-pressure (or back-pressure) algoritlas winary signal timings with average outflows so that contsou
proposed to address the coordination problem in the satliradr linear optimization problems can be formulated [1], [19]
regime [9], [10]. The max-pressure algorithm decides atyeveg20]. Aboudolaset al. [19] proposed a linear MPC approach
time instant which stage to actuate. This decision is mabtlased on the store-and-forward model for the saturatetheegi
using information on the queues located directly upstreamhich resulted in a drastic reduction of the computatioretim
and downstream of the intersection, so that no centralizkd et al.[20] proposed an MPC approach based on a modified
communication structure is required. version of the CTM for under-saturated and saturated regime
The performance of the aformentioned control strategi®ecently, Van de Wegt al. [1] proposed the use of the Link
may deteriorate in the over-saturated regime, since thadmpTransmission Model (LTM) in a linear MPC framework. This
of spill back and the corresponding shock wave dynamiepproach is capable of reproducing all traffic regimes and is
are not considered in the controller design. In that regimegal-time feasible. However, non of these methods consider
congestion may propagate through the network causing a Isggnal timings, so they are not directly applicable to a real
of efficiency at intersections and potentially leading taligrck — traffic network.
[11]. One way to address this issue is by perimeter control
based on the network fundamental diagram (NFD) [12]. TH& Research approach and contributions
aim of this strategy is to keep the number of vehicles in This paper develops a real-time feasible, hierarchicafrobn
the network below or at the critical density of the networkramework for the control of signal timings in order to impeo
fundamental diagram so that congestion is prevented. Areisshe urban network throughput in all traffic regimes. The main
with this approach is that the shape of the NFD may ksntribution of the research is the design of a real-timsiféa
affected by the intersection control strategies. framework for the control of signal timings that can optimiz
In conclusion, all these approaches are designed to imprake distribution of traffic over a network while taking into
the performance in only one or two of the three traffic regimesccount the upstream propagating waves caused by spillback
A promising approach to include all the traffic regimes is the The hierarchical control framework consists of two layers.
application of a predictive control strategy. Howeverstisia The top layer — called the network coordination layer —
challenging task, as discussed in the next section. consists of the linear MPC strategy for urban traffic network
2) Model-based predictive control approachédodel pre- (LML-U) of Van de Weget al. [1] that optimizes the ag-
dictive control (MPC) is a popular method to determine gregated traffic dynamics. The LML-U strategy distributes
control action that accounts for the long-term impact of the traffic over the network so that the average throughput
control signal on the system’s performance. It is typicallgd is maximized over the prediction horizon. In this paper, the
to determine a control signal over a period of time called thaptimized control signal is translated to near-future rerfiee
control horizon, that optimizes the performance over agaerioutflow trajectories for the entire prediction horizon ofth
of time called the prediction horizon [13], [14]. MPC is dinks in the network. These reference outflow trajectories
procedure in which the impact — expressed using an objectiepresent average desired link outflows over time which can-
function — of a candidate control signal on the propagation aot be directly applied to the network since they represent
traffic over the network is predicted using a prediction miodeaverage traffic flows while traffic lights require a green-
At every controller sampling time instant, the control sign red switching signal. Hence, the bottom layer — called the
that optimizes the objective function is recomputed ushmg tindividual intersection layer — which consists of the local
most recent traffic state measurements. This is commoityersection controllers maps the reference outflow ttajées
referred to as the receding horizon principle. to a green-red switching signal. The goal of these contolle
Lo et al. [15] and Van den Bergt al. [16] have proposed is to select the stage at every time step that minimizes the
MPC approaches for the optimization of signal timings.dto error with the reference outflow trajectories. The framdwor
al. [15] used the Cell-Transmission Model (CTM) to predicis designed in such a way that control strategies other than t
the traffic dynamics, and modelled the signal timings usirane implemented in this paper may be used in both the top
binary variables —i.e., a stream can receive either gréear( and bottom layers.The proposed framework is evaluatedyusin
red (). This resulted in a mixed-integer linear programmingimulation experiments.
problem (MILP). Van den Bergt al. [16] used the horizontal The second contribution of the paper is to show that
gueuing model of Kashargt al. [17] to model all the traffic compared to locally optimizing the intersection outflowse t
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resulting control strategy can improve the throughput s dilow computation time, but lower expected performance, of
tributing traffic over the network in spillback conditiorihis feedback-based control strategies, a hierarchical conéme-
is shown quantitatively by comparing the proposed strategywork is proposed in this paper. The framework is presented in

a strategy that optimizes the local intersection outflows] aFigure 1 and consists of two layers:

qualitatively by studying the realized traffic states.

The third contribution of the paper is to provide insight
into the controller performance when varying the controlle
sampling times and when applied to different process models
The reason why this is studied is that an important issue of
MPC strategies is that the mismatch between the prediction
and process model may negatively affect the controller per-
formance. One way to limit the impact of this mismatch is
by reducing the sampling time of the controller, so that the
possible prediction errors can be corrected more frequentl
by using new measurements. In the proposed framework, the
sampling times of the two layers can be varied, both of
which may affect the controller performance. Reducing the
sampling time of the individual intersection layer allowsma
frequent switching, leading to a better tracking of the refee
outflow trajectories; reducing the sampling time of the roatw
coordination layer allows for a more frequent correction of
prediction errors. Qualitative analyses are carried owthich
the sampling times of the different layers are varied. In
addition, simulations are carried out with two differenbpess
models, namely, the LTM and the microscopic model Vissim
that has a larger mismatch with the prediction model.

1)

2)

C. Design considerations
Several factors were considered when designing the control

The top layer uses an aggregated prediction model to
optimize the network throughput evef§** seconds,
where 77! is in the range of one to several minutes.
The control signal consists of the fractions of green
time that every stream in the network has to realize, but
which are not directly applicable by the traffic signal
controllers. Nevertheless, the desired behavior of the
traffic system — for instance, a prediction of link outflows
— can be derived from this signal. Hence, reference
outflow trajectories can be derived from the optimized
signal, such as the reference cumulative outflow of a
link, or a reference number of vehicles that has to be
present in the link.

The bottom layer consists of the local intersection con-
trollers. The task of the local intersection controllers
is to track the reference outflows. This is realized by
selecting everyl'°®! seconds — in the range of 5 to
10 seconds — the stage that is expected to lead to
the smallest reference tracking error in the n&xte!
seconds. The local intersection controllers may not be
able to track the reference outflows exactly, because they
were determined using a simplified traffic flow model.
However, it is expected that the average behavior of
the local intersection controllers will lead to improved
network performance when the tracking error remains

strategy in order to simplify the problem or to emphasize the small.
most important control features.
As stated before, an intersection control program is rath{FTocess <— Traffic demand
complex. To simplify this, we assume that there is no fixe{~ Propagation of traffic
stage sequence. Also, no minimum green times, and no fixed -

cycle times are used. Clearance times — i.e., the time used

. . .. 5
to clear the intersection between two conflicting stagese- ?Bottom layer

included in the approach. |
The control strategy has to be real-time feasible. This mean

Tlocal

that the time it takes to compute the control signal is shor
than the controller sampling time, which is typically in th
range of one to several minutes. A longer controller sargplih
time is beneficial, since it allows more time to optimize thk
control signal. However, the controller sampling time ddou!

- Reference tracking

|

|

|

Individual intersection controllers |
I

- Actuation of stages |
|

be kept short so that the controller can quickly respond to—
traffic changes and unexpected events. "
The aim of the controller is to improve the throughput. In
practice, other performance indicators might also be hedl)
such as equity, pollution, and reliability. Their inclusjo '
however, is beyond the scope of this paper. |
Finally, the paper focuses on networks used solely by motor-
ized traffic. The extension to networks used by heterogendus
traffic — e.g. cars, trucks, public transport, and bicycleis —|
left for further research. L

Network coordination layer

- Optimize throughput

- Output: outflow reference
trajectory

Fig. 1. Schematic overview of the control strategy

II. CONTROLLER DESIGN

In order to bridge the gap between the high computationThe advantage of this framework is that the signal timings
time required by optimization based control strategiestaed are determined in a decentralized way; i.e., every intéimec
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Tlocal: next time slot affected

by local controller
1

Cannot be influenced T°¢: prediction model sampling time) | 7ref NPT prediction horizon

L 1 t 1 !
L ] ] // o | // I
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o Next time step when local Next time step when coordination
Current time step . .
controller will be updated layer will be updated

Fig. 2. Schematic overview of the timing used. In this examphe sampling tim& is 1 second, the intersection controller sampling tifi&ca! is 5
seconds, the prediction model sampling tiffié is 10 seconds, the coordination layer sampling tifféf is 60 seconds, and the prediction horizdi® is
30 steps.

requires only measurements of the direct upstream and down-Network coordination layer: LML-U approach
stream Iinks..quever,_due to Fhe tracking of the referencethe task of the network coordination layer
outf!oyvs, the |nd|V|d_uaI intersection c_ontrollers are dalpaof layer of the proposed framework — is to determine the ref-
realizing network-wide performance improvements. erence outflows that optimize the network throughput. Recal
The idea behind the proposed framework is that differeffat the coordination layer sampling tim@&<f (s) is in the
control algorithms can be applied to the different layers. kange of one to several minutes. Hence, in order to satisfy
this way, the framework can be adapted to different traffigal-time feasibility, the coordination layer has to beeabl
networks, situations, and desired controller properths.a to compute the reference outflow trajectories within one to
proof-of-concept, Section |1I-B details the implementatiof  several minutes.
a linear MPC strategy — called LML-U — based on the link To this end, the recently developed linear model predic-
transmission model in the coordination layer, and Sectigd | tye control strategy using the link transmission model for
presents a greedy reference tracking (GRT) strategy for th@han traffic networks (LML-U) is chosen in the coordination
individual intersection controller layer. Hence, the pwsed |ayer [1]. This approach has the advantage that it considers
strategy is called LML-U + GRT. In Section Ill, simulationg|| relevant first-order traffic dynamics — i.e., upstreand an
results of this implementation are presented. downstream propagating waves — using only two traffic states
Compared to segment-based models, such as the CTM, this
is more efficient from a computational point of view. The
approach requires a prediction of the traffic demand, turn-
fractions, and maximum network outflows. Its output comssist
Discrete timing is considered in this paper. The time steqf the optimized fractions of green time used by the traffic
k () and sampling timeT (s) refer to the periodt < streams in the network. The remainder of this section first
[Tk, T(k+ 1)) (s). It is assumed that the sampling time ofliscusses the prediction model used in more detail, next the
the measurements is equal Ta The prediction model has Optimization problem is introduced, and finally the apptoac
a sampling time stepk¢ (-) and sampling timeT (s). It to compute the reference outflow trajectories from the opti-
holds thatT® = T with the factore € 2t — i.e., it is mMization output is presented.
a strictly positive integer. The intersection controllsesect a 1) The prediction modelThe prediction model used in the
new stage to actuate every controller sampling time ate§!  LML-U control strategy is the LTM. The main elements used
(-) with controller sampling time stef'°c®! (s) for which it here are links — indicated with indeX (-) — and origins —
holds thatT'ocal — ¢localT with the factore!o°®! ¢ Z+, The indicated with indexi® (-). The traffic dynamics of origins
reference outflow trajectory is updated every time st&p and links are updated using two traffic states; the cumaativ
(-) with the sampling time stefi**’ = ¢°'T seconds, with link inflow N(k¢) (veh) and outflowNg" (k) (veh), and
et € Z+. Italso holds thal ™! = =T, with ¢>**f ¢ Z+. the cumulative origin inflowNy ™ (k) (veh) origin outflow

— i.e., the top

A. Timing

It follows that k = (k' — 1)elocal 41 = (k¢ — 1)e¢ +1 = Ni?;i“(kc) (veh). Every outflow is controlled using a control
(k™ —1)er +1, and thatk® = (k™" — 1)c*™" + 1. Figure 2 parametert< (k°) for links and 6<1C (k<) for origins that
provides an overview of the timing used in this paper. expresses the effective fraction of green time used duhieg t

It must be noted that a measurement that is available tahe stepk®. Note that this optimization approach is presented
time stepk reflects the traffic state at the beginning of thén more detail in [1]. The interested reader is referred tb] [2
time periodk. It is thus not possible to change the contrdior a more detailed description of the LTM.
action at time stefk. Hence, at time step the control signal ~ The cumulative link outflow is updated using the following
for the next time steg: + 1 will be determined. So, in this equation:
paper the control action at time stgj3®! is determined based ot ont s by off 1 e
on the data available at time stépoc®! — 1)¢local = NP (RS +1) = NP (k) + g 0 (k°) 1)
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Nk +1) = NEGE) + > (njL,iL(kC)bif (kC)q;;ftTC) + > (nio,iL(kc)big’o(kc)qupTc) , 2)
jLEI:fL"‘S ioezg"‘s

NioLut (kc 4 1) S FYZ'CILHCCNEII}(ICC _ k;:ifrcc + 2) + (1 . ’y:ﬂtmc)N;I?(kC _ k;:ifrcc + 1) , (3)

N;E(kc + 1) S VfﬁShOCkNﬁut(kC _ kEﬁShOCk + 2) + (1 _ VfﬁShOCk)Nﬁut(kC _ kEﬁShOCk + 1) + n;}ﬁax7 (4)

(kmf*l)éc'reerNp%*l

JTTS — > TC{ > ( gf(kC)—N;ut(kC)>+ > (NZ%’i“(kC)—NZ%"“t(kC))}, (12)

ke=(kref —1)ecref 41 iLeZl 10€Z0

whereg* (veh/h) is the saturation rate. The cumulative link. Additionally, if there is a conflicti>” between links at
inflow is modeled as the sum of the outflows of upstreaam intersection — i.e.{j*, "} € Zatlict — the sum of the
links j& € Il.LL’“S and originsi© ¢ Iﬁ’“s multiplied by the effective green fraction&fﬁ(kC)er;Ef(kC) should be less than
turn-fractionsy;. ;.. (k) as given in (2), where the sgf;"*is 1 — 0. The tuning parametefc. (-) is used to prevent
the set of links directly upstream of link, and the Sefgaus infeasible reference outflows that can occur when a clearanc
is the set of origins directly upstream of link. The fraction time has to be respected when switching livkto j*. This
n;r.i (k) indicates the turn-fraction from link" to link i, ~results in the following constraints:
and the fractiom,o ;. (k°) (-) indicates the turn-fraction from
origin © to link ™. 0< (k) <1, (9)

In order to model free-flow dynamics, the cumulative link 0< bRy < 1 (10)
outflow is bound from above, so that vehicles cannot travel = 70 =
through the link faster than the free flow travel tirtfge (s). 0 < b (k) + b5 (KS) < 1 — Byeon . (11)
This can be written as a constraint on the cumulative outflow
as given in (3). In (3) the number of time ste{azgzfree =

free c . c,free _ ;c,free free c
([f)iLar/eTu]se((-j)’ t(?r:ic:]efzrel frii(t:etzlror:)ylgte th; faLrnula_ti\féL cu?\@ optimization problem is to minimize the total time spent @)T

y P * JTTS (vehh) used by all the vehicles in the network over

detailed in [1]. The mathematical operatpr| rounds the a prediction horizonV? (-) subject to the linear model and

argument of the function to the nearest integer that is higheonstraints resented in the previous section. The TTS can
than the argument of the function. In order to satisfy CF P P '

conditions, it should hold thdtgﬂfree S 9. e expressed as the total number of vehicles in the network

Similarly, upstream propagating waves caused by spiIIbagk every time stepi® mutiplied by the sampling timer

0 _ ref c,ref

are included by bounding the cumulative link inflow fron?nd S?gﬂjidl)izﬁgfTeNgn:_elsffziv_en(ﬁ] (1;) 12I'€herelt
above so tha’g a vehicle can only en_ter a Iﬂjﬂé_Ck (s) seqonds_ (-) represents the set of all links adid (-) represents the set
after the vehiclen}** (veh) has eX|thedkthe Ilrlk, kas givenin ¢ origins.
(4), with the.nurnggcgf tlmce.,sﬁsz&i Shock_ EiL /11 0), As in [1], minimizing the TTS can be written as the
and the fractiony; = ki — °%/T° (7). It should following linear optimization problem:
hold thatkfﬂShOCk > 2 in order to guarantee CFL conditions. '

Outflow limitations at the network are modeled as external . L T e
disturbances —i.e., inputs that cannot be affected by the@lo Jnin ZBu(k™) + Z(Az(EK*) + Cd(k™)) , (13)
signal. So, when a link is at an exit of the network, an extra
constraint is added:

out /7.c out/1.c out,max (j.c\rc - -
NE® (k€ +1) < Nz (k%) + g (k)T () Here, the matrices!, B, andC as detailed in [1] describe the
where "™ (k<) (veh/h) is the maximum outflow that cantraffic dynamics, so that a prediction of the traffic stae™!),

2) The optimization problemThe objective of the linear

Subject toM 9 (k) < yined

exit the link at time stepke. as defined by equations 1, 2, 6, and 7, can be computed by
Origins are modeled as vertical queues via the followingultiplication of the control vectori(k*") by B, the initial
state update equations and constraints: traffic statex (k™) by 4, and a prediction of the disturbances
Ouin e Ouin e e d(k™!) — i.e., inputs that cannot be controlled — by The
Nio (kS + 1) = N (k) + djo (K°)T°, (6) matrix A/ined and vectorV/ined as detailed in [1] contain the

Nzgvout(kc +1) = NZ%OM(]CC) +q§gPTCb§§vO(1€C), (7) inequality constraints of equations 3, 4, 5, 8, 9, 10, and 11.

out 7.c in/jc Multiplication of the vectorZ by the predicted state gives the
N (ke +1) < NO (R +1) . ® 1rs P ythep g
with ¢;5" (veh/h) the origin capacity. The vectora(k**f) contains the effective fractions of green

The final constraints concern the effective fractioffS(k°)  time beff (k) andbs (k©) used by the links and origins in the
and bjg’o(kc) of green-time which should be betweérand network at the time steps® = (k™f —1)ecref +1,.. . (k™ —
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w(ke) = [p§T(ke) ... b (ke) BTOMke) L bRO®me)] T, (16)
d(ke) = [d(ke) ... d% k)], (17)
7= [w((kf = 1)erel +2) . a((kf = el 4 NP4 1)] " (19)
o (k) = [NQ™(kS) ... NGU(kC — k%) Nip(ke) ... Np(ke - kgﬂfr%)f . (21)
o (k) = [NQ™" (k) NO™ (k)] (22)
N;Lut.,rcf(kmf) _ [N;)Lut((krcf —q)eeref 41 NioLut((krcf S 1)eref p o NioLut((krcf — 1)ecrel 4 NP 4 1)f . (23)
Nitiut,ref(]%) =(1- ,yref(]%))N;ut,ref(]%c(]%)) + ,yref(]%Ni(Lut,ref(]%C(]%) +1). (24)
1)ecret 4 NP: —, the signalV ;"' (k™) has to be resampled. Equation (24)
w((kFeF — 1)ecrel 4 1) shows how the reference outfloxﬂiﬁ”t’r‘?f(l%) at an arbitrary

time stepk € (k™ — 1)emf +1,.. . (k™f 4 Npecref)eref 41

—rprefy PN
Uk = can be obtained. Here, the time stefik) is given as:

. ) (14)
u((kref _ 1)6c,ref_,’_Np) o A
— C — C
The disturbance vectai(k™f) contains the traffic demands ke(k) = [k/T°), (25)
d(k°) at time stepsk® = (k™f — 1)erel 4+ 1,..., (k*f —

i ref (7.\ i i i A
)ectet 4 NP and the fractiomy™ (k) is the residual of a time step théat

exceeds:®(k):
d((kref _ 1)€c,ref + 1)

(k™) = : (15) vl (k) = (26)

d((krcf _ 1)€c,rcf + Np)
The control vectoru(k¢) and disturbance vectaf(k©) at a

time stepk® are given in (16) and (17) respectively, where C. Local intersection layer: greedy reference tracking
(-) indicates the number of links and® (-) the number of
origins.

3) The reference outflow trajectoryThe outcome of the
optimization problem (13) is the vecton*(k*') (-). As
noted before, this signal cannot be directly applied to t
local intersection controllers due to the aggregated eaddir
the traffic flow model that is used to formulate the linea?

The task of the local intersection layer is to actuate atyever
time stepk'°<®! and at every intersection the stage that leads
to the smallest reference tracking error. The referenaokitng
fRiror of a stage is defined as a measure of the error between
the reference outflow trajectories and the potential outflow
f the different streams at an intersection when actuatiag t

optimization problem. Instead, a reference outflow trajsct stage. o ) ) )
is derived from the optimized signal (k™). . The §tage selection is .done in a d_ecentrallzed way, which
A prediction of the traffic states(k**') can be obtained as S POssible because the time stepe*! is chosen to be short
follows: — i.e., in the range of several seconds —, and no fixed stage
N . o sequence is assumed. The tracking strategy is called greedy
2(k) = Aw(k™") + Bu* (k™) + Cd(k™") . (18) since it selects the stage that minimizes the referenckitigic
The prediction of the state(k™") consists of the traffic states€TOr for a short time horizoﬂrlfcil. An alternative would be
2(k°) at time stepsk® = (k™ — 1)eoref 4+ 2, (ke — to implement a strategy that minimizes the tracking errarov

1)esref 4 NP, as given in (19). In its turn, the statgkc) @& longer time horizon. However, this would require predigti

consists of the states of the link&, (k°) and originszTs (k°) the outflow of many different stage sequences, and it would
at time stepk®: ! ! require taking into account the impact of the selected stage

- sequences of upstream and downstream intersections as well
w(k®) = [zy (k) ... al(k) aP(k) ... 205(k°)] . leading to a complex optimization problem.

(20) The greedy policy is computed for every intersection sepa-
The states of linke’;, (k¢) and originz®, (k) at time stepk® rately by carrying out the following steps:

are given in (21) and (22). 1) predict for every stage the potential cumulative outflow
Now, a reference cumulative outflow trajectd\r/y’L“t’ref(kC) of every link in the intersection when actuating the stage

as given in (23) can be derived from(k¢) for every link (see Section 1I-C1);

it € geontrolled for gl the time steps® = (k™ — 1)eoref 4 2) compute for every stage the resulting reference tracking

L., (k™f — 1)eoret 4 NP, error (see Section I1-C2);

Since the sampling time of the prediction model is a 3) actuate the stage that is expected to realize the smallest
multiple of the measurements sampling time —H &= ¢“T reference tracking error (see Section II-C3).
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N;Lut’p(]% + 1|k,piinter (klOCdl)) mln {NOUt7p(k|k pzmtex (klOCdl)) + qhathiL (]%)7 “ee

NIk 4 1), NP (k + 1)} Vil e TS, . (27)

N;ut,free(k + 1) _ ’Yzf{eeN;Ilj (k _ sziee + 2) + (1 free)Nm (k kfree ) (28)

Ni(iut’Sp(k + 1) _ N;Lut,p(k) 4 ’}/;EOCkN;ﬂlt (k _ kls:hock 4 2) 4 (1 shock)Nout(k _ k;EOCk 4 1) 4 n?iax _ N;E’p(k) ) (29)
NI (e + 1k, pymes (K0)) = >~ e i (R) (NP ( + 1k, pseces (K1) —

LGI[{SCer
NPk, pgncer (K1°°01))) Vi € TRS.. . (30)
él‘inter (p,L'inter (klOCd.l)) = ’Yeé?inter (p,L'inter (klOCd.l)) + (1 — 'Ye)egnter (p,L'inter (klOCdl)) . (31)
k+610ca1+1 . A R 2
G (R0 = 3030 (W) - D)) 32

k=k+2 LeZVUS

jinter
k+610ca1+1

égnm (piinter (klocal)) _ Z ( Z Nﬁut’mf(k) _ Z Nitiutap(]%)) ’ . (33)

hekt2 iLeTUs A

jinter jinter

1) Potential cumulative outflow prediction:The first costs and the final reference tracking costs.
step is to predict, for every intersection™*** and 3) Stage actuation:The final step is the actuation of the
stage pjnce (K1°°%) € PLIES, with PLiE™ the set of stagepi... (k'°) that leads to the smallest expected refer-
stages at the intersection, the potential cumulative ausflo ence tracking error of all the streams that use the intamsect
Nout’p(mk pimeer (K1°¢?)) (veh) of the linksi* € Z93.. using:
directly upstream of the intersection using (27) for theetlm Jlocaly _ » plocal 24
stepsk = k + 1,...,k + ol 4 1. In this equation, the  Pimer (k%) = ?f}%ﬁﬁlf;mg Ejinter (pyincer (K1°°4)) . (34)
maximum link outflow Nl 4+ 1) (veh) in freeflow e
conditions is computed using (28). It is assumed fHat?! < 4) Numerical example:To clarify the reference tracking
threeyit € ZUS.., so that the outflowvﬁ“‘*frcc(k) depends on approach we have included the following simple numerical
historical control decisions at the upstream intersestionly. example. Assume that we have a network consisting of two
The maximum possible cumulative outflow under spillbackonflicting links that can realize a flow equal to the satorati
from a downstream link™ € Z%S is computed using (29). rate of 1000 veh/h when given green. It is also assumed that
It is assumed thafo® < thh“kw € IR%.., so that the 7' = 5 s, and that the reference outflows for time step
maximum outflole"ut *P(k) depends on historical controll to 12 are computed by the network coordination layer as
decisions at the downstream intersections only. 600 and 300 veh/h respectively, as shown in Figure 3. The

The cumulative link |nflows7\7‘“ P (|, pyincer (K121 (veh) inter-stage clearance time when switching from stage 1 to 2
of the links ZD%., directly downstream of the intersectior@nd Vice versa is assumed to be 2 seconds. Assume that at

when actuating the stagg;...(k°e) for the time steps eVery time step we can choose between actuating stage 1 —

b=k+1,... k+éol 41 are updated using (30). i.e., giving green to link 1 and red to link 2 — or actuating
ge 2 — i.e., giving red to link 1 and green to link 2.

When cIearance times have to be respected when switchﬁ%g)\
from stagep;ince (k'] — 1) to stagepyime (Klocal) | the cor- t time stepk = 1 the error E deterlmmed over tlm((a]I steps
responding values df;. (k) in (27) are set td) for the first k = 3 ok = 7: For stage 1, the tota error compute using
(31) is 0.85 while the error for stage 2 is 1.82 given that

TSlear seconds. ¢ < 4 _
12 Ref i N hat th dicti fih 0.3. Because the error of stage 1 is smaller it will be activat
) Reference tracking erromNow that the predictions of the Next, at time stept = 6, the error when actuating stage 1

link outflows are available when actuating the differenget is 2.28 while the error for actuating stage 2 is 1.82. Hence

the expected reference tracking erfofuce: (pme: (k")) tage 2 will be activated. Note that in the error calculatioa

can be computed using (31). It '? qleflned as the weight er-stage clearance time between stage 1 and stage Dis als
average of the errog,., (pjime (k°°)) — which is the %ccounted for
< :

square of the area between the reference outflow and t
predicted outflow computed using (32) — and of the error
€D e (Djinter (K'°°?1)) — which is the error between the total
intersection reference outflow and total predicted intisa Simulation experiments are carried out to show that the use
outhOWethex (piincer (K'°°21)) computed using (33). The param-of the individual intersection layer does not lead to sigaifit
eter~¢ is introduced to balance the current reference trackipgrformance degradation, and that the proposed framework i

IIl. SIMULATION EXPERIMENTS
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Link 1

2 — Process model
= : /:_ il _//___: Disturbances: T PPTTT——
B I | Demand Control signal Traffic state
21 I — et I- Turn fractions Every 7ol (s very second
Z _ _ _yjout Maximum outflow)

| N |
—~ | | e = = = == = = = = = - - - =~
(0 — ' Intersection controller

1 2 3 45 6 7 8 9 101112
Time step (-)

Sampling timeT"°%! (s)

—_— — —— — — —

|
I
MPC !
2 L.lnk .2 T Reference Sampllng time 10 (S) l
I I — N | Every 7™ (s Prediction horizon 600 ®
= I I — — - Nout| ! Updated everyl™ (s) |
21 [ [ - ] /
'z, | | N e e e = = - - - -
ol ! — L _7 Fig. 4. Schematic overview of the simulation set-up.
1 2 3 45 6 7 8 9 101112
Time step (-) simulations. It consists of three intersections; (1) tdp &)
_ _ top right, and (3) bottom right. The link lengths are indezhin
Fig. 3. Small example of reference outflows and realized o] the figure, where it must be noted that link 16 is 800 meters. It

can also be seen that a bottleneck is located at the downstrea
able to efficiently distribute the queues over the networthian end of link 7. This bottlenec_:k 1S use(_Jl _to mimic a situation
where downstream congestion is spilling back towards the

presence of spillback. Additionally, the impact of the migah trolled network. Alt tivelv. the botl K i
between the prediction and the process model is studiechwhf®"rored hetwork. Alternatively, the botlieneck can keen
Rituation where the controlled network outflow is limited

is influenced by the selected process model and the cho%e ) . . )
controller sampling times. y a perimeter control strategy. A simulation period of 2500
First simulations are carried out with the LTM as the

process model, so that the mismatch between the process @an
prediction model is small. A comparison is made — in termg
of TTS reduction and realized traffic states — with a corgroll
that directly applies the reference outflows of the cooriilma

layer to the model — which is only possible when using
a macroscopic process model — giving the lowest possille
TTS. This shows the TTS increase caused by the individya
intersection layer. Next, the performance is compared with B ns.0 = 6/11 mear = 1/2
greedy feedback policy that optimizes the signal timings &f 778:10 —5/11 mG:lS —1/2 16(;

Intersection 2
I ttleneck
= N/
1 2 4 — 4 S 1+ —> 7

\ 1 \

1,2 :5/9 \ Tir ,/ 14,5 :6/11 \\ T
ma3=4/9 S~ .47 nae =5/11  ~|
|
10:9

the local intersections. This provides insight into thdigbof — ix
the proposed framework to distribute queues more eﬁityenﬁg’ 8
over the network in the presence of spillback. Next, the
microscopic model Vissim 5.30 is used as the process model,
which introduces a larger mismatch. 2 3T ==

In both simulations, the controller sampling tim@a°c2! mais =1/3 ,
and7™*' are varied and the impact on the TTS and reference Moia =2/3 L.
tracking error is analyzed. It is expected that a smaller-sam 300 m 200 m 300 m 200 m 300 m
pling time T'°<?! leads to a lower TTS and a lower reference
tracking error, because it allows more frequent switchifig &ig. 5. Schematic overview of the network used for the siiria, including
the stages. Similarly, it is expected that Choosing a Sma%e link lengths, location of the bottlenecks, and the fnactions.
sampling time7™f reduces the reference tracking error but
does not necessarily reduce the TTS. S

econds is considered. The demand pattern that is applied
to the network consists of a high demand for the first 1800
. ) seconds of respectively 900, 1100, and 1800 veh/h at links 1,
A. Simulation set-up 8, and 12. From time 1800 to 2500 seconds the demand is
The simulation set-up is shown in Figure 4. Every secondecreased to respectively 300, 250, and 200 veh/h at links 1,
measurements are obtained from the process model — i.e.,&and 12. This implies that in the high demand situation 600
LTM in Section IlI-B, and Vissim in Section IlI-C. The local veh/h want to go from links 5 to 7 and links 17 to 18, 500
control layer is updated evef'°“® seconds, and the networkveh/h from link 6 to link 19, and 600 veh/h from link 18 to
coordination layer updates the reference outflow trajésgor link 19. The bottleneck at link 7 is activated from time 100
every T**f seconds. Figure 5 shows the network used in tlseconds with a capacity of 600 veh/h.
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It is assumed that no measurement noise is present anéigure 6 (a) and (e) show the impact ®f°f on the TTS
that there is no uncertainty in the disturbance predictibms and on the mean reference tracking error. For every sampling
this way, controlled experiments can be carried out thatall time 7" there are multiple results, since the simulations were
studying the controller behavior in detail. It must be notedepeated for different values @f'°°®!. Figure 6 (a) shows the
that there is a mismatch between the process model and ithpact of the coordination layer sampling time on the TTS.
prediction model caused by the difference in the local aintrit can be observed from this figure that for low sampling
signals and the MPC output. times the TTS fluctuates considerably. WhEtt! increases

the fluctuations decrease, and for higher valuegtf the
MI TS starts increasing again, which is mainly caused by the

time 7*°f being close to the prediction horizon of 600 seconds.

The first set of evaluations is carried out using the LTM 6\§igure 6 (e) shows the impact of the sampling tiffi&’ on
the process model. These evaluations are carried out im tnrdethe mean reference tracking error. This plot shows a slight

gain insight into the quantitative controller performantae increase in the reference tracking error when increasieg th
LTM allows a direct implementation of the reference outflow§me 7! although this result does not seem to be significant.
obtained from the network coordination layer and thus essbl Figure,6 (b) and () show the impact @f°<a! on the TTS

studying the reference tracking error incurred in the il

B. Simulation set 1: macroscopic simulation using the LT

) . N Th ‘ Kinaré and on the mean reference tracking error. Figure 6 (b) shows
|dnt$rsedct|on ﬁontro ayer. f he mEanlre e(rjgf?ce trac t;mgr% that an increase iff’'°®! results in an increase in the TTS.
efined as the average of the absolute dilierence between &gy Figure 6 (f) shows that an increaselifr<®! results

reference outflows computed with the network coordinatiqﬂ an increase in the reference tracking error. These meatdt

layer and the realized outflows, best explained by the fact that a smaller sampling tiffs!

1) Simulation set 1f set-up':l'he_LTM_ is implemented as results in the possibility of more rapid stage switchingjckh
the process model with a Sa!mp"”g_ time step Of_ 1 secongios for better tracking of the reference outflow trajeiets.
Clearar_lce times are not considered in th|s_5|m_ulat|on eet, a Figure 6 (a) and (b) also show the realized TTS of the LML-
the tuning parametet... are set td). This implies that Kthe U and GCP strategies. Figure 6 (a) shows that the LML-U
control strateg|es can actuate any stage at any time7step. strategy can realize the lowest TTS. It also shows that it is
Three different control strategies are compared: not sensitive to changes in the tirfié°! until approximately
1) LML-U + GRT : this is the control strategy proposed i seconds. After that, the TTS increases due to the time
this paper. Tt getting close to the prediction horizon. The lowest TTS
2) LML-U : this is the LML-U strategy of the top layer reglized with the LML-U strategy is 234.33 véh Figure 6 (b)
with the optimized green-fractions directly applied to thgnhows that the TTS increases when increasing the sampling
network. Note that this implementation is not deploytime 71°cal The best performance realized by the LML-U +
able, since these green-fractions can be simultaneouglpt strategy is 234.56 vefor T'°c@! being 1 second. When
nonzero for conflicting traffic movements in a timesetting7!oc2! to a more realistic value of 5 seconds, the lowest
interval. Comparing with this control policy gives anTTs js 235.45 veth . In the case of the GCP, the lowest TTS
idea of the best possible TTS that can be obtained. [gglized is 238.16 veh .
3) GCP: this is a greedy control policy (GCP) that _tries These evaluations show that a sampling tiff’ in the
to actuate the stage at every time s that will  range of 300 to 400 seconds is preferred for the performance.
maximize the throughput of every individual intersecrowever, ideally7"! is chosen small, so that the control
tion. This is realized by predicting for every stag&trategy can quickly respond to disturbances. In orderdace
the potential int.ersection outflow usjng the approaghe sampling timeZ™’, it is suggested to study the use of
detailed in Section 1I-C1 and actuating the stage thgh opserver in future research. The evaluations also shatw th
will lead to the highest outflow. A comparison with thisthe performance loss incurred by the switching of the stéges
algorithm provides insight into the added value of thgmited when the mismatch between the process and predictio
network coordination layer of the LML-U + GRT policy. model is small. Additionally, it is shown that a smaller lbca
In the various simulations, the local control strategy sargampling timeZ'°<®! results in better performance due to the
pling time T'°¢*! is varied from 1 to 15 seconds. The coorability to track the reference outflows more accurately.
dination layer sampling tim@™*' is varied from 10 to 590
seconds. In this way the impact of the controller parameters _ i . i _ _
on the controller performance can be studied. The predictig' Simulation set 2: microscopic simulation using Vissim
model used in the coordination layer uses a sampling tinge ste The second set of simulations is carried out with a mi-
of 10 seconds and a prediction horizon of 600 seconds. T¢r@scopic simulation model. This allows us to study the
factor~© is set to 0.3. performance when applied to a more complex process model.
2) Simulation set 1: resultsSeveral simulations were car-The quantitative performance is studied by comparing the
ried out with the different control strategies. The quatitie control strategy to two other control strategies and stuglfie
results are presented in the left two columns of Figure Bnpact of changes in the controller parameters. Additilgnal
First, the impact of changing the controller timing&f and the qualitative performance is studied.
T'°cal on the different controllers is discussed. After that, the 1) Simulation set 2: set-upin this simulation set, Vis-
performance of the different controllers is compared. sim 5.30 is used as the traffic flow model, with a sampling time
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Fig. 6. Simulation results for different set-ups. The twéi Blumns represent the results obtained with the LTM, the tight columns represent results
obtained with Vissim. The first row shows the impact of thetoalter sampling times/™™ef and7'°2! on the TTS. The second row shows the impact of the
sampling times on the mean reference tracking error. Pich@pws the impact of the sampling tinf@°c@! on the mean local prediction error. This result

is not shown for the LTM because the prediction error is nggle, since the process and prediction models are idénfitee max, mean, and min lines
indicate the maximum, mean, and minimum realized TTS of eshown parameter (e.@'°°! in plot (a)).

step of 0.2 seconds. Measurements are gathered and sent & Simulation set 2: quantitative result§he quantitative
Matlab R2016a every second. The rest of the set-up is similasults are presented in the right two columns of Figure 6.
to that discussed in Section IlI-B1. First, the impact of the controller sampling tim&s°f and

o ) T'ecal is discussed. After that the performance is compared to
The same network model as in Figure 5 is used. Howevghs Gcp.

the parameters used in the prediction model are differemt th , .
those discussed in Section I1I-B1. The link parameters arefigure 6 (c) shows the impact gf** on the TTS. It can
shown in Table | and are obtained by fitting the simulatiof® oPserved that the TTS is lowest for sampling tirffes’
data obtained with the LTM to an identification data set frofff e range of 200 to 300 seconds. This is in accordance
a Vissim simulation. The origin capacities are estimated ¥4th the results obtained with the LTM. The reason is that
=™ =2000 veh/hgS™ =2000 veh/hgSaP =2000 veh/h. the refergnce outflows are determined for average dynamics.
When using small values &<, the frequent updates of the

In the various simulations, the local control strategy sanMPC signal do not allow a good representation of the average
pling time T'°c! was varied from 5 to 12 seconds. Thelynamics. For high sampling timeg ™, the impact of the
coordination layer sampling tim@&™f was given values of mismatch between the process and prediction model becomes
30, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540, and 5Bfger, as is also shown in Figure 6 (Q).
seconds. In this way, the impact of the controller paramseter Figure 6 (d) shows the impact @f'°e2l on the TTS. It

on the controller performance can be studied. The predictig,, he ghserved that there is no clear connection between the
model used in the coordination layer uses a sampling t"ESmpIing timer'ocal and the TTS. When studying Figure 6 (h),

step of 10 seconds and a prediction horizon of 600 seconflss 4150 clear that there is no strong connection between th
The factor© was set td).3. The clearance time between twosampling timeT'°<?! and the reference tracking error. This is

conflicting links was set to 2 seconds, and the parameéfers oo explained by the mismatch between the LTM and Vissim
were set tod.4 - 1072,

when predicting the intersection outflows with a time honizo
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TABLE |
LINK PARAMETERS USED IN THE PREDICTION MODEL

Link  tfree(s)  ¢shock(s)  pmax(yeh) gsat(veh/h) | Link  tfree(s) ¢shock(s)  pmax(yeh)  gsat(veh/h)
1 21.0 60.0 45 1961.9 11 21.0 58.0 46 2048.3
2 14.0 60.0 30 1916.1 12 21.0 56.4 44 1994.4
3 14.0 46.6 30 2000.0 13 14.0 61.0 31 1979.2
4 21.0 68.0 45 2369.8 14 14.0 70.0 30 1998.3
5 14.0 70.0 30 2369.8 15 21.0 58.0 46 1935.3
6 14.0 39.0 30 1848.5 16 57.0 205.0 119 1914.9
7 21.0 92.0 46 2023.0 17 14.0 60.0 30 2262.5
8 21.0 63.2 45 2150.9 18 14.0 48.3 31 2195.1
9 14.0 60.0 30 2000.0 19 21.0 53.4 47 1937.3
10 14.0 55.0 30 2000.0

in the range of 10 seconds. Figure 6 (I) shows the impact of at link 5 leads to increased outflows at upstream links
T'cal on the prediction error of the bottom layer. 2 and 9. Hence, only around time 800 seconds do the
When examining the realized TTS in Figure 6 (d), it can queues in links 2 and 9 become more or less stationary.
be seen that the LML-U + GRT strategy can realize a TTS The GCP controller does not have such a global view of
of 270.17 vekh while the GCP can realize a TTS of 279.35  the network, so the queue on link 2 grows, resulting in
vehh . The reason for this, as discussed in the next subsection, spillback to link 1 and an outflow reduction at link 11,
is that the approach proposed in this paper distributes the as can be observed in Figure 8 (c).
queues over the network better. Also, when studying Fig-+ At time 1800 (indicated with the righter most vertical

ure 6 (l) it can be observed that the mean local predictioorerr  line) the demands decrease. Due to this, the outflow of
of the GCP is consistently higher. The reason for this is that link 5 can be reduced without triggering spillback to links
the predictions in the intersection layer are especialiyvben 1 and 8 so that the queues on link 12, 14, 16, and 17 can

queues spill back to upstream intersections. This affdes t be reduced.
GCP more, because that strategy causes much more spillback.
3) Simulation set 2: qualitative result$igure 7 shows the V. DISCUSSION

number of vehicles over time in several links for the two Several assumptions were made to simplify the problem
different control strategies — i.e., the LML-U + GRT in theqqressed in this paper. This allowed us to combine opti-
left column, and the GCP in the right column. Figure 8 Showgj;ation of the traffic flows at the network level with local
the outflows of the network exits over time. The S|mulat|ogigna| controllers. This section discusses the implicatd

it plocal _ £ _ . . .
results withT"**" = 9 seconds and™* = 300 are used for {hese assumptions and suggestions for relaxing them.dt als
the comparison. The vertical lines are used to indicateithe t §iscsses the scalability of the framework.

instants 300, 460, 650, and 1800 seconds respectivelywBelo |; \vas assumed that no minimum and maximum green
the behavior is discussed using these figures. times, no maximum or fixed cycle time, no off-set, and no

Figure 7 (a) and (b) show that from time 80 to 300 théxed stage sequences had to be considered. Including these
flow into the bottleneck exceeds the bottleneck capacipyoperties may affect the control performance, sincegditices

and a queue starts building up in link 7. This occurs whehe control freedom. In order to correctly take these priger
using either of the two policies. into account, the network coordination layer may need to be
Figure 7 (c) and (d) show that at time 300 (indicated withdjusted to reflect the impact of the different signal cdfero

the first vertical line) the spillback reaches links 5 and 1froperties on the link outflows. Also, the logic of the local
and both controllers try to store as much traffic in thedatersection control layer may need to be adopted to enbate t
links in order to prevent blocking links 6 and 18. maximum green times, cycle times, and fixed stage sequences
Around time 460 (indicated with the second vertical linedre realized. Depending on the problem type, this may be
spillback cannot be avoided any more. The LML-U -achieved by using heuristic approaches or optimizatisetda
GRT controller reduces the outflow of link 5 so thastrategies. Hence, relaxing these assumptions may require
queues built up in links 5, 4, 2, and 9. In contrast tsome theoretical extensions and additional numericalueval
that, the GCP controller gives green to both links 5 anations which is beyond the scope of the present paper.

17. This causes spillback towards links 4 and 16, which Apart from that, an idealized set-up was assumed with no
causes blocking of links 6 and 18. noise or uncertainties, and in which only normal vehicular
Next, around time 650 (indicated with the third verticatraffic is present. The impact of uncertainties on the cdietro
line) the LML-U + GRT blocks the outflow from link 17 performance requires further investigation and, when eéed

in order to prevent spillback to links 8 and 1. As showmnobust control strategies should be developed (e.g., s8e [2

in Figure 7 (c), the number of vehicles in link 5 decreasd23]). Different traffic types may be included by using a
while the number of vehicles in link 17 increases. It isnulti-modal LTM, and including public transport prioritysa
interesting to see that links 2 and 9 do not seem that fudbnstraints within the optimization problem.

around time 650. This is due to the shock wave dynamicsThe approach was designed for sub-networks consisting of
that cause a delay in the time when an outflow increaéseveral) tens of intersections at maximum, and was tested
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Results: LML-U + GRT Results: GCP on a small network consisting of three intersections. When
40 (a) Link 7 40 (b) Link 7 applying the framework to larger networks, the computation
l_ time required by the network coordination layer increasés
30 WI"""’WW 30 audiib e b size of the optimization vector is given #s8" + n°)N? (-)
fg 0 20 and the number of constraints is given(@a® + 3n° +n® +
> neM)NP (-), with n® (-) the number of exits, and®® (-) the
10 10 number of conflicts between links.
0 0 V. CONCLUSIONS AND RECOMMENDATIONS
0 1000 2000 0 1000 2000
(c) Links 5 and 17 (d) Links 5 and 17 This paper proposes a hierarchical control framework for
coordinated intersection control. The top layer — the netwo
30 S 30 " w\r'n“"*PL‘"L' coordination layer — uses an efficient, linear MPC strategy
= 50 u"f""f"‘h-' 20 M"M for the optimization of network throughput. The output of
2z the network coordination layer consists of reference owtflo
2 10 ! 5 10 trajectories for the controlled links at intersectionse iottom
. layer consists of the individual intersection controlléhgt
0 : 0 actuate the stage that minimizes the current referenckinigac
0 1000 2000 0 1000 2000 error. Simulations were carried out to test the impact of the
(e) Links 2 and 9 (f) Links 2 and 9 controller timings and to compare the performance for the
30 30 differen_t timings. Simulations using the LTM as the process
model indicated that the best performance can be obtained
= 90 20 when using a moderate (around 200 to 300 seconds) sampling
Z time for the network coordination layer. It was also showat th
z 10 N 10 a smaller sampling time of the bottom layer leads to improved
ey performance. It was found that the policy proposed in this
0 . o 00 ufle 1 paper can realize a TTS that is only 0.5% worse than the
0 1000 2000 0 1000 2000 best possible performance when directly applying the $igna
Time (s) Time (s) of the network coordination layer. It was also shown that the

controller can outperform a greedy control policy thatsrie
Fig. 7. Number of vehicles in the links 7, 5, 17, 9, and 2 overetifor the  maximize the individual intersection throughput. Simidas

LML-U + GRT strategy in the left column and the GCP strategyha right : : P :
column. The vertical lines indicate the time instants 308,450, and 1800 using microscopic simulation revealed that the Comrdtegy

seconds. is capable of efficiently distributing the traffic over thetwerk
_ _ in spillback conditions, even when a large mismatch between
g0, (@ Outflow link 7 (b) Outflow links 11 the prediction and process model is present.
1000 Further research can investigate the application of thadra
% 600 work to an intersection signal program where fixed stage se-
S 400 quences anq minimum green times are _mcluded. Additionally
b 50 the application to a network that consists of heterogeneous
F? 200 LML-U + GRT vehicle types — e.g. vehicles, public transport, and b&yel
— — —GCP may be studied. Finally, further research can be carried out
0+ : 0 into the design of an observer so that the sampling time of the
0 1000 2000 0 1000 2000 network coordination layer can be reduced.
200 (c) Outflow links 15 (d) Outflow links 19
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Fig. 8. Outflow of links 7, 11, 15, and 19 over time for the LML-4JGRT
strategy and the GCP strategy. The vertical lines indicagetime instants
300, 460, 650, and 1800 seconds.
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