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Voorwoord

Een proefschrift is meer dan alleen een bewijs van Staigiyerdieping in een vakge-
bied, het is ook een bewijs van toewijding en persoonlijkemitkeling. Naast de

unieke kans om zonder beperking maanden lang diep na te miewvkee een onder-

werp, heeft het promotie traject me dan ook vele bijzondevarsagen geboden op
professioneel en persoonlijk vlak. 1k zou graag mijn darkhaid willen uitten aan

een ieder die direct of indirect heeft bijgedragen aan dezege en de totstandkoming
van dit proefschrift .

Ten eerste wil ik Andreas Hegyi bedanken die me als afstbegeteider heeft gemo-
tiveerd om te gaan promoveren, wat me op dat moment de geagtdaging leek die

ik kon aangaan. Ik ben je erg dankbaar voor het vertrouwenedatijd gehad hebt
in een goede uitkomst en voor de vele wijze lessen. Zondetitjsdhe vragen over
de ideeén die ik geregeld met je besprak hadden er nu nietoferafgoritmes in dit

proefschrift gestaan.

Serge Hoogendoorn wil ik bedanken voor het mogelijk makenhet promotie tra-
ject en voor de altijd scherpe kritiek en nieuwe invalshoek@aarnaast ben ik je ook
dankbaar voor het voortdurende vertrouwen in mijn ond&zo@ktijken. Een goed
voorbeeld hiervan is een bespreking in maart 2014. Omstijeekari 2014 was ik me
volledig gaan richten op stadsverkeersregelingen. Na 2dsmdiep nadenken vroeg
ik me in deze bespreking af of de ideeén die ik had wel ergaagoe leiden. De feed-
back die je gaf luidde ongeveer: “je hebt best aardige wlesak vertrouw erop dat
er iets goeds uitkomt, ga nog een maand zo door en als het eladunielijker wordt
kijken we samen hoe we het gerichter kunnen maken.” Gedardiremdmaand kwam
inderdaad een ‘Eureka-moment’ en legde ik de basis vooripetieme beschreven in
hoofdstuk 4 van dit proefschrift.

Bart De Schutter wil ik graag bedanken voor de technischp hijlde formulering

van de optimalisatie aanpakken in de artikelen in hoofdstnk3 en 5 en voor de
tijdige en hoge kwaliteit feedback op de tekst van dezeedik Daarnaast wil ik je
bedanken voor de leerzame samenwerking in de begeleidm@ikaJansen tijdens
zijn afstuderen. Ook wil ik je bedanken voor het plaatsnemeale commissie.

| also want to thank Hai Le Vu for hosting my visit at the Swinte University of
Technology. Without our discussions and your help, | woubtl Imve been able to
develop and implement the algorithm presented in ChapteBésides that, | want
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to thank you for the collaboration in supervising Dik Janslening his visit at your
group, and for taking place in the doctoral committee.

Thanks to the other doctoral committee members, namelyAtlem, Hans van Lint,
and Monica Menéndez, for their valuable time investeasuding and providing feed-
back on the dissertation, and taking place in the doctoralncittee.

A warm thanks to all the colleagues of the Transport & Plagmiepartment who have
made the work so much more pleasant. Especially: Mario,llBjséamara, Erika,
Femke, Ramon, Alex, Pablo, Bernat, Meng, Yufei, Oded, Vjdart Wiegmans, and
Nikola. Henk Taale, dank voor de hulp met hoofdstuk 5. Nkearit was great working
with you. Paul van Erp, dank voor de gezelligheid, het lueste oor, en de vele
ingewikkelde discussies over allerlei onderwerpen. Mghatin very thankful for your
help, it was lots of fun working with you! Edwin, dank voor dedersteuning en hulp
bij technische problemen. Priscilla en Dehlaila, bedamdrwde gezelligheid en de
hulp met de verscheidene verzoeken waar jullie altijd sre man de slag gingen, ik
bewonder jullie talent om zoveel verschillende dingenligge doen.

Ook dank aan de afstudeerders Robin, Mark, Emiel, NihaRkear), en Dik die ik heb
mogen begeleiden, voor de leerzame ervaring. In het bipobk, het was gezellig
met je samen te werken, zeker ook in Melbourne. Ik ben erg tqohet goede resultaat
dat je gehaald hebt!

Jaap, Gerard, Koen, dank voor de leuke en leerzame tijd bijélrHet was erg inter-
essant om de praktische kant van de verkeersregelingeernteariik heb ook genoten
van de goede sfeer in jullie team.

Theun, hartelijk bedankt voor het ontwerpen van de omsladeefiguren in de in-
troductie. 1k vind het fantastisch hoe je mijn interessesskzinnige hebt weten te
verbinden met de inhoud van dit proefschrift, dank je wel!

Het is erg gemakkelijk om elke minuut van de dag bezig te zigt en promotie
onderzoek. Gelukkig heb ik kunnen rekenen op een heel seglden, hoewel het me
niet altijd gelukt is om niet over werk te praten. Ik denk daer wel steeds beter in
word, gelukkig. Job, wat hebben we veel mooie avonturerefieélelat zullen we vast
nog wel doorzetten! Freek, ik vind het altijd fantastischweer bij te praten, alsof de
tijd heeft stil gestaan. Bart-Jan en Rik, het was een moamesitentijd met jullie en
leuk om daar nog van na te genieten in Den Haag. Jan, Elisas Fltijs, Koen en
Luuk, heel tof om nog altijd bij elkaar te komen en hopelijlagave nog eens op een
reisje. Natuurlijk wil ik ook even de Zorbanen noemen; in biggonder Rein voor je
wijsheid en gezelligheid, Stijn voor je enorme inspireremtergie en enthousiasme,
en Philip voor je vriendschap waar ik altijd op kan rekenemk-{Sander het was super
dat je ook op de afdeling werkte en hebt geholpen met hodédstiHopelijk zie ik
jou, Emma en Bram nog vaak en gaan we snel weer wielrennen.

Dank aan Milou, Sander en Loek. Milou, dank voor de altijdrogeur, de klus pro-
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Chapter 1

Introduction

Road traffic networks are not always utilized to their maximpotential. This means
that travelers experience unnecessary delays due to,dtamice, freeway congestion
or inefficient use of intersections. These delays causecesmal and societal costs.
According to the European Commission congestion costs mfeumount up to 1%
of the gross domestic product [European Commission, 2@d¢ important cause of
this problem is the lack of efficient network-wide traffic ¢mi measures which is the
main topic of this dissertation. More specifically, thisstigation focuses on feedback
traffic control algorithms.

Feedback traffic control aims at influencing the traffic usaetuators — for instance,
variable speed limits (VSLs), ramp metering (RM), traffighlis, and route guidance
— based on real-time traffic measurements [Papageorgidy 20a3]. A well-known
example is ramp metering which is commonly used to limit asramp flow using a
traffic light at the on-ramp so that the freeway flow remainewethe capacity of a
bottleneck [Papageorgiou et al., 1988]. This causes a stiogereduction which is
beneficial for the freeway performance because it redueespact of the capacity
drop - i.e., the phenomenon that the congestion outflow sstlean the free flow ca-
pacity [Hall and Agyemang-Duah, 1991, Kerner and Rehbo®36] Leclercq et al.,
2016]. In this way, the average travel time of all the roadrsss reduced because the
freeway outflow remains higher.

Network-wide traffic control can be used to reach variouscijes. Examples of
these objectives are improving throughput, reducing piolly improving safety, im-
proving reliability, and improving equity [Burger et al.023]. The main objective for
applying ramp metering in the example above is to improvehheughput. Besides
that, reducing congestion may also lead to a reduction ilufah and in a safety gain.
However, the improved throughput is realized by solely gielg the on-ramp traffic
which may not always be equitable. Hence, different objestimay be conflicting.
The task of a control algorithm is to influence the traffic sattthe performance —
expressed via one or a set of objectives — is improved. Thiediation focuses on the
objective of improving the network-wide throughput.
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The currently available traffic control algorithms are ntbways able to efficiently

utilize the network capacity. One of the main reasons fos hithat improving the

network-wide throughput requires to coordinate numerarigadors throughout the
network. Such coordination is theoretically challengingedo, among others, the
complexity of traffic dynamics. Apart from that, coordimagia lot of actuators intro-
duces a lot of decision variables which may cost a lot of caatjpnn time to optimize.

As a consequence, most traffic control algorithms contanicant simplifications

so that they require only a limited amount of computationetiwhich often leads to
sub-optimal performance.

Hence, there exists room for improving the currently avddaraffic control algo-

rithms. In fact, there are several aspects on which traffidrob algorithms can be
improved. However, for the sake of simplicity, this disaéidn investigates how traffic
control algorithms can be developed that lead to a bettanibalbetween the following
two requirements:

e The algorithm has to be able toordinatemultiple (different) actuators in order
to maximize the network performance,

e The algorithm has to beeal-time feasible This means that it has to be able to
compute the control signal within the controller samplimgg which is typically
in the range of one to several minutes.

It must be noted that these two requirements are often conflibecause the problem
complexity typically increases when the number of actisatbat need to be coordi-
nated increases. As a consequence, an increase in the nofaotunators may cause
an increase in the computation time used by the control ghgomvhich may conflict
with the real-time feasibility requirement. Thereforanidy be needed to realize a bet-
ter balance between the realized network performance ancetjuired computation
time.

The aim of this dissertation is to design traffic control aitions for network-wide traf-
fic control that lead to a better balance between networlopadince and computation
time. Before formalizing this aim into a research objectiust the background of the
problem is introduced. To this end, the next section disesifise main characteristics
of the network-wide traffic control problem. Section 1.2alkstthe main challenges
and opportunities relevant for the design of network-wigdfic control measures in
this dissertation. Section 1.3 then presents the reseéjebtive, followed by the re-
search scope Section 1.4, and the research approach Skeé&idection 1.6 presents
the main contributions and Section 1.7 presents the dasartoutline.

1.1 Problem characteristics

A network-wide traffic control system consists of detectartuators, state estimation
algorithms, and control algorithms that influence the ttads illustrated in Figure 1.1.
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All these elements have different characteristics thatinedbe accounted for when
developing network-wide traffic control algorithms. Thiscon first describes the
characteristics of the traffic dynamics followed by the eaéeristics of the actuators
relevant for this dissertation.

Sensors

Control signal

State estimation

Controller Control algorithm

Figure 1.1: Overview of a traffic control system

1.1.1 Traffic dynamics

The propagation of traffic through a network is a dynamic pssowith many charac-
teristics. Depending on the intended application of a traftintrol algorithm it has
to be able to account for several of these characteristicterdstingly, the relevant
characteristics of urban roads and freeways differ and amaetjuence this section
discusses these characteristics separately. Henceegttisrsfirst discusses the main
characteristics of urban traffic dynamics and their impiaraon the design of traffic
control algorithms, followed by a discussion of the chagastics of freeway traffic
dynamics and their implication on the design of traffic coh#gorithms.

The traffic dynamics in amrbanlink can be divided into three traffic regimes. The
division of the regime inside a link used in this dissertati® based on the definition
presented by Aboudolas et al. [2010]. It must be noted thdbghin Aboudolas
et al. [2010] a regime refers to the traffic situation inside majority of the links in
a network while in this dissertation it refers to the traffituation inside individual
links. The undersaturated regime represents the situatiovhich a queue can be
emptied during a green time implying that a coupling fromtrgesm to downstream
intersections exists. In this regime, green waves can lsgemtehat allow vehicles
to pass several intersections without stopping. The sair@gime is defined as the
situation in which queues cannot be dissolved during a gtiees implying that no
direct coupling between intersections exists. Green wearso longer be created in
this regime and the queue outflow equals the saturationfrdtere is no downstream
storage capacity limitation. The oversaturated regimén&acterized by queues that
propagate to upstream intersections causing a couplingdimvnstream intersections
to upstream intersections. This coupling is time delayet;es it takes time for the
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space created by vehicles leaving the downstream int@yaect reach the upstream
intersection.

An urban traffic control algorithm has to account for difiereharacteristics depend-
ing on the intended application. For instance, a traffic mdralgorithm designed for
the undersaturated regime should be able to account foralvesdream propagating
waves caused by free flowing traffic. If this is not includdg tontroller will not be
able to coordinate the off-set between intersections thaséd to create green waves
Little [1966], Little et al. [1981]. Similarly, if the upsélam propagating waves caused
by spillback are not accounted for by the control algorittime, controller will tend to
overestimate the remaining storage space in a link. Duadpttie controller may try
to realize higher flows to a downstream link than physicatiggible while reducing
the flows to other links resulting in a performance loss.

Several characteristics bkewaytraffic dynamics are relevant for this dissertation. In
free flow conditions the density — i.e., the number of velsidgtea link (or segment) —
is positively correlated with the flow. In practice it is alsbserved that the speed in
the link reduces when the density increases in free flow ¢omdi. When the density
reaches the critical density, traffic becomes unstable mgdhat (small) disturbances
may lead to congestion. Hence, the density and flow are mefjattorrelated for
densities beyond the critical density. Congestion typyaauses a capacity drop [Hall
and Agyemang-Duah, 1991, Kerner and Rehborn, 1996, Legkdral., 2016]. Note
that the capacity drop is usually not observed in urban traéitworks. The reason
being that the maximum flows in urban traffic networks areizedl by the outflows
from queues that are already limited by the queue dischatge rThe severity of
the capacity drop depends on several factors. One of theke tgpe of congestion.
The two most well-known forms of congestion are jam wave®s congestion with
a length of roughly a few hundred meters to 2 km that propagatee upstream
direction — and standing queues. Typically, the capacityp daused by a jam wave is
larger (in the range of 30% according to Kerner and Rehbd®86]) when compared
to the capacity drop caused by a standing queue which is inatige of 10 to 13%
according to Leclercq et al. [2016].

Similarly as for urban traffic, the intended application dfeseway traffic control algo-
rithm influences the characteristics that need to be aceduot. In free flow condi-
tions it is required to account for the travel times betwedferdnt network elements.
For instance, when coordinating the outflows of differentamps using RM to max-
imize the throughput of a downstream bottleneck, it may beebeial to account for
the time delay between the changes in the outflow of the wpsti@-ramp onto the
flow passing the downstream on-ramp and the bottleneck.eldgd) these free flow
dynamics simplifies the control algorithm but may also idtroe efficiency losses or
controller instability. The capacity drop is an importambperty that is to be taken
into account when developing traffic control algorithmsdongested conditions. Not
accounting for the capacity drop means that there is nordiffee between prevent-
ing or allowing congestion on a freeway stretch withoutraifaps in terms of realized
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freeway throughput. On the other hand, including the capabiop may lead to a
more complex controller design. Finally, a freeway traffimtrol algorithm designed
for jam waves may not be efficient when applied to a standirepguand vice versa.
However, developing an algorithm that is capable of acaagrfbr both congestion
types may be more complex.

1.1.2 Actuators used for network-wide traffic control

The actuators that are considered in a network-wide traditrol system have several
characteristics that have to be considered as well. Thsedggion is limited to four
types of actuators, namely, traffic lights, (in-vehiclejiahle speed limits, ramp me-
tering installations, and route guidance. The charadiesisf these actuators and the
implication of these characteristics for the controllesida are discussed below.

Traffic lights are a well-known and broadly used traffic control measuraffi€dights
at an intersection are controlled via a signal program,arealgorithm that determines
which streams can be active — i.e., is given a green light —hattWwme instant. A
signal plan has several properties as will be detailed fitsbfnman and Bronkhorst,
2014, Papageorgiou et al., 2003]. A stage is a set of strdahsdn be active simulta-
neously. When the streams in two subsequent stages arectingflia clearance time
has to be respected between the time when stopping one stdgetivating the next
in order to avoid collisions. In practice, a signal prograsngists of a fixed sequence
of stages which may contain some degree of flexibility. A ctatgpsequence of stages
is referred to as a cycle. Typically, every stream receivesramum amount of green
time during a cycle and a maximum amount of green time in oraldmit the max-
imum cycle time. Some signal plans use an offset betweersgtgons. This offset
enables the coordination of the signal programs of diffeirgersections so that traffic
leaving the upstream intersection receives a green ligetwbaching the downstream
intersection. This is commonly known as the green wavelf,itt966, Little et al.,
1981]

These properties may affect the controller in several wBy® to the clearance time,
it is beneficial to increase the cycle time in the saturatedi @rersaturated regime.
The reason for this is that a longer cycle time reduces thebeuof switches between
stages which reduces the fraction of the cycle time thatisised by traffic. Despite
the advantage of choosing a longer cycle time, it cannot beatoo long, since, this
may cause annoyance or, even worse, road users ignoringglesl. | The sequence
of stages can affect the performance as well. In practiegiessequences are fixed.
One of the main reasons for doing this is that road users getatted with the signal
program so that changing the stage sequence may lead tsamfannoyance or non-
compliance. Another advantage of fixing the stage sequenttet it simplifies the
control problem. On the other hand, fixing the sequence exitie control freedom
and as a consequence may reduce the performance. Finallyfftiet is commonly
used for coordinating the signal plans of intersectionsidassaturated regimes. This
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concept may also be used in the oversaturated regime toinatedhe signal plans in
the upstream direction.

Variable speed limitsare commonly implemented using variable message signs
(VMS) placed on gantries above a freeway and may also beagisglin the vehicle.
While research has shown that VSLs can be used to improvedbedy throughput,
they are typically used in practice to enhance the safety. eample is the auto-
matic incident detection (AID) system used in the Nethatfarmhe AID system in the
Netherlands displays a speed advice of 50 km/h if a speedavidgdkm/h is detected
by inductive loop detectors near the VMS gantry. Additidpathe gantry directly
upstream of the gantry displaying 50 km/h displays a speetc@ddf 70 km/h. In
this way, road users start limiting their speed and are atieiethey are approaching
congestion. According to Taale and Schuurman [2015] thesesy has led to an 18%
reduction of head-to-tail collisions.

When applying a VSL system, the following characteristiosigd be included. First,
a VSL controller has to be able to correctly account for thpast of the displayed
VSLs on the traffic flow dynamics. According to Hegyi et al. {80 two main ap-
proaches exist to improve the freeway throughput using V¥a@mogenizing is the
first approach which displays VSLs on VMS that are similarhte average speed of
the traffic. This reduces the speed differences which stakithe traffic flow reducing
the probability of traffic breakdown, and thus, leading tgmved freeway through-
put [Smulders, 1990, Van den Hoogen and Smulders, 1994n&it991]. However,
field-test results did not show significant throughput inyerents [Van den Hoogen
and Smulders, 1994]. Flow limitation is the second apprascich aims at reducing
the freeway flow by displaying VSLs. Field-test results gsine SPECIALIST VSL
algorithm showed that the flow into a jam wave can be reducedisgplaying VSLs
upstream of the jam wave [Hegyi et al., 2010]. Due to the floduation, the jam
waves could be resolved leading to improved freeway thrpughResolving a jam
wave means that the upstream propagating high densitydeedsstate that character-
izes a jam wave, is removed, so that it is possible to realaféd flows up to the free
flow capacity. Carlson et al. [2011] proposed an algorithat &pplies VSLs upstream
of a bottleneck so that the bottleneck inflow can be contddibematch the bottleneck
capacity. This may prevent bottleneck congestion and miaeithe throughput. An-
other property that has to be respected is compliance tasp&agied speed limits. Itis
well known that the actual speed of traffic that is speed &ohit also called the effec-
tive speed — is not equal to the displayed speed limits. Hen¥&L controller has to
account for the compliance of traffic to the VSLs. Finally, 8lVstrategy should not
cause unsafe situations, such as a situation where onlycargage of the road-users
is speed-limited by VSLs or a situation where road-userge&pce sudden drops in
the VSLs.

Ramp metering installations are traffic lights placed at on-ramps thaival& limited
number of vehicles to enter the freeway when showing greethi$ way, the freeway
flow downstream of the on-ramp can be changed. One of the nedskmown RM al-
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gorithms is called ALINEA [Papageorgiou et al., 1988] and haen applied at several
on-ramps throughout the world.

Several characteristics of RM installations have to be aetsd for when developing
a RM algorithm. The possible RM rates are bounded by a minirmonchmaximum

RM rate. The minimum rate prevents excessive waiting wihigerhaximum RM rate
is a physical constraint caused by the minimum cycle timéeRM installation. The
limitation of the on-ramp flow usually causes an on-ramp guéelypically, this on-

ramp queue has to be limited in order to avoid spillback tauhgtream (urban) traffic
network. The maximum queue length may limit the time overchtiRM can reduce
the on-ramp flow and therewith limit its effectiveness.

Route guidanceis a traffic control measure that can be used to re-routedrdtioute

guidance can be realized using VMS by displaying routingcat major bifurca-
tions, or by displaying in-car messages, for instance, asgba navigation system.
One of the reasons for applying route guidance is to didiibaffic more efficiently
over the different routes in a network [Papgeorgiou and Mess1991]. Another rea-
sons for implementing route guidance is to direct traffic ywvam incidents in the
network.

Several characteristics of route guidance need to be cemesidvhen developing route
guidance control algorithms. First, route guidance mayseaan interaction effect
between the road users and other traffic control measurean &gample, consider a
system where road users have devices that decide based aunritbet traffic situation
and potentially on the predicted travel times, what rouézglIto the smallest travel
time for the individual road user. When the control actioh®iher traffic control
measures are not adapting to this re-routing effect, thear&tmay get into a sub-
optimal user optimum. Accounting for these influences nexguan integrated control
action that accounts for the impact of the infrastructuretia actions onto the re-
routing. However, coordinating the route choice with otb@ntrol measures results in
a complex problem. Second, people may not fully comply tatle guidance advice.
Hence, a traffic control algorithm has to account for non-glamce or it should be
combined with a policy that can realize a high compliance.

1.2 Challenges and opportunities of network-
wide traffic control

Apart from the complexity introduced by the aforementioskdracteristics that need
to be accounted for, the main complicating factor of netwoiite traffic control is

(simply) the size of the network. Controlling the traffic in arban region requires
coordination of hundreds of traffic lights and actuatorsx\glmany tens of kilometers
of freeway. The number of control variables of such a systeenormous, causing
computational issues. Besides that, developing algosttomtoordinate this number
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of variables is also challenging from a theoretical poinviefnv due to, for instance,
the many problem characteristics that have to be considered

A promising approach to control such networks is to divide tietwork into sub-
networks. Such aub-networks defined in this dissertation asreedium-to-large scale
networkconsisting of tens of kilometers of freeway or tens of intetens. The sub-
network controllers are then used to optimize the performaan the sub-networks
while a higher level controllers optimizes the flows that exehanged between the
sub-networks leading to network-wide performance impnoset. In this way, the
sub-network controllers can consider more detail whilealgerithm that has to coor-
dinate the sub-network interaction can consider more siieglor aggregated dynam-
ics. For instance, Hajiahmadi et al. [2015b] proposed arobstrategy to coordinate
the sub-network interaction based on the network fundaaheiimgram (NFD). Zhou
et al. [2016] integrated that strategy in a hierarchicaltadriramework as described
above. The Rhodes algorithm is another example of a higcalatontrol framework
for urban traffic networks [Head et al., 1992].

This dissertation focuses on the design of algorithms forrsetworks in the light of
a multi-level or hierarchical system as discussed aboveo fiyves of sub-networks
are considered, namely, freeway and urban sub-networks dihision is made, since,
the characteristics of the problem of freeway and urbanrmitrorks are rather dif-
ferent so that different control designs are needed. Béliost,the problems faced
when developing freeway or urban traffic control algorithems discussed. After that,
Section 1.2.2 discusses opportunities for improving tige@thms. When needed, a
distinction between freeway and urban traffic control is enad

1.2.1 Challenges

Ideally, a traffic control algorithm optimizes the contratian of various actuators to
maximize the throughput. Hence, various traffic controbalypms have been pro-
posed in the scientific literature that are able to autoraliyiselect the control signals
that optimize the network performance over a time horizae fegyi et al., 2005b,
Gomes and Horowitz, 2006, Hajiahmadi et al., 2013a, Van deng Bt al., 2007] for
optimization of the VSL or RM signals in freeway networks.e3&boudolas et al.,
2010, Le etal., 2013, Linetal., 2012, Van den Berg et al. 72€8r optimization of the
signal timings of intersection controllers to maximize tivban network throughput.
Major advantages of these algorithms are that they canyeadjilist to various traffic
situations, various traffic demand patterns, and varioad fay-outs while maintaining
the ability to optimize the network performance. Howevespite these advantages,
this type of algorithm has not been implemented in practice @ several reasons.
First, including all the relevant problem characteristieguires a complex optimiza-
tion problem that does not always satisfy the real-timeibgiety requirement. Second,
optimizing the performance over a time-horizon requiresedigtion of near-future
traffic demands and turn-fractions at off-ramps and biftloce, which is not readily
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available. Third, the optimized control actions are notalsvinsightful which affects
the acceptance of the control strategies by the autharities

In contrast to optimization-based algorithms, in practicainly non-optimizing con-
trol algorithms of the feed-forward or feedback type arelanented that coordinate
the control actions of a small number of actuators for a $pdcaffic situation. For ex-
amples of practice applied freeway traffic control algarithsee, [Papageorgiou et al.,
1988] for feedback RM to prevent bottleneck congestionddiéiham and Taale, 2006]
for feed-forward RM, and [Hegyi et al., 2010] for a feed-fangt VSL control algo-
rithm. Examples of practice applied urban traffic contrgasithms are, the TUC
algorithm [Diakaki et al., 2003, Kraus Jr et al., 2010] whista feed-back algorithm
designed for the saturated regime, and SCOOT and SCATS whéchlgorithms de-
signed for the undersaturated regime [Hunt et al., 1982, [LAB4]. The advantages
of these algorithms are that they require little computatime, that they typically
do not rely on demand predictions, and that they exploit &ropinsightful algorith-
mic formulations. A disadvantage of these algorithms i$ thay may not be able to
optimize the performance in all traffic situations. For argte, most urban traffic con-
trol algorithms do not consider the upstream propagatingesaaused by spill back,
while in that regime, strong relations between intersesctiexist, especially requiring
coordination.

1.2.2 Opportunities of traffic control algorithm design

Recent technological innovations and scientific insightsige opportunities for im-
proving both freeway and urban traffic control algorithmecfinological innovations
can be used to provide better detection and actuation plitsssbthat may be used
to improve the controller performance. Similarly, sci@atinsights may be used to
develop new algorithms that make more efficient use of exgstietection and actu-
ation possibilities. In some cases, a combined approachbedpllowed in which
new algorithms are developed that make efficient use of néactien and actuation
possibilities.

The most relevant technological innovation for this ditsésn is the rapid increase of
in-vehicle technology, such as GPS navigation system#)liegecooperative systems
— i.e., systems in which vehicle to vehicle (V2V) and vehidenfrastructure (V2I)

communication is enabled. Due to this increase, the avhijabf floating car data,

i.e., GPS speed and position data of individual road ussrgcreasing. This data
is more detailed compared to the traffic data based on indukiop detectors. For
instance, Bayen and Patire [2010] showed in a field-testebtinates of the traffic
state can be drastically improved by combining inductived®r loop data with FCD
of just a few percent of the traffic. Hence, it has the potétdigupply existing traffic

control algorithms with more accurate traffic state estiomst. Moreover, it may also
be used to develop new traffic control algorithms that takeitidividual vehicle as
the controlled element, instead of taking road segmentd@sdntrolled elements.
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Apart from more accurate data, cooperative systems alsode®new data types. A
promising data type is the planned route of individual roadss. This information
may be used to provide a better prediction of the future traffimand.

Cooperative systems not only provide better data but cankesused to directly in-

fluence individual vehicles. This may be possible by disiplgyn-vehicle messages
for instance on GPS navigation devices to re-route thedradfovide speed advice to
individual vehicles, or even by directly influencing the sgeof individual vehicles.

The advantage of this innovation is that it allows more dedairaffic control, since,

the strict time-space discretization of control actiorat tis currently determined by
the infrastructure can be relaxed. In order to benefit fromtéchnology, new traffic

control algorithms have to be designed that take the indalidehicle as the controlled
element.

The most relevant insight for the developmentrekEwaytraffic control algorithms in
this dissertation is the application of shock wave theorgescribe the effect of VSLs
on the traffic flow. These insights were used by the SPECIALA&brithm that was
capable of resolving jam waves on the A12 freeway in the N&thds [Hegyi et al.,
2010]. However, the SPECIALIST algorithm is a feed-forwatdorithm designed
for a conventional VSL system consisting of inductive daie¢oops and roadside
VMS. Wang et al. [2014] showed that the use of cooperativeesys can improve the
performance of the SPECIALIST algorithm. However, in orttefully benefit from
cooperative systems, a new algorithmic formulation maydsled that considers the
individual vehicle as the controlled element. Apart fromatihthe SPECIALIST al-
gorithm is only designed to resolve a jam wave using VSLs.eflidg et al. [2011]
integrated the SPECIALIST algorithm with RM. Although itagpected that this may
increase the effectiveness, it is also likely that furthéeeding the algorithm to more
generic situations is theoretically challenging. Thislddee addressed by incorporat-
ing the VSL control principles used in SPECIALIST in an optation framework,
for instance, using parameterization. This could redueecthmputation time while
simultaneously improving transparency.

The most relevant scientific insight for the developmenirtfan traffic control algo-

rithms in this dissertation is the development of the lirkngmission model (LTM)
by Yperman [2007]. This model is capable of modeling the melgvant traffic dy-

namics, namely, forward and backward propagating wavestrensaturation flow of
gueues. In contrast to the commonly used cell transmissaeh{CTM) proposed by
Daganzo [1995], it has the advantage that it does not retlezide a link into seg-
ments so that the model is more efficient from a computatipoiait of view. However,

not many control algorithms based on the LTM exist. See,dtafiadi et al. [2015b]
for a model predictive control (MPC) strategy based on thel f@r integrated control
of VSLs and RM.
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1.3 Research objective

This dissertation addresses the challenge of improving #ue-off between road traf-
fic network performance and required computation time dfitraontrol algorithms.

This is realized by developing algorithms for the controlneédium-to-large scale
urban and freeway networks. These algorithms are desigrtbe icontext of the char-
acteristics, challenges, and opportunities of the netwade traffic control problem

as discussed above.

To this end, the main aim of this dissertatiotttie design of computationally efficient
traffic control algorithms for throughput improvement of me dium-to-large scale
freeway or urban traffic networks that:

e coordinate the control actions of (different types of) atbus at different loca-
tions in the network,

e take the impact of the control actions on the network-widégueance over a
time horizon into account.

1.4 Research scope

Network-wide traffic control is a challenging problem witlany open issues that need
to be addressed. The algorithms proposed in this diss@rtate meant as a step into
the development of the next generation network-wide trafbictrol algorithms. The
main step taken in this dissertation is exploiting the mesént technological innova-
tions and scientific insights in order to realize a betteddraff between computation
time and realized performance of network-wide traffic corsitgorithms. The follow-
ing scope is considered when developing network-wide traffintrol algorithms in
this dissertation.

This dissertation focuses on the design of algorithmsrfedium-to-large scale traf-
fic networks. This simplifies the control problems that are to be solvediwithe
sub-networks, since, the number of controlled actuatoredsiced. Additionally, a
sub-network either consists of urban roads or freeway wahigiplifies the problem
as well. A medium-to-large scale freeway network is defined aetwork consisting
of tens of kilometers of freeways, tens of VMS gantries, amcegal RM installations.
A medium-to-large scale urban network consists of tenstef&ections. This disser-
tation does not address the problem of coordinating the fllstween sub-networks.
The reader is referred to [Hajiahmadi et al., 2015b, Zhou.eP816] for control ap-
proaches aiming at coordinating the flows exchanged betag@metworks.

This dissertation focuses on the design of algorithms fefadllowing existing traffic
control measures:(in-vehicle) VSLs, RM installations, traffic lights, andute guid-
ance. The reason being that the dissertation mainly aimptahizing the flows in a
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network for which these control measures are specificailgdu Additionally, these
measures are also most relevant from a practical point of. vie

This dissertation mainly aims ahproving the throughput. Improving the through-
put is one of the most important traffic control objectivespaft from throughput,
safety is typically considered in the design, for instafigegonstraining the optimiza-
tion problem. However, it will not be systematically assgbw/hether the safety will
be improved by applying the algorithms in practice. Otherfgrenance indicators,
such as, equity or pollution, are not considered in thisedtasion.

The algorithms proposed in this dissertation are desigmedntrolnormal traffic or
more specifically, traffic flows consisting of a mix of cars dnetks. The application
of the algorithms to networks used by more types of traffichsas, bikes, pedestrians,
public transportation, and emergency vehicles is beyoadtiope of this dissertation.
It should be noted that including more types of traffic, alalbexl modes, may require
different optimization algorithms. For instance, the aitjons may need to be adjusted
to maximize the throughput in terms of total travel time ofgoms instead of vehicles.

This dissertation considers an ideal world in whiohh measurement noiseand no
demand prediction uncertainties are present. In this way, no observers or filters
are needed to improve the measurements fed to the congretbethat the simulation
results are not biased by measurement errors. Currengigiqtions of the demand are
obtained using historical data and real-time inductivedetr loop measurements. In
the near-future, these predictions may be improved usirig. FC

1.5 Research approach

The main research objective is achieved by developing akakyorithms for the con-
trol of traffic in freeway and urban traffic networks. In gealethe novelty of these al-
gorithms is in the use of new detection and actuation pdgsbior in the use of recent
scientific insights to develop more efficient traffic con@fgorithms. This dissertation
is divided into two parts as shown in Figure 1.2. The first paesents algorithms for
the control of freeway traffic, and the second part presdgtsithms for the control

of urban traffic. An overview of the different proposed cohailgorithms is presented
below.

1.5.1 Freeway traffic control

The first part of this dissertation aims at developing algorithmsifoproving the

throughput of freeway traffic networks. This pérst focuses on the use of in-vehicle
technologies enabling cooperative systems to improve ri@nay throughput. As
motivated in Section 1.2.1, using cooperative systemgausof infrastructure based
technologies — such as, inductive loop detectors and VS@aiied on VMSs — can
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lead to more efficient traffic control strategies. Most cohdifgorithms proposed in the
literature that use in-vehicle technology or cooperatistems focus on the control of
individual vehicles or platoons of vehicles using (coopieed adaptive cruise control
((C)ACC) to stabilize the traffic flow or to allow shorter hee/s between vehicles.
However, much less algorithms for the coordinated contfahdividual vehicles on
an entire freeway stretch have been developed.

Hence, the aim oChapter 2 is to develop a VSL control algorithm that uses indi-
vidual vehicles as detectors and actuators for coordinatéthe speed of individual
vehicles to improve the freeway throughplihe insights into the application of shock
wave theory to describe the effect of VSLs on the freeway flolvbe applied in this
chapter. The control of individual vehicles implies that ¢ontroller has to compute
the control actions for a lot of actuators, namely, all theigies on the freeway. There-
fore, the controller is designed to require only little cartggion time. The controller
is evaluated using microscopic simulation.

While exploiting in-vehicle technology enabling coopératsystems is one way to im-
prove the performance of freeway traffic control stratedies application of control
strategies that optimize the flows between different netvetgments — e.g. on-ramps,
off-ramps, bottlenecks, and segments — has the potentiaddmove the freeway per-
formance as well as discussed in Section 1.2. One of the esires$ of this type of
algorithms is balancing the required computation time agrfiopmance of the control
strategy. Typically, speeding up the optimization allowgt) update the control sig-
nal more frequently which allows to correct prediction esroore rapidly or (2) to
include more complex prediction models that may lead to sebperformance.

To this end, the aim o€hapter 3 is the development of a computationally efficient
model-based predictive control (MPC) strategy for cooading VSLs and RM instal-
lations in order to improve the freeway throughpdthe computational efficiency is
improved by reducing the dimension of the optimization peoh This is realized by a
spatial discretization of the network into segments, aneXpfoiting the insights gath-
ered into the application of shock wave theory to descrilkesffect of VSLs onto the
freeway flow to simplify the control problem. The controlfgrformance is evaluated
using macroscopic simulation.

1.5.2 Urban traffic control

The secondpart of this dissertation aims at developing algorithmsifigproving the
throughput of urban road networks. This is a complex proldem to the discontinu-
ous nature of the intersection flows, the large number ofsiots, and the characteris-
tics of the urban traffic dynamics. To the best knowledge efaithor, a computation-
ally efficient optimization algorithm for the coordinatiofintersection flows that can
realize good performance in all traffic regimes is curreflagking.
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Therefore, the aim o€hapter 4 is todevelop an efficient MPC strategy for optimizing
the traffic flows that cross the intersectianrder to improve the urban road network
throughput. The proposed MPC strategy uses the LTM as thigbisn model and
aggregates the traffic flow dynamics to tens of seconds sgtisé¢ad of green-times,
the fractions of green-time used by every stream are thengg#tion variables, which
are continuous. The approach is tested using macroscoputagion and compared to
other, comparable strategies.

The use of in-vehicle technology enabling cooperativeesyst or more specifically
in-car navigation devices, may cause an interaction efietiveen the chosen inter-
section control strategy, and the route choice of the reaetau In order to maximize
the network performance, a control strategy has to accaurthé impact of the con-
trol signals onto the route choice and potentially contnel toute choice itself. How-
ever, jointly optimizing the signal timings and route cheis a computational complex
problem.

The aim ofChapter 5is todevelop a computationally efficient optimization algamith
for the control of intersection flows and route choitceimprove the urban network
throughput. This is realized by extending the MPC strategppsed in Chapter 4.
The inclusion of the route choice leads to a non-linear ogation problem so that an
efficient optimization algorithm has to be developed. Therapch is evaluated using
macroscopic simulation.

The algorithms proposed in Chapter 4 and Chapter 5 both asthanthe traffic flows

at intersections are continuous. However, as explaineceoti@& 1.1, intersection
flows are discontinuous by definition. Directly optimizirgetsignal timings leads to
a discontinuous optimization problem which is not realdifeasible when applied to
medium-to-large scale networks. In order to apply the @dsignals computed by the
algorithms proposed in Chapter 4 and Chapter 5 they need t@abslated to signal

timings that are applicable to traffic lights.

Hence, the aim oChapter 6 is to develop a hierarchical control framework to co-
ordinate the signal timings order to improve the urban network throughput. The
framework consists of two layers. The top layer uses the MiP&legjy proposed in
Chapter 4 to optimize the aggregated flows at intersectidiext, the bottom layer
has to control the signal timings so that the optimized flovesteacked as good as
possible. The algorithm is tested using both macroscomlaw@nroscopic simulation.

1.6 Contributions

This dissertations contributes to the scientific literatur several ways. The contri-
butions presented here are summaries of the detailed lootnoms presented in the
introductions of the different chapters.
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A theory and algorithm is proposed to resolve a jam wave us@B and by influenc-
ing the speed of individual vehicles on the freeway in ChapteéSpecial attention is
paid to satisfy the properties and limitations imposed wihgslementing cooperative
systems, such as, privacy and safety. Additionally, anuatedn is carried out in order
to test the performance and behavior of the algorithm.

Insight is gathered into the application of in-vehicle teologies for coordinating the
speed of vehicles on an entire freeway to improve the freglrayghput in Chap-
ter 2. The availability of in-vehicle technology enabling cooggre systems is rapidly
increasing and most practical applications focus on théicgimn of in-vehicle tech-
nology or cooperative systems for the control of an indieideehicle, or in some cases
on the control of a platoon of vehicles. Coordinating vedsabn an entire freeway is
the next step to which this dissertation contributes.

The balance between computation time and performance whizption-based
network-wide traffic control algorithms is improved in Chep3, Chapter 4, and
Chapter 5. The algorithms are designed for optimizing the flows in fragwnd ur-
ban networks by controlling VSLs, RM installations, flowsraersections, and route
guidance to improve the network-wide throughput. Optimia@abased algorithms can
help to make more efficient use of the network capacity. Thekwothese chapters
provide a step in the application of optimization-basedmlgorithms by reducing
the computation time of these algorithms.

An efficient approach for optimizing the VSL values and RMgann a stretch of free-
way over a time horizon is proposed in ChapterThe algorithm is efficient due to
the novel parameterization of integrated VSL and RM cordt@tegies. Macroscopic
simulations show the improved efficiency due to the pararzetizon.

A linear optimization approach based on the LTM is proposedptimizing the ag-
gregated intersection flows in Chapter Zhe optimization approach is designed for
a MPC strategy. Compared to existing linear optimizatioprapches, the approach
is capable of accounting for upstream and downstream patipagshock-waves and
saturated traffic flows while having a better balance betwasnputation time and
realized performance. Macroscopic simulations show th@aved balance between
computation time and performance when compared to othepaable strategies.

An efficient algorithm for optimizing the aggregated traffozvs and routing decisions
in an urban traffic network is presented in ChapterA.major element of the opti-
mization algorithm is the analytic approximation of the djeat that is proposed in
this chapter. The performance of the algorithm is testedlgusiacroscopic simulation.

A real-time feasible, hierarchical control framework fdret control of signal timings

is proposed in Chapter.6The framework is designed to improve the network-wide
urban network throughput in all traffic regimes. The promgbsamework is evaluated
using both macroscopic and microscopic simulation.

An efficient framework to control the signal timings, and rdoeate the flows at dif-
ferent intersections in an urban network is presented ing&a6. The framework
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contributes to the application of optimization-based roekawide traffic control algo-
rithms by reducing the required computation time. The atgor is tested using the
MPC strategy presented in Chapter 4 but can be extendedudéather optimization-
based algorithms as well.

1.7 Dissertation outline

Figure 1.2 presents the dissertation outline and the oglsthetween the chapters. This
dissertation is divided into two parts. THhest part presents algorithms for the con-
trol of freeway traffic. Chapter 2 first presents a coopeeaspeed control algorithm
to resolve jam waves on the freeway. Next, Chapter 3 presengdficient optimiza-
tion algorithm for the coordination of flows exchanged bedwedifferent elements of
a freeway network. Theecondpart of this dissertation presents algorithms for the
control of urban traffic. Chapter 4 presents a linear opt@ti@n procedure to optimize
the flows in an urban network. Chapter 5 extends the approagoged in Chapter 4
by including the control of routing decisions in the optiatibn problem. Chapter 6
presents a hierarchical control framework for the coortitimeof signal timings which
uses the approach proposed in Chapter 4 in a top layer to iaptime flows in the
network while the bottom layer is used to translate the ojth flows into signal
timings. Chapter 7 concludes this dissertation.
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Chapter 2

COSCAL v1: A cooperative speed
control algorithm for resolving jam
waves

In this chapter an approach is developed to use in-vehiclentdogy to improve the
freeway throughput by coordinating the speed of individugthicles on a freeway
stretch. This chapter is based on the following paper thatiigently being prepared
for submission:

G.S. van de Weg, A. Hegyi, S.E. Shladover, X.-Y. Yun, D. Chemmj S.P. Hoogen-
doorn, COSCAL v1: A cooperative speed control algorithmrésolving jam waves.
To be submitted.

Abstract

In this paper, an algorithm for cooperative systems is aga and evaluated which
improves the freeway throughput by resolving a jam wave,a.gam that travels in the
opposite direction of traffic. This algorithm — called COSC#1 — determines speed
instructions for individual vehicles based on speed andipasdata of individual ve-
hicles.

The speed instructions are formulated as driving tasks,ates, which relate to the
task a vehicle has to perform in order to resolve a jam wawah ag, autonomous driv-
ing, slowing down for jam resolution, or slowing down for Isil&zation. These tasks
are communicated in such a way that a low communication batwe required. Be-

sides that, the communication is formulated in such a walytkiggprivacy of the users
is respected.

21
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The algorithm has been tested using the micro-simulatickaage Vissim. The eval-
uations showed that the algorithm can resolve a jam wave ongéedane freeway
resulting in a TTS gain of 7.3% and that the algorithm is alspable of resolving a
jam wave on a two lane freeway resulting in an average TTSafdii.3%. Itis shown
that the behavior of the algorithm is similar to the behawbSPECIALIST. Finally,
it is discussed how this algorithm can be extended to dedallatiter penetration rates,
a combination of in-vehicle and road-side technologiesl @ltiple on-ramps and
off-ramps.

2.1 Introduction

The current proliferation of in-vehicle technologies —eg-board computers or GPS
navigation devices — introduces opportunities for betigragnic traffic management
(DTM) of freeway traffic when compared to the currently usefitastructure-based
systems — i.e., systems using road-side detection andtiactusuch as inductive de-
tector loops and variable message sign gantries. The réaistims is that DTM based
on in-vehicle technologies has several advantages, suchigiser resolution traffic
data, higher control freedom, and reduced dependency dly aosastructure-based
systems. Therefore, this paper focuses on the use of irtleeieichnology for DTM
to improve the freeway performance. More specifically, raper focuses on coop-
erative systems which are systems in which vehicle to vel{idRV) and vehicle to
infrastructure (V2I) communication is enabled.

A well-known DTM measure to improve the freeway performaisdbe use of variable
speed limits (VSLs). Research has shown that VSLs can betasetgprove, among

other things, the freeway safety and throughput. One waynpfaoving the freeway

throughput using VSLs is by reducing the impact of the cagalriop caused by con-
gestion. The capacity drop is a term that refers to the phenomthat downstream of
congestion the flow is lower than the free-flow capacity offteeway. The capacity
drop is also observed with jam waves i.e., a form of congestiowhich the head

propagates upstream — and can be up to 30% [Kerner and Rei996].

Hence, the aim of this paper is the development and evatuafia cooperative VSL
control strategy that improves the freeway throughput liuceng the impact of the
capacity drop. Several conditions have to be satisfied whplyimg such a strategy.
These conditions can be divided into conditions for the i@ppibn of VSLs and condi-
tions for the application of cooperative systems as digaibglow. These conditions
are used when studying the literature in the next subseatoinwhen designing the
control strategy. It must be noted that satisfying all theseditions is rather challeng-
ing. Therefore, Section 2.2.1 presents the design coraides that are accounted for
in this paper.

The following conditions have to be satisfied when applyirf§L¥ in practice. First
of all, authorities typically only allow the application afsingle or a small set of VSL
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values. Secondly, the VSLs that are imposed to the road slsetdd not lead to unsafe
situations. One example of an unsafe situation is a sitatiovhich only part of the
traffic receives a reduced speed limit advice. This could tedarge speed differences
between uninformed and informed road users which incraasgsossibility of unsafe
situations. Thirdly, the system should be comfortable lfer @ser. An example of an
uncomfortable situation is when a road user is experien@pglly fluctuating VSL
advice. Finally, the road users may not fully comply to thepthyed VSLs so that the
algorithm has to account for possible non-compliance.

Applying in-vehicle technologies for DTM is subject to sesleconditions as well.
First of all, in-vehicle technology enables the use of flogitar data (FCD) for DTM.
This data contains privacy sensitive information, suclilas|ocation of the users over
time. For privacy reasons it is not feasible to track the tioceof individual vehicles
over time. Secondly, it is expected that in the coming yealy tow percentages
of vehicles equipped with in-vehicle technology can be ueedDTM. This could
negatively affect the effectiveness of such a system. Bhicdoperative systems may
consists of several hundreds or thousands of vehicles.cbhis potentially require a
lot of communication bandwidth which would make the systeipessive or degrade
the performance of the communication system. Thereforeppearative systems based
DTM algorithm should only require low communication bandthi. Finally, various
types of in-vehicle systems are expected to co-exist, daptave cruise control (ACC),
cooperative ACC (CACC), or in-vehicle messages. Thus, ystem has to be able to
deal with various types of actuation possibilities.

2.1.1 Literature review

Two main approaches for improving the freeway throughputlegns of infrastructure

based variable speed limits can be identified [Hegyi et @092 The first is homoge-

nization which means that a speed limit is shown in order doice the speed of some
of the vehicles such that speed differences between vehackereduced [Smulders,
1990, Kuihne, 1991, Van den Hoogen and Smulders, 1994]. ddeeis that this re-

moves disturbances which may cause congestion. Hence nhgdemizing the speeds
it is expected that the throughput improves [Smulders, 1396wever, this effect was

not observed during field-tests [Van den Hoogen and Smuyldeest].

The second approach uses speed limits to reduce the flow dnetihveay. Several
algorithms exist that exploit this effect. Carlson et aD12] use variable speed limits
to gate traffic that is entering a bottleneck in their apphoealled mainstream traffic
flow control (MTFC). The authors impose a variable speedtlania fixed location
upstream of a bottleneck and adjust the speed limit in suclayathat congestion
upstream of the bottleneck is created. By adjusting theevafithe VSL the authors
can control the outflow out of the controlled congestion icksa way that it is near the
capacity of the bottleneck. In this way, congestion at thitldsweck can be prevented
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or postponed such that the impact of the capacity drop in dteleck is reduced.
The approach was tested using simulation studies.

Hegyi et al. [2010] proposed an algorithm called SPECIALI&Twhich VSLs are
used to resolve a jam wave — i.e., congestion with a lengtiughly 1 to 2 km that
propagates in the upstream direction of the freeway. TheCMRHST algorithm de-
tects a jam wave using inductive detector loops as indicattdtask | in Figure 2.1.
When it assesses this jam wave as resolvable it first apples-defined VSL value
instantaneously over a freeway stretch directly upstreftneojam wave as indicated
with the line between points B and C in Figure 2.1. This isezhllask Il; jam res-
olution. Next, VSLs are imposed upstream of the speeddihérea along the line
between points C and E in Figure 2.1 to stabilize the traffiw fldoy creating a stable
combination of speed and density - that is approaching teedspimited area. This
is called task IlI; stabilization. This causes a reductidthe flow into the jam wave
so that it can resolve without triggering an upstream coingesAfter the jam wave
is resolved, the traffic in the speed-limited area can beasele and a higher freeway
flow can be achieved since the capacity drop is no longer presandicated with the
line between poitns D and E in Figure 2.1. It follows from sk@@ve theory that the
density and flow in (and downstream of) the speed-limited @an be controlled by
adjusting the speed with which the upstream (and downsjreaondary of the speed-
limited area propagates [Lighthill and Whitham, 1955]. 8PALIST was tested on
the A12 freeway in the Netherlands and it was found that iagable of resolving jam
waves and stabilizing traffic, resulting in improved fregwaroughput. A challenge
of the SPECIALIST algorithm is that it has a feed-forwardisture so that it cannot
adjust its control action to unanticipated changes in thicrsituation.

Chen et al. [2014] propose an approach to resolve congesttiatottieneck. In their
approach VSLs are initially imposed upstream of the bogtbérin the congested area
in order to move the head of the queue away from the bottlendoén, the bottleneck
outflow can be increased, since, the capacity drop is no tqurgsent. After that, the
value of the VSL is increased in order to match the outflow duhe speed limited
area to the bottleneck capacity. To the best knowledge d@ubi®ors, the approach was
not evaluated using simulations.

Several researchers have studied the extension of infcaste based DTM with in-
vehicle technology. Heygyi et al. [2013] investigated tlse of in-vehicle systems to
enhance the infrastructure based SPECIALIST algorithmva#t found that even small
percentages of equipped vehicles can improve the perfaenahthe SPECIALIST
algorithm. The reason for this was that the speed with wtaahyaves were detected
was increased. Grumert et al. [2013] integrated a roadsilesystem with in-vehicle
speed limits. The authors found positive effects on thelacaton and deceleration
and lower emissions. The main reason for this effect wasvittaitles received speed
limit advice faster.

Influencing the speed of vehicles using only in-vehicle eyst has drawn a lot of at-
tention in recent years. Currently, a popular researctctigghe application of CACC
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Figure 2.1: Left: Time-space plot with a schematic represt@n of the tasks needed to resolve a jam
wave. Right: Corresponding fundamental diagram. The restheld line indicates a trajectory of a
vehicle that is speed limited for stabilization. The solitek indicate shock waves between the states
that are indicated with numbers. The slope of the shock wesashe derived from the fundamental
diagram on the right. The point A is the head of the jam whenalgerithm is started. Initially,
speed-limits are imposed from point A to point C resultingaiflow drop as can be observed in the
fundamental diagram. The line between point C and D is th@bary between the jam resolution and
the stabilization area. After the control has started sfiegts are gradually extended upstream along
the line C-E and when the jam has resolved the speed-lingitgradually released along the line D—E.
The flow out of the jam wave (state 1) is lower than the flow ouhefspeed-limited area (state 5).
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that enables communication of acceleration and speedmftoon of multiple vehi-
cles driving close together. The advantage of CACC is thah#bles a reduction of
the following distance between vehicles. Several studaa® l[shown that high pene-
tration rates of CACC enabled vehicles can lead to increfsesvay capacity when
compared to manually driven systems or adaptive cruisa@osystems [Shladover,
2009, Van Arem et al., 2006, Arnaout and Arnaout, 2014, van/f et al., 2002].
Despite these positive effects it must be emphasized thtaeicoming years the pen-
etration rates of CACC vehicles will probably be low. Implgithat these effects on
capacity will be limited and the focus should be on the triamsiand co-existing of
infrastructure based and in-vehicle systems.

Another challenge of CACC systems is that they mainly foeuthe microscopic level,
i.e., they focus at the control of a few vehicles or a platoorebicles. However, when
controlling traffic using in-vehicle technologies, alse impact on mechanisms in the
traffic flow on a macroscopic level should be considered. Vg, [2015] integrated
the SPECIALIST control algorithm to give driving instruatis to ACC equipped vehi-
cles in order to resolve a jam wave. The reason why this wasrexjis that different
driving strategies are required in time and space whenviegpa moving jam, hence
the need for a coordinating level. Another example is thekwbScarinci et al. [2013]
who reduced the speed of cooperative systems enablede®biclthe freeway to cre-
ate gaps on the freeway for traffic merging from a meteredaompr Another notewor-
thy example is the work of Nishi et al. [2013] who showed thairagle vehicle can
resolve a jam wave. However, in their approach effects adtgafnd stabilization, as
used in the SPECIALIST algorithm are not included.

Concluding, a lot of research has investigated the use ofsvBLimprove freeway
throughput by reducing the impact of the capacity drop. &#\studies have shown
the potential benefits of using in-vehicle systems to enbéme performance of infras-
tructure based DTM measures. Also, there is a need for aoatrdg algorithms when
developing DTM measures based on cooperative systems.

2.1.2 Contribution and approach

In this paper a cooperative speed control algorithm is pgeddhat improves freeway
throughput by resolving jam waves. The algorithm uses asinzbncepts as the SPE-
CIALIST algorithm but the formulation is fundamentally @ifent such that certain
limitations of the SPECIALIST algorithm are solved. The maontributions of this
paper are that 1) a theory is proposed to resolve a jam wavstahilize traffic using a
cooperative system in Section 2.3, 2) an algorithm is pregés apply the theory while
satisfying the constraints imposed by VSL and cooperatgeesns in Section 2.4, and
3) insight into the behavior and performance of the algarith obtained via micro-
scopic simulation Section 2.5. Compared to previous worksapperative systems as
discussed in Section 2.1.1, an advantage of this approdbhati& allows the coordi-
nation of the macroscopic effects of cooperative systenwngared to the previous



Chapter 2. COSCAL v1: A cooperative speed control algorithm 27

works on SPECIALIST, an advantage is that the proposed itigohas a feedback
structure, uses FCD for detection, and the individual Mebkitor actuation.

The algorithm proposed in this paper is called COSCAL v1 Wwhsgcan acronym for
‘cooperative speed control algorithm version 1. The aildpon is designed for a sys-
tem in which every vehicle is equipped with in-vehicle teslogy which is further
motivated in Section 2.2.1. An extension of the algorithrdéal with low penetration
rates of cooperative vehicles and infrastructure basemsygsis described by Maha-
jan et al. [2015] and called COSCAL v2. An integration of CQ®Cv1 with ramp
metering is detailed in [van de Weqg et al., 2014a].

2.2 Overview of the COSCAL v1 strategy

This section provides an overview of the COSCAL v1 strategie strategy uses
similar concepts as the SPECIALIST algorithm to resolvera yaave. However, as
detailed in Section 2.3, the formulation of the approachuisdbmentally different,

overcoming several limitations of the SPECIALIST algomitland allowing the use of
cooperative systems. Before giving this overview, the sekisection first introduces
the design considerations. Section 2.4 details the impiatien of the COSCAL v1

theory within an algorithm.

2.2.1 Design considerations

This section discusses the assumptions and design chéicesthe assumptions re-
lated to the use of a VSL system and next the assumptionsddiathe use of coop-
erative systems are discussed.

The following design choices and assumptions with respe¢Sis are made:

e The algorithm uses a single value of the VSLs to slow downateki This
design choice is motivated by the application of the algponito mixed traffic
situations which requires that the VSL approach is simdarurrently used sys-
tems. In practice only a limited set of VSL values can be inggloglso in order
to resolve a jam wave as quickly as possible the speed liregéd to be reduced
to the lowest admissible speed, i.e., the lowest speed edldwy the road au-
thorities that does not result in congestion or unsafe stina. Another reason
for working with a single value for the VSLs is that it can lgadmore driving
comfort;

e The algorithm contributes to a safe and comfortable driogghomogenizing
the density of traffic that is speed-limited for stabilipati The density should
be chosen such that a stable traffic state is created,;



28 TRAIL Thesis series

e It is assumed that speed-limited vehicles drive, on averagié the effective
speedve (km/h). This effective speed includes possible non-coamaié to the
VSLs;

e This paper does not consider possible extensions of theithigoto other DTM
measures, such as, ramp metering. This extension is detussSection 2.6
and an approach is proposed in [van de Weg et al., 2014a].

The following design choices and assumptions with respeaboperative systems are
made:

e The algorithm uses V2I communication. There are severalomamotivating
this design choice. First of all, it becomes easier to imppsed-limits to multi-
ple vehicles simultaneously. Secondly, in a V2V system arnamication delay
is introduced, since, every vehicle needs to communicaite ali the other ve-
hicles. This delay depends on the number of vehicles that t,eeommunicate
and the length over which this communication is requiredcilidepends in its
turn on the traffic situation. Thirdly, it is easier to intagg a V2| system with
other roadside systems;

e For privacy reasons and in order to keep the system simpdegehtral server
cannot track individual vehicles. Therefore, vehicled stibre their own trajec-
tory data and act as the ‘memory’ of the system. Vehicles colymunicate
their current position and speed information to the cersieaer;

e The central server does not address individual vehicleste&a, the central
server will communicate generalized messages indicahiegdtiving strategy
that should be followed on every freeway segment. An exampseich a mes-
sage could be: ‘vehicles between position 1 km and 3 km, edpeed for jam
wave resolution’;

e Several systems for influencing the speed of vehicles ezisging from CACC
systems to in-vehicle messages that should be manuallyemw®ited by the
driver. In order to be compatible with all systems, only spewestructions are
given. Other instructions, for instance, keeping a dediesaitiway time are very
difficult to be followed up by humans and will, therefore, @&t considered in
this paper;

e A 100% penetration rate of equipped vehicles is assumed.rddson for this
is that the aim of this paper is to design and test the theary foooperative
algorithm.

The following general design choices and assumptions hese imade:

e Itis assumed that there is at most one jam;
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e The algorithm is designed for a single lane freeway. In $ec®.5.2 the algo-
rithm is also tested when applied to a two-lane freeway ati@e2.6 discusses
further research directions for the application of the gt to multi-lane free-
ways.

2.2.2 COSCAL v1 overview

The goal of the COSCAL v1 strategy is to determine the deglredhg strategies on
different freeway segments so that a jam wave can resolvs.i§hommunicated us-
ing generalized messages containing so called actuaties that define which driving
strategy vehicles have to follow on which (time varying)efney segments as is de-
tailed in Section 2.4. Based on these actuation lines, ie=hoan compare their current
location with the segments and adopt their speed to theeatdkgiiving strategy of the
segment in which they are driving.

COSCAL v1 operates both in the vehicles and on the roadsite.algorithm inside
the vehicle keeps track based on the FCD of the vehicle whétiseinside of a jam.
The detection mode of a vehicle indicates whether it is msitla jam or not. The
in-vehicle algorithm is also used to modify the speed of tkhicles based on the
actuation lines. The roadside algorithm computes, base¢bdeospeeds, positions, and
detection modes of all the vehicles, the current actuaticss|

The COSCAL v1 theory consist of four steps to compute theadictn lines. These
steps correspond to the different tasks of SPECIALIST awgho Figure 2.1. These
steps are: (1) jam wave detection, (2) initial speed linotafor jam resolution, (3)
speed limitation for stabilization, and (4) speed limieate. The jam wave detection
is done by the individual vehicles which keep track of theeed as discussed in Sec-
tion 2.3.1. Next, the algorithm finds the most upstream \teliltat has to be speed-
limited to resolve the jam as detailed in Section 2.3.2. Tigerg&hm then decides
which vehicles, upstream of this former vehicle have to leeddimited for stabiliza-
tion according to the theory detailed in Section 2.3.3. Thdone in such a way that a
constant following distance between vehicles is realizethe average so that a stable
density is realized as shown in Section 2.3.5. When the jasnbean resolved, the
algorithm determines which vehicles should be releaseu tiee speed-limited area
as described in Section 2.3.4.

2.3 COSCAL vl theory

Now that the main approach has been detailed and all therdesaces and assump-
tions have been introduced the theory can be describede laetbcription below, vehi-
cle index: is used to refer to individual vehicles, where the more ddwasn vehicle
has a lower index. The discrete time indexrefers to the time periog;7;, (k;+1)1;),
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Figure 2.2: Example of the jam tracking approachdtr = 50 km/h, 2 = 10/1000 km, andz>™ =
—10/1000 km.

whereT; (h) is the discrete time step size of the system in the vehitime stepT;
typically has a value of less than a second. In addition, dgioa time ste@™ with
index k™ refers to the roadside control system.

2.3.1 Step |: Jam detection

In COSCAL v1 the jam is detected by individual vehicles. A jenalways associated
with low speed, and thus a jam is detected if the vehicle spgéd) (km/h) is below
a certain threshold®™® (km/h) for a sufficiently long time. Similarly the detecteahy)
state is restored to free flow if the speed is above the thigs$boa sufficiently long
time. In order to determine what is sufficiently long, thedimtegralz;(k;) (km/h) is
taken of the difference;(k;) — v'® as long as the speed(k;) remains continuously
above or below'™, and the integral is compared with threshotds(km) (free flow)
andz2™ (km) (jam), withz#™ < 0 < 2 according to

zi(ki — 1) + Ti(vi (k) — o) if (2(ki — 1) > 0 Avi(k;) > o) v ...

Zi(ki) = (zi(ki — 1) <0 Avi(k;) < o)
Ti(vi(k;) — o) otherwise
(2.1)
zi(k;) =min (22", max (229", %,(k;))) (2.2)
1 if 2;(k;) < Zom
Ji(ki) =50 if (ki) > 2t (2.3)

ji(k; — 1) otherwise

wherez;(k;) is truncated in (2.2) to prevent that k;) grows to plus or minus infinity
(to prevent implementation problems), afdk;) indicates the jam state of vehicle

where 1 means jam and 0 means free flow. Using the integratidrtraesholding
prevents the chattering of the jam states if the speed glfisetuates around'". The

approach is illustrated in Figure 2.2.
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2.3.2 Step Il Initial speed limitation for jam resolution

After the jam has been detected, the vehicles directly apstrof the jam have to re-
duce their speed t&f. In this step, it is determined which vehicle is the most rgzsn
vehicle that needs to be slowed down in order to resolve the Ja@ determine this last
vehicle, the following reasoning is used.

Let us consider a vehicle that is slowed down and that witl foe queue at some point,
before the jam is resolved. An example of a trajectory of saueehicle is shown by

the blue dashed line in Figure 2.3. The tirfié" (h) when vehicle leaves the jam, can

be calculated based on the following assumptions:

e The jam head has a known, constant propagation speseti(km/h). For jam
waves, this is about -18 km/h, for jams at on-ramps this is.zer

e The flow¢!! (veh/h) and the density! (veh/km) downstream of the jam over
all lanes after the traffic has reached its free-flow speesl,also known and
constant. (The superscript [1] refers to the correspontaffc state in SPE-
CIALIST, see Figure 2.1.) For jam waves this flow equals theugudischarge
rate, and is around 70% of the normal free-flow capacity [Keand Rehborn,
1996].

e The speed? and density!? in the jam are also constant. These are typically
the jam speed (close to zero) and the jam density (about 10@me.

These assumptions are not very limiting, since there areyrearpirical observations
that support them. Note that the last two entail the first iagdion.

Based on these assumptions, the flow that crosses the hdedjaifrt can be calculated
using the same reasoning as Lighthill and Whitham [1955¢ dsethe derivation of
front speeds. A moving observer who moves together with #aelfof the jam will see
not only a flowq!" (or ¢?), depending on on which side of the front the observer is
looking), but also the vehicles that the observer is passing to his own speed. So
the total flowg™ (veh/h) the observer sees is given by

ghead = gl _ yyhead 1] (2.4)

Y

or equivalently by

ghead = g2 _ yhead pl2] (2.5)

Now, the timete*it (h) when vehicle will exit the queue can be calculated using the
number of vehiclesV; (k™) (veh) between the first (most downstream) vehicle in the
gueue and vehiclé The exit time is given by
Ni(k,rs)
qhead

P (K) = (2.6)
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Figure 2.3: Different vehicle trajectories and the cormasfingt°*i* andt*'. The blue vehicle (blue
dashed line) has to join the queue even if it is slowed dowd,therefore its average speed will be
lower than the effective speed limit. The blue dotted linthis trajectory if the vehicle would be able
to maintain a speed equal t6%. The red vehicle (both dashed and dotted) arrives at the diethe
queue exactly while it maintains a speed equatrfowithout having to slow down (i.e., without joining
the queue). The green vehicle avoids the queue if it maisigih (dotted). In fact it could even travel
somewhat faster to cross the line of the imaginary jam heé#teatme based on (2.6). The last vehicle
that should be slowed down is the red one.

This time implicitly includes a partial free-flow travel (up the tail of the queue) and
a queuing part, as indicated by the dashed blue line in Fig:3eThis equation holds
as long as vehicle joins the queue before it exits the queue. Note that (2.6)i@sp
that the exact trajectory of the vehicle is irrelevant agjlans the vehicle will join the
gueue at least for a moment.

Now, if vehicle: slows down due to speed limitation, and slows down suffityeghen

it may not have to join the queue. Not joining the queue is\ajant to saying that
the queue has resolved downstream of vehicl€his is the case when the vehicle
crosses the imaginary head of the queue later than it wousshdimsed on (2.6). This
is indicated with the green dashed line that crosses thé& dieited line in Figure 2.3.

If it is assumed that vehiclewill travel at speed " after it has been slowed down,
then the times!(£*) when its trajectory will cross the (imaginary) trajectorfytbe
queue front is given by:

xhead (k,rs) — (k,rs)

_vhead + veff

B) =

: (2.7)

wherez"e2d (k) is the location of the jam head at time step. The corresponding
trajectory for the blue vehicle is indicated by the blue ddtine.

For vehicles that will join the queue, it holds that

(R (k) > (k) (2.8)
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such as the blue vehicle in Figure 2.3. For the vehicle thasjthe queue at the
moment that the queue is being resolved (red vehicle in EigwB), it holds that

t?xit(krs> — t;l(]{;rs) ’ (29)
and for the vehicles that will not join the queue anymoreégreehicle), it holds that

(B < 51 (k™) (2.10)

Using this, each individual vehicle can be checked starftiogn the first vehicle di-
rectly upstream of the jam for the following condition:

ot (forsy < sl | (2.11)

Then the most upstream vehiclehat should be slowed down, is the first vehicle for
which (2.11) holds. In Figure 2.3 this is the red vehicle.

The current position; (k™7™) of the jam resolving vehicle and the effective spe#d
defines the R-tail ling. R —tail (£rs):

LR (1) = Lo (K™ T™), KT 0T} (2.12)

which is used to communicate the upstream end of the area Richwehicles are
speed-limited for jam resolution as detailed in Section Additionally, if the R-tall
line exists, an R-head ling®~tead (k1) is defined by the positiom; (k™7"*) (km) of
the most downstream vehicle in the jam, and the spéd of the head of the jam:

LR (1%) = (o (KT), KT, 0} (2.13)

2.3.3 Step lll: Speed limitation for stabilization

The vehicles following the most upstream vehicle that isveld down to resolve the

jam, or the most downstream vehicle in the stabilizatioraamen the jam has re-

solved, should realize the target densit§f (veh/km) in addition to the target speed
v*. In microscopic terms this means that the following dista#i¢e™* should be

dheadway _ 1/p[4} : (214)

on the average. The density is a tuning variable and is chesgnthat it corresponds
to stable traffic.

This density is realized by properly slowing down the vetscthat are in free flow
upstream of already speed-limited vehicles. At each tithe= £™7T™ a reference

vehicle;™ is determined upstream of which the density should be realized. In the
case that there is a jam, this vehicle is the vehjctaat should be speed-limited to
resolve the jam according to (2.11). In the case that the @srésolved, it is the first
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Figure 2.4: Vehicle will reach the target trajectory which lies a distance/tf*dv2y km upstream of
the reference trajectory®! by starting to decelerate at tine + A¢iree.

vehicle that is upstream of the S-head line — i.e., the lirszidieing the downstream
end of the stabilization area — that will be defined in Sec#dh4.

Note that the reference vehicj&! is at Iocationx;ef(trs) (km) and is traveling with
speedv;fef(tfs) (km/h). The vehicle is speed-limited and in the case that# hot
reached the effective speetf’ yet it will do so after timeAt;ef(trS) (h) and distance
Azt (1) (km) given as:

max{veﬁ, U;ef (trs)} o Ueff

aT

ref /s
AL (1) = (2.15)

Al‘r-ef (trs) — %(max{veﬂ“’ U;ef(trs)} + UeH)AtEef (trs) ) (216)

J

The reference trajectory that this vehicle determinesés tefined by the speed?
and positionz™! (#**) (km) given as:

SL’ref(trs) — .T;ef(tm) + ASC;»ef(trs) o UefFAtEef@rs) ’ (217)
that together define the following reference line:

2 (8) = 2 () + (¢ — %) (2.18)

The idea is that every vehicleupstream of vehiclg™" should reach its own target
trajectory line defined by the positiary*** (¢'*) given as:

xt'arget (trs) _ l’ref (trs) o N'refiidheadway ’ (219)

7 J

whereN..._; (veh) is the number of vehicles between vehighé and vehicle as is
illustrated in Figure 2.4.
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This is realized by checking whether a vehicle will need ttstlecelerating during
the current time step. This is done iteratively in the ugstralirection starting from
the vehicle upstream of the vehicle (-). Vehiclei™ is the last vehicle in the ‘platoon
directly upstream of™f that is traveling with a speeg.- () < v* + ¢, wheree”™"

(km/h) is a threshold. If no such vehicle exists, then it isado the reference vehicle

-ref

J

It might be the case that the vehiclé has decelerated too fast and is traveling too far
—i.e., more than a threshotd/*24"a (km) with v (-) a tuning parameter represent-
ing a fraction of the following distance — upstream of itgy&rtrajectory line. This
may prevent the next upstream vehicle from reaching itetdrgjectory line (simply
because the vehicle is blocked), and so on. In the worst taiseprocess may con-
tinue for several vehicles, leading to a local accumulatiorehicles, and to a possible
breakdown. Therefore, the reference lirig (+**) and index;*! are reset to the vehicle
1" if this happens:

Tjus $1s if Tjus 18 < SCt-igget 1) — dheadway
xref@rs) — ( ) ( . ) -t ( ) v (220)
2t (¢")  otherwise,
e ;us if Tjus (trs) < l’;isrget (trs) _ ,Ydheadway
=1 , (2.21)
jr  otherwise.

Now, for the vehicles upstream gfthe timeAtir(¢) (h) after which they will need

to start decelerating can be calculated. Note that it wiiéta vehicle a time\¢; (™)

(h) and distance\z;(¢™) (km) to reach the effective speed. A vehicle that has not
reached the effective speed yet will travel first with itsefipeed); (¢**) (km/h) for a
time Atlree(¢') after which it has to start to decelerate — see Figure 2.4 paphical
representation of these variables. It will then reach thiatpo (¢ + Azfree () +

At; (%)) given by:

2 (17 4+ Az (1) + AL (1)) = 25(1) + v (£7°) AL+ Axy (1) . (2.22)
The target trajectory line is then located at:

x;arget (trs + Atlf_ree(trs) + Ati(trs)) — xt@rget (trs) + UeH(Atzfree(trs) + Ati (trs)) )

)

(2.23)
Solving these two equations fdxt (%) gives:
() - TV B T ST g
During this time, the vehicle has traveléd:™(+**) (km) given by:
Az (175) = o, (%) Atiree (1) . (2.25)

Vehicles for which it holds that\t*¢(#**) < 7™ will have to start decelerating for
stabilization during the current sampling time step.
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In a real-world implementation it is not necessary (and matybe possible) to test all
vehicles upstream of a speed limited vehicle whether it a¢edlow down during the

current time step as well. However, it is not always suffitterfind the first upstream
vehicle:** that does not have to slow down because there may be anothieteve
upstream of it that is traveling faster and needs to slow dearfier than or within the

same time step as vehiale®*.

Consider the worst case where a vehicle is traveling direqtstream of vehicléwith
the maximum speed™®* (km/h). The maximum time¢™* that this vehicle will have
to decelerate to reach the effective speed is

i Ueﬁ — gmax
e = — (2.26)
and the distance traveled during deceleration is
pmax eff max
o — T A0 (2.27)

2

Given this, the timeA¢™*™™" (¢'%) (h) when this vehicle should start to decelerate is
given by:

7 (trs> o+ Admax _ x;arget (trs> + dheadway _ ,UeffAtmax

free,min /,rs
At (t ) eff max
vt — v

2

(2.28)

If it is the case that\t" ™™ (%) < T the possibility exists that there is a vehi-
cle upstream that needs to decelerate earlier than vehitlewever, if it holds that
Atfree () > T and AtT*™™ (¢7%) > T, this is the last vehiclé* that should be
speed-limited for stabilization.

The speed-limits are communicated to the vehicles usingttal line L5t (k™).
The S-tail line is defined as the set of lines connecting thetpalefined by the times
(1) = ¢ + Atlree(#75) when and locations? (¢™) = x; (™) + Axfe(#**) where the
vehicles have to start decelerating forifl < i < 't

IS (E) = {57, S ()Y < < 2:29)

2.3.4 Step IV: Speed limit release

Since the speed in the stabilization area is constant andehsity is homogeneous,
the speed limits can be released along a straight line inithe-$pace plane, from
downstream to upstream, similarly to SPECIALIST. Let ud ti@k line the S-head
line LS_head(/{:rs)Z

LS—head(k,rs) — :L,S—head,start’ :L,S—head,start’ US—head ’ (230)

where the positionS—eadstart (km) and timegS—headstart (h) define the place where
the jam resolved, and the speed? (km/h) defines the slope of the S-head line.
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After releasing the speed limit along the S-head line, tHackes will accelerate to
a free-flow state with a lower density than in the stabil@atarea. The S-head line
should start when the jam is resolved and start at the latatitere the last vehicle
that was in the jam, leaves the jam (corresponding to poimt Eigure 2.1, and should
apply for all vehicles in the stabilization area, includithg ones that have started to
decelerate toward the stabilization area.

The slope of the S-head line is a tuning variable, and the sieep it is (more nega-
tive) the higher the resulting flow will be.

2.3.5 The target following distance

As stated in Section 2.3, the approach to stabilization@friffic results in an average
density ofpl! = 1/d"dv2y despite the variations in deceleration. To see this, natie th
the density is defined as:

N
4= lim — (2.31)

z'%ooL7

p

whereN = i — j*f (veh) is the number of vehicles between vehicéd the down-
stream vehiclg™ in a stretch of the freeway with length Due to variations in the
deceleration of traffic, the realized target trajectofy** (¢) of vehiclei might deviate
some distancé;™" (km) from its target trajectory:

xi_;arget (t) _ x?arget (t) + d?rror ) (232)

7 K3

When a vehicle is N vehicles upstream of the vehiclge! that started the target
trajectory, the distancé between these vehicles is given by:

L = N 4 demer 4 do” (2.33)

Thus, the realized density is given by:

N
1 = 2.34
p N headway + d(l_arror + d(]a_g?r ’ ( )
which converges tpl!l = 1/d"% for largei:
N 1
P = lim (2.35)

it N qheadway - denor - depzor — headvey

if dger anddjfg?r are bounded.

2.4 Algorithmic formulation

The previous chapters explained how individual vehicles detect a jam wave and
when vehicles should be speed limited in order to resolvihis chapter presents how
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this behavior can be implemented in a cooperative systera.idda of this algorithm
is that vehicles send their current speed, position, anddgtection information to the
roadside. The jam detection information is called the deteenode and is described
in Section 2.4.1. Based on this information, the roadsidgesy then determines the
desired behavior of vehicles on different segments of theviay. This is done by
instructing driving modes which are detailed in Section2.4

2.4.1 Detection modes

The detection modes are used to detect the congestion andwainate this with the
road-side system. The detection modes can be: 1) Detectiae i, jam detected,
and 2) Detection mode F, free-flow detected. The detectiotiem@are determined in
individual the vehicles according to (2.1)—(2.3). Notettih@ roadside system receives
the position, speed, and detection mode of every vehicleiddbis information, the
roadside system can detect the head of the congestion.

2.4.2 Driving modes

The road-side algorithm instructs the driving modes to tabisles. Three driving
modes exist, namely: 1) Mode A, autonomous driving, 2) ModgaR resolution,

and 3) Mode S, stabilization. In each mode a vehicle has ardiit role and is con-
trolled according to another control regime. In the follogit is described what the
conditions are to be in a certain mode, what control rulesrd@ne the vehicle’s car-
following behavior. In all cases it holds that the specifiad-ollowing rules should

be applied such that the autonomous car-following rules aiagys override them if
it is necessary to ensure safety.

Mode A: autonomous driving

By default, the vehicles drive in mode A, which means thay thieve according to
their own car-following rules. Autonomous in this contered not mean driverless, or
fully automated, but that there is no intervention from thgtem in the default driving
behavior of the vehicle or driver.

Mode R: vehicles that resolve the jam

The vehicles in mode R are the vehicles directly upstrearh@fam that have to be
slowed down to resolve the jam according to (2.11). These&le=shhave therefore a
target maximum speed®. In general, these vehicles will enter the jam at some point
and will have to reduce their speed using their own their oarfallowing strategies.
However, before that, while driving in the upstream freevflarea, they will be able
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In-vehicle algorithm

Every time ste;
1) Determine the detection mode
2) Determine the driving mode
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Every time ste@™

Determine R-head, R-tail,

S-head, and S-tail lines

Figure 2.5: Overview of the algorithm.

to travel at speed*®, and their following distances will be typically too largerfo
the target speed (larger than necessary), since theswitogjalistances equal on the
average the following distances in free-flow. These free-fllowing distances were
even large enough for a stable traffic flow in combination wli# (higher) free-flow
speed, so the string of vehicles in mode R should be stable too

Mode S: vehicles that stabilize the traffic flow

The vehicles in the stabilization area, created upstreaheafehicles in mode R, are in
mode S. These vehicles have a target maximum spéedVhich vehicles are in mode
S is determined according to the procedure described indBezi3.3. In this case, the
vehicles are only instructed to reduce their speed in omensure compatibility with
all types of in-vehicle systems.

2.4.3 Algorithm

The COSCAL v1 algorithm can be sub-divided into an in-vehjgart and a road-side
part which are described here. The functionality is illattd in Figure 2.5.

In-vehicle algorithm

The in-vehicle algorithm has a sampling time stefdl/bf At every time step the in-
vehicle algorithm receives the position and speed measnem Next, it has two
tasks to complete.
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First of all, it determines the jam-staigk;) using (2.1)—(2.3). When this jam-state is
1 the detection mode is J, otherwise it is F. This detectionenadd the position, lane,
and speed of the vehicle are communicated e¥&rgeconds to the road-side.

Secondly, the in-vehicle algorithm receives evéfyseconds the boundary lines. The
in-vehicle algorithm translates these lines into the autrlecationse™ ¢4 (k;) (km),
pRtil (k) (km), 2570ead (k) (km), andzS~t(k;) (km) of the boundaries. Based on
the current position of the vehicle and these locations ¢iecle determines its driving
mode according to the following logic:

e Mode A: a vehicle is by default in to mode A unless itis in mode R or S;

e Mode R: if a vehicle is downstream of the R-tail line and upstreanhefR-head
line, i.e.,zf-head < 7. (k) < 2R-%il jtis in mode R;

e Mode S:if a vehicle is downstream of the S-tail line and upstreamhefR-tail
line or S-head line, itis in mode S. Note that the S-tail lia@ enove backward
and forward over time. This implies that a vehicle can be dsiveam of several
locationsz®~til(k;) at time stepk;. A vehicle is in mode S if it is downstream
of an uneven number of locatiom$ il (k).

Road-side algorithm

The road-side algorithm has a sampling time step'6f During a sampling time step
it receives the locations;(k*), speeds; (k™) and detection modes of all the vehicles
on the freeway. Based on this data, the roadside systenmidees the boundaries
between the different driving mode areas for the coming $iagypme stegdl ™. These
boundaries are:

e The R-head line, which exists when congestion is preseri@fréeway at time
kT, This line follows the head of congestion.

e The R-tail line, which exists when congestion is presenthenfteeway at time
kT it contains the tail of the speed limited area that is neededdolve a jam
which follows from (2.11). Vehicles in-between the R-head &-tail line are
in mode R.

e The S-tall lines exist when there are speed-limits activeeyTare the upstream
ends of the stabilization areas per lane. The S-tail linesiishbe determined
following the reasoning presented in Section 2.3.3. Vesitletween the S-head
or R-tail and an S-tail line are in mode S.

e The S-head line exists when there is an S-tail line, and tlsere congestion. It
is defined following the reasoning as detailed in Sectiom2.3

Every road-side sampling tini€*T™ the roadside communicates the lines to the vehi-
cles on the freeway.
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2.5 Simulation

The developed algorithm is evaluated using the microsdogifcc flow simulator VIS-
SIM 5.40 and Matlab R2015a. The objective of the evaluatsotoiassess the quali-
tative behavior — in the sense that the algorithm is ablegolve a jam wave and to
stabilize traffic — and to test whether this can result indigftput improvements. Two
case studies are carried out, namely, 1) the applicatiofO8CAL v1 to a single lane
freeway without driving behavior differences between elds, and 2) the application
of COSCAL vl to a two lane freeway where driving behavior elinces between
vehicles are allowed.

2.5.1 Evaluation I: a single lane freeway

The first case study consisted of a single lane freeway nk&tamd no driving behav-
ior differences between vehicles. This simplified case\studs selected in order to
obtain full control over the experiment. Also, it preveniglasirable effects, such as, a
moving bottleneck that is caused by a slow driving vehicé ttannot be overtaken. A
one lane freeway of 5 km long was implemented in Vissim. A desnaas created by
generating an identical vehicle every 1.4 s while skippingasionally a vehicle, for
testing the homogenizing effect of the stabilization modlkis resulted in an inflow
of 2323 veh/h. The vehicles had a uniform desired speed ok#8 in mode A, and
of 80 km/h in modes R and S (assuming that 60 km/h is displaye)assumed that
the penetration rate is 100% and thus all vehicles reces@tructions and comply
with the instructions (in the sense that they all drive 80tkrh60 km/h follows from
the instructed mode).

A period of 650 seconds was simulated for a jam wave scen&te.jam wave was
created by artificially lowering the first vehicle’s desigeked to 20 km/h between the
80th and 115th second. The sampling time of the in-vehiglerdthm was set to the
simulation time step (0.2s), and the sampling time step ®ftladside controller was
set to 5 seconds.

The Wiedemann 99 model which is implemented in VISSIM wasiusemodel the
driving behavior. For the reproducibility of the experintebut without going in too
much detail, the parameters that were changed from the ltlskttings are reported
here: the number of vehicles observed ahead: 3, standstiinte: 1.5 m, head-
way time: 0.9 s, ‘following’ variation: 4.0 m, threshold fentering ‘following’: -8.0
m, negative ‘following’ threshold: -0.35, positive ‘follang’ threshold: 0.35, speed
dependency of oscillation: 11.44, oscillation accelerati0.25 m/$, standstill accel-
eration: 1.0 m/4 and acceleration at 80 km/h:1.50 /s
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Figure 2.6: The vehicle trajectories per lane for the unwiled — A, B, E, and F — and controlled —

C, D, G, and H — scenario |. The trajectories are colored aicgrto speed, density and flow in the

corresponding sub-figures. In plot F, the figures are colgredn when they are in detection mode F,
and red when they are in detection mode J. In plot H the traijiect are colored according the driving
mode with A: green, R: blue, and S: orange.

Uncontrolled case

The resulting jam can be seen in Figure 2.6. The figure showvspleed, density,
flow and the detection modes along each vehicle trajectorye @ the jam wave
scenario, the jam grows when the first vehicle’s desireddgpebmited to 20 km/h,
needs some time to set to a steady state, and finally it progmgastream with a
speed of approximately -18.5 km/h. The queue dischargeisateeasured as 2350
veh/h, implying a capacity drop of 23%, since, the freewgyac#ty was measured as
3000 veh/h. The gaps that are created due to the skippingraé sehicles during the
vehicle generation are clearly visible.

Controlled case

For the controlled case, the algorithm was roughly tuned elsan the initial tuning
led to acceptable behavior. The parameter settings of gaitim can be found in
Table 2.1.

The control was started after 175 seconds when the jam wigdduined. The vehicle
trajectories for the controlled case are shown in Figurés BSeveral observations
can be made from these plots. First of all, it can be observatithe jam wave is
resolved around = 220 s, indicating that the algorithm is capable of resolving a
jam wave. Secondly, the structure of the algorithm is simitathe SPECIALIST
algorithm. Initially, speed-limits are imposed over a stheof approximately 1 km
resulting in a low flow that resolves the jam wave. Upstreanthete vehicles the
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Table 2.1: The parameter settings used in the evaluations.

Variable | Value | Value Il

vth 50 km/h 50 km/h

plam 10,0417, -0.0417 km  0.0417, -0.0417 km
ghead 2800 veh/h 4200 veh/h

phead -18.5 km/h -16.5 km/h

veff 80 km/h 60 km/h

dreadway | 1/25 veh/km/lane  1/27.5 veh/km/lane
v 0.5 0.5

a’ -3m/g -2 m/g

pmax 130 km/h 130 km/h

pS~head 1 180 km/h -100 km/h

e 5 km/h 5 km/h

speed-limited area is gradually increased in order to lstabiraffic. When the jam

is resolved, speed-limits are released along a straightiusing a high outflow. An
important difference is that the COSCAL v1 algorithm allotve speed-limited area
to be adjusted over time due to the feedback structure.

The influence of the feedback can be observed at the tail dbltireearea containing
vehicles in mode R, and at the tail of the orange area contawehicles in mode S.
Interestingly enough, it can be observed that initially tirme 175 s — the algorithm
finds the jam resolving vehicle correctly. Later on, the alfpon moves the tail of
the blue area upstream and downstream resulting in an eveati®n of the required
vehicles at the time instance when the jam resolves. Th@measy this happens
is that the speed with which the jam head propagates upstieaneases when the
jam starts to resolve. This is due to the driving behavioaté by VISSIM and it is
uncertain whether it is realistic. It can also be observedtire speed with which the
orange area is moved upstream changes in such a way thatgbamgeclosed. In this
way the density is homogenized.

The following quantitative results were found. The totatei spent (TTS) from time
165 s to 650 s of all the vehicles on the freeway in the unctettsituation was 14.33
vehh and in the controlled situation this was 13.28 ¥aimplying a gain of 7.3%. The
reason why the TTS is improved is that the outflow of the frgeisancreased after
the jam is resolved as can be observed in Figure 2.7 A. Theoauidl higher, since,
the flow downstream of the stabilization area is higher tharflow downstream of the
jam wave.

Figure 2.7 B shows the density in the stabilization area twes. It can be observed
that from time 200 s to 240 s the density is close to the desieedity of 25 veh/km.

However, when the stabilization area is just created or simesolved, it is small so
the density is not close to the desired density. On averagdehsity is 24.4 veh/km
with a standard deviation of 2.4 veh/km. The peaks that casbberved in the density
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A: Outflow

B: Density of vehicles in mode S
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Figure 2.7: A: Comparison of the freeway outflow in the coltéeband uncontrolled situation |. B:
Density of vehicles in mode S in situation I.

between time 200 s and 240 s are caused by the gaps that watedcie the inflow.
It takes some time for the algorithm to fill these gaps but it ba observed that the
algorithm is able to restore the density to the desired tensi

2.5.2 Evaluation II: a two-lane freeway

The objective of the second evaluation was to test the cltreerformance when
applied to a two-lane freeway with driving behavior diffieces between vehicles. This
case study was selected to test the performance of thethiigan a more realistic set-
up. An important difference with the single lane case stsdhat vehicles can change
lanes, and that the traffic flow characteristics, e.g. thatlon of the jam-head can
differ per lane. In this implementation the algorithm is adfusted to include these
effects. Thus, when applying the COSCAL v1 algorithm it &ses that all the vehicles
drive in the same lane, and that the traffic flow charactegstre identical per lane. In
Section 2.6 the extensions of the algorithm that have to bestigated when dealing
with multi-lane freeways are discussed.

A 2 lane freeway of 7.5 km long was implemented in Vissim aneeshdifferences
between vehicles were allowed. A constant demand of 355¢(hwehs applied to
the freeway and a simulation time of 1800 seconds was carsidé jam wave was
created by slowing down vehicles between location 6.9 km7aé&m to 0 km/h from

time 250 s to 350 s. The evaluation was repeated ten timesfferasht random seeds,
namely random seeds 1 to 10.

The Wiedemann 99 model which is implemented in VISSIM wasiusemodel the
driving behavior with the following settings: the numben@hicles observed ahead:
3, standstill distance: 3.5 m, headway time: 0.7 s, ‘follogvivariation: 6.0 m, thresh-
old for entering ‘following’: -8.0 m, negative ‘followingthreshold: -0.10, positive
‘following’ threshold: 0.10, speed dependency of osdiiat 6.00, oscillation accel-
eration: 0.25 m/A standstill acceleration: 0.5 ni/sand acceleration at 80 km/h:1.50
m/s®
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A: Mode, left lane B: Mode, right lane C: Mode, left lane D: Mode, right lane
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Figure 2.8: The vehicle trajectories per lane for the unadied — A, B, E, and F —and controlled — C,
D, G, and H — scenario Il. The trajectories are colored adngrth: (A, B) detection mode with green
detection mode F, and red detection mode J, (C, D) drivingewdath A: green, R: blue, and S: orange,
and (E, F, G, H) speed.

Uncontrolled case

The uncontrolled situation is shown in Figure 2.8 for randeeed 2. The detection
mode (top) and speed (bottom) in the left and right lane apgvehn this figure. The
gueue discharge rate is measured as 3550 veh/h implyingagitadrop of approxi-
mately 5.3%, since, the freeway capacity was approximae®V&0 veh/h. The TTS
for all the different random seeds from time 400s to time 8@ x30.7 vekh with a
standard deviation of 9.5 véh

Controlled case

The control was started after 400 seconds when the jam wasdulg formed. The
tuning variables are shown in Table 2.1. Some small charmy#settuning variables
used for the first evaluation set were made, namely, the fl@wr e jam head was set
to 4200 veh/h, the speed of the jam head was set to -16.5 kndlthe target following
distance was set to 1/55 veh/km, the deceleration was sainits’; and the S-head line
speed was set to -100 km/h.

Figure 2.8 shows the trajectories plots for the controliéaasion for random seed 2.
From this figure it can be observed that the jam wave is sutdBssesolved. Also, a
clear difference can be observed in the jam resolution Jl@tesa between the left and
right lane, clearly vehicles move to the right lane becadsbelower flow and speed
in this area and in the jam wave the vehicles move back to th&ale. Also, in the
stabilization are (orange area) less vehicles seem to Bemiren the left lane.

Figure 2.9 shows the density in the stabilization area ingfi€top) and right (middle)
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Figure 2.9: The density of vehicles in mode S over time inagitin Il in the different lanes. The dashed
dotted line indicates the target density.

Outflow

(98} &
o o
(=) (=)
(=) (=)

Flow (veh/h)

Controlled
2000 [ —-—- Uncontrolled

400 450 500 550 600 650 700 750 800
Time (s)

Figure 2.10: Comparison of the freeway outflow in the cotecband uncontrolled situation 1.

lane over time. From these plots it can be observed that th&itgien the left lane is

lower than the target density and in the right lane lower. Bbom plot in Figure 2.9

shows that these effects compensate each other resulrdginsity in the stabilization
area that is near the target density.

Figure 2.10 compares the freeway outflow for the controlled ancontrolled situa-
tion with random seed 2. Similar as in Figure 2.10, the outilogveases after some
time. This time — around 600 s — corresponds with the time wherilow out of the
stabilization area reaches the downstream end of the fieewa

The following quantitative results were found. The TTS fbrtlae different random
seeds from time 400 s to time 800 s was 108.0wvaetith a standard deviation of 6.1
veh h indicating an average TTS gain of 17.3%. The average deimsihe stabi-
lization area on both lanes for the different random seeds58s5 veh/km/lane with
a standard deviation of 1.4 veh/km. The average density emigint lane was 27.8
veh/km/lane with a standard deviation of 1.3 veh/km/lang @am the left lane it was
24.3 veh/km/lane with a standard deviation of 0.4 veh/kn#ldr his indicates that the
speed-limited vehicles prefer to drive on the right lanestagy a density difference
on both lanes which on the average results in a density Btiggwer than the target
density of 27.5 veh/km/lane.
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2.5.3 Concluding remarks on the evaluation

The cooperative speed control algorithm works accordingxoectations. It is in-
teresting to see that the resulting control scheme is venylasi to the SPECIALIST

scheme, and comes up as an emergent behavior due to thesvarame switching

rules and the corresponding calculations, which are vdfgrdnt from the approach
used in SPECIALIST. A clear difference is that the edges efiiteas with the different
modes are not straight, which is expected, and is due to #ubéek structure of the
cooperative algorithm. The algorithm is able to improveTi& and delay time.

2.6 Discussion

The algorithm presented in this paper has been developathassan ideal situation.
This ideal situation consisted of a freeway with a 100% patieh rate of cooperative
vehicles. In this section the effect of relaxing the assuomstwill be discussed.

First of all, when the algorithm has to deal with lower peagtn rates, adaptations
have to be made to the detection, and actuation parts of goeithim. It is expected
that in those cases, the algorithm has to be able to deal withibfrastructure-based
systems, such as inductive loop detectors, variable messggs, and in-vehicle sys-
tems. A lower penetration rate will decrease the accuradywinich the traffic can be
observed. Moreover, it will decrease the actuation freedanece, some of the vehicles
can only be influenced using variable message signs. It isatag that a lower pene-
tration rate will reduce the performance of the algorithnowdver, the performance is
expected to be the same or higher than the performance oPREIRLIST algorithm.
See [Mahajan et al., 2015] for the COSCAL v2 algorithm thatdsigned to deal with
low penetration rates of cooperative vehicles and infuastire based systems.

Secondly, when on-ramps and off-ramps are included in thariéhm this implies that
extra incoming or leaving flow have to be considered whenrdeteng the vehicles
that should be speed-limited for jam resolution or sta&tlan. This can influence the
length of the jam resolution area. Also, upstream of an ompréhe density in the
stabilization area might be chosen a bit lower in order tmaooodate the on-ramp
flow. An approach to include a metered on-ramp in the COSCAlalgbrithm is
detailed in [van de Weg et al., 2014a].

Thirdly, the algorithm has been designed for single lan#fictaAlthough the eval-
uations suggest that the algorithm can also be effective onilt-lane freeway, this
extension requires further investigation. Research tioes are: 1) to study whether
the algorithm needs to take traffic flow differences — suchhagam wave character-
istics or speed differences — between lanes into accoutd,2udy the impact of lane
changes on the algorithm, and 3) to determine whether thegitgdgh should include
lane change advice.
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Apart from these assumptions, the evaluations that wergedaout here have their
limitations as well. First of all, the tuning of driving chaateristics in Vissim is not

easy and the selected parameters do not represent a cesilistition. However, the

set-up is sufficient to reach the evaluation objectives. oB8ély, the differences in

driving behavior and speed can result in unexpected behaVle algorithm should

be adequately tuned. For instance, speed-limited vehilcies with a range of speeds
resulting on the average in the effective speed. When a kegbiiefers to drive with a

very low speed, it should not start detecting a jam. SinyiJdhe algorithm should not

get distorted when a vehicle that should drive with the e¢iffecspeed chooses to drive
too fast.

2.7 Conclusion

This paper presented a cooperative speed control algoriticalled COSCAL v1 —
that is able to resolve a jam wave. To this end, first the thémigetect a jam wave
and determine which vehicles should be speed limited tolvesbwas introduced.
This theory was developed for an ideal situation assumin@C&dlpenetration rate of
cooperative vehicles. A vehicle to infrastructure comrgation set-up was adopted
in order to realize fast communication. Special attentias been paid to respect the
privacy of the users. Also, the system has been developedcim & way that it can
deal with in-vehicle speed limits as well as with directl§lirencing the speed of vehi-
cles. The roadside system imposes the speed-limits by comeating the boundaries
between areas in which drivers have different roles to vesthle jam wave. The in-
vehicle system is used to detect whether a vehicle is in tihe gad the vehicles send
their position, speed, and detection mode to the road-sideas been shown that by
stabilizing the traffic a certain desired density can bezeél

Simulations were carried out using the microscopic sinmegoftware Vissim 5.40 to
test the algorithm. First the algorithm was tested for alsitape freeway without driv-
ing behavior differences between vehicles in order to testtorking of the algorithm.
It was found that the algorithm is able to resolve a jam wawedifionally, it was ob-
served that the structure of the algorithm is, qualitayiveimilar to the SPECIALIST
algorithm. Although the boundaries of the COSCAL v1 schemetdlate more due to
the feed-back structure. It was also found that the algorithable to improve the TTS
with 7.3%. Secondly, the algorithm was applied to a two lareway and differences
in driving behavior were allowed. It was found that for teffetient random seeds the
algorithm was able to resolve a jam wave and improve througby 17.3% on aver-
age, indicating that the algorithm can be applied to morbksteasituations although
further research has to study the extension of the algorithmulti-lane freeways.

Further research can be carried out to relax some of the gégums which were made
in this paper. Also, the approach has the potential to beegbp different congestion
types or to prevent congestion, which will be part of furthesearch. Finally, the
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approach can potentially be extended to deal with more cexnpffic networks in
which, for instance, multiple on-ramps and off-ramps aespnt.
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Chapter 3

Efficient MPC for freeway throughput
Improvement by parameterization of
ALINEA and a speed-limited area

In this chapter a computationally efficient approach is tgyed for the coordination
of flows between different freeway network elements. Thiaptar is based on the
following paper that is currently under review:

G.S. van de Weg, A. Hegyi, B. De Schutter, and S.P. Hoogemg&dficient MPC for
freeway throughput improvement by parameterization of?fdERA and a speed-limited
area.Transactions on Intelligent Transportation Systesubmitted 2017-2-17.

Abstract

Freeway congestion can reduce the freeway throughput dtleetoapacity drop or
due to blocking caused by spillback to upstream ramps. Reséas shown that con-
gestion can be reduced by the application of ramp meteridgzanable speed limits.
Model predictive control is a promising strategy for theioptation of the ramp me-
tering rates and variable speed limits to improve the frgethieoughput. However,
several challenges have to be addressed before it can bedafgulthe control of free-
way traffic. This paper focuses on the challenge of redudiegcomputation time of
MPC strategies for the integration of variable speed liraitd ramp metering. This
is realized via a parameterized control strategy that apéathe upstream and down-
stream boundaries of a speed-limited area and the paraadtdie ALINEA ramp
metering strategy. Due to the parameterization, the swlwgpace reduces substan-
tially, leading to an improved computation time. More sfieaily, the number of

51
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optimization variables for the variable speed limit stggtdecomes independent of
the number of variable message signs, and the number of iaption variables for
the ramp metering strategy becomes independent of thecpicgdhorizon. The con-
trol strategy is evaluated with a macroscopic model of a lave freeway with two
on-ramps and off-ramps. It is shown that parameterizagafizes improved through-
put when compared to a non-parameterized strategy wheg tiensame amount of
computation time.

3.1 Introduction

Freeway congestion can reduce the freeway throughputrgaasicietal, economical,
and environmental costs. Two main reasons exists why ctingesduces throughput.
First of all, congestion causes a capacity drop, i.e., tive dlownstream of congestion
is lower than the capacity flow that can be achieved underffoge conditions [Hall
and Agyemang-Duah, 1991, Kerner and Rehborn, 1996]. Sécarwhgestion can
spill back in the upstream direction and cause blockingadfitrbound for off-ramps.

Congestion can be mitigated by dynamic traffic managemeasuores. Two popular
dynamic traffic management measures on which this papeséscare ramp metering
(RM) and variable speed limits (VSLs). RM is typically usediimit the number of
vehicles that want to enter the freeway from an on-ramp usitrgffic light. In this
way, the flow into a downstream bottleneck can be reduced aocthngestion can
be prevented, postponed, or resolved. VSLs are speed linatsan be varied over
time and are displayed using variable message signs. VSiLbeased to reduce the
speed of freeway traffic and they are typically applied fdesareasons. However,
several approaches have been designed to reduce freewggstion using VSLS. In
this paper we study the application of RM and VSLs to improeewway throughput by
reducing congestion with the aim of developing an optiniezabased control strategy
for the integration of VSLs and RM.

3.1.1 Review of RM and VSL strategies

The development of RM and VSL strategies — i.e., control dtigans — is an active
research area. In this brief overview we will discuss séWwg. and RM strategies
that aim at freeway throughput improvement. We will focusehen discussing the
mechanisms in traffic flow exploited by the controllers, tlatcoller properties, and
investigate challenges and opportunities for further icdler development. After con-
cluding this section, we will review the literature on mogegdictive control strategies
for the integration of RM and VSLs in the next section.
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VSL

According to Hegyi et al. [2010], two main categories of VStagegies for the im-
provement of freeway throughput exist, namely, the homagemtypes and the flow-
limiting types. The idea behind the homogenizing types & thy displaying VSLs
that are similar to the average speed of the traffic, speéereiifces between vehicles
will be reduced but no significant reduction of the averageegwill result [Smulders,
1990, Van den Hoogen and Smulders, 1994, Kuhne, 1991]. isnwthy, the traffic
flow is homogenized, resulting in a reduction of the probsahidf a traffic breakdown,
and thus, leading to an improved freeway throughput. Howaeviile field tests did
show a reduction in speed differences, implying a more hanegus traffic flow, no
evidence was found for improved freeway throughput [Vanideagen and Smulders,
1994].

The main idea behind VSL strategies of the flow-limiting tyipehat by imposing
VSLs the flow on the freeway can be controlled. Several aghrescan be found in
the literature that are of the flow-limiting type. Carlsora&t[2011] proposed a VSL
strategy called mainstream traffic flow control (MTFC) fontwlling freeway traffic
entering a bottleneck. This gating strategy adjusts the V&ue at a fixed location
upstream of a bottleneck in order to create a controlled estngn upstream of the
bottleneck with an outflow that is equal to the bottleneckacity. Several simulation
studies were performed showing improved freeway through@iiallenges of this ap-
proach are that very low VSL values may have to be displayddizat the application
of the strategy is limited to specific locations in a road reekw Besides that, it is an
open question whether low VSL values can reduce the freewaydufficiently. For
instance, Soriguera et al. [2017] carried out an empirialysinto the effect of apply-
ing speed limit values as low as 40 km/h at a fixed locationghatved that applying
low VSL values may even result in a flow increase.

Hegyi et al. [2010] proposed a VSL strategy called SPECIAL&sed on shock wave
theory against jam waves — i.e., congestion with a lengtrooghly 1 to 2 km that
propagates in the upstream direction of the freeway. TheCMRHST algorithm de-
tects a jam wave and when it assesses this jam wave as rdsoivitst applies a
pre-defined VSL value instantaneously over a freeway s$trditectly upstream of the
jam wave. Next, VSLs are imposed upstream of the speedelihdtea to stabilize
the traffic flow — by creating a stable combination of speed density — that is ap-
proaching the speed-limited area. This causes a redudttbe dow into the jam wave
So that it can resolve without triggering an upstream cotgesAfter the jam wave
is resolved, the traffic in the speed-limited area can beaselg¢ and a higher freeway
flow can be achieved since the capacity drop is no longer predéhe density and
flow in (and downstream of) the speed-limited area can beraibed by adjusting the
speed with which the upstream (and downstream) boundathedpgeed-limited area
propagates. SPECIALIST was tested on the A12 freeway in thbddlands and it
was found that it is capable of resolving jam waves and seafg traffic, resulting
in improved freeway throughput [Hegyi et al., 2010]. Rete¥ahajan et al. [2015]
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proposed a reformulation of SPECIALIST called COSCAL v2ctmtrast to the SPE-
CIALIST algorithm which has a feed-forward structure, th@SICAL v2 algorithm
has a feedback structure so that it can better adjust itsal@ution to disturbances.

Chen et al. [2014] proposed an alternative approach towesangestion at a bottle-
neck location. In their approach, VSLs are imposed upstrefthe bottleneck first
so that the congestion head moves away from the bottlenetthanmpact of the ca-
pacity drop is decreased. After that, by adjusting the VSlues, the outflow of the
speed-limited area is adjusted so that it matches the hettkecapacity. To the best
knowledge of the authors, no simulation studies have begredaout yet with this
algorithm.

Recently, Zhang and loannou [2016] proposed a VSL contratesyy integrated with

a lane change control strategy to reduce bottleneck cangestused by incidents. In
their approach, lane change control is used to remove thecitgmrop and VSL con-

trol is used upstream of the incident location to realizga@adensities that maximize
the bottleneck flow.

RM

Similar to VSL strategies of the flow-limiting type, RM is prarily used to limit the
freeway flow. The most well-known RM algorithm is ALINEA [Ha&alem et al.,
1990]. This feedback control strategy for a single on-rasgsumeasurements down-
stream of the on-ramp and regulates the on-ramp flow with Hjective of keeping
the freeway flow near its critical density. In this way, cosiien caused by exces-
sive on-ramp flows can be prevented or postponed and in thistha impact of the
capacity drop is reduced, resulting in improved freewayptlghput. Several other
control strategies for single on-ramps exist. Middelham &aale [2006] discusses a
demand-capacity RM strategy that uses upstream freewaynilEasurements in order
to maximize the freeway flow. Due to its feed-forward natuseperformance may
deteriorate due to disturbances in the traffic flow. A majaaliemge of these local
RM strategies is that the on-ramp queue may spill back toplseeam urban network.
Queue management may help to limit the on-ramp queue butedsces the time that
RM can be effective [Papamichail and Papageorgiou, 2008s@aet al., 2014].

Coordination of RM at multiple on-ramps can help to exterel @M time. HERO is
an algorithm that coordinates the ALINEA-based RM actiohsliierent on-ramps
[Papamichail and Papageorgiou, 2008]. Whenever the quaised by RM at a down-
stream on-ramp exceeds a threshold, the upstream RM atgialktarts an RM algo-
rithm that aims at controlling the upstream queue towardstgaint determined by
the downstream on-ramp. This prevents the queue at the t@anson-ramp from
exceeding the maximum length and allows a longer RM timefidbities of coordina-
tion are that there exist time delays between the intenagtid on-ramps and that not
all traffic of upstream on-ramps might be headed to the bwtk. Not including these
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effects may cause unnecessary delays for traffic that is eeddd to the bottleneck,
which may not be fair [Kotsialos and Papageorgiou, 2004]e @ay to include these
effects is by predicting the (near) future impact of the colnsignal on the system
performance. Model-based optimal control approachesyaredily suited to include

such effects and will be discussed in the next section.

Integrated approaches to RM and VSL

Integrating RM and VSL strategies is expected to lead ti&rrfreeway performance
improvements. From a control engineering point of view tida be explained by the
fact that the control freedom is increased, from a traffiesftbeoretical point of view
this can be explained by the possibility to distribute thesfloniting task over freeway
traffic and on-ramp traffic. Schelling et al. [2011] proposadextension of SPECIAL-
IST so that it can cope with a metered on-ramp. van de Weg [@(dl4a] extended the
in-car algorithm COSCAL v1 — which is similar to SPECIALISTwith RM. Maha-
jan et al. [2015] extended a macroscopic version of COSCALnained COSCAL v2
with RM. In these approaches, it is computed at what time R&hisched on in order
to assist the VSL system that resolves jam waves. Thesestsklow that is it possible
to integrate the VSL and RM task to resolve jam wave usingéithcomputation time
when considering only a single on-ramp. However, a chalangy be the extension
to multiple on-ramps, which may lead to a complex controlpem due to the time
delays between the effects of different actuators.

Carlson et al. [2014] integrated the MTFC approach with RMey apply ALINEA
RM in order to prevent congestion from forming at the bo#len location. When
the on-ramp is full or when the RM rate is near its minimum\a#d rate, MTFC
control is switched on in order to prolong the RM time. Thehawus showed that
the approach outperforms non-integrated algorithms aaldzes a performance that is
near the performance realized with optimal control for dlboeck scenario simulated
using a macroscopic traffic flow model. An advantage of thigrae@ach is that it is
based on a simple feedback control structure.

Conclusions from the literature

In conclusion, RM and VSLs can both limit the freeway flow. $adlow reductions
can be used to prevent, postpone, or resolve congestian{imgsin improved free-
way throughput, since the impact of the capacity drop is cedu Various algorithms
have been developed for RM and VSLs. These algorithms diiféne traffic-flow-
theoretical mechanisms that they exploit and their costtrebretical structure. Stud-
ies have shown that integrating RM and VSLs can lead to argttéormance when
compared to isolated systems. However, the control of plali'M and VSL gantries
is a complex problem due to the time delay in the impact of el@son each other.
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3.1.2 Review of model-based optimization strategies for éeway
traffic control

A promising approach to account for the time delays of cdmrittons on the network-
wide performance is model predictive control (MPC) [Rawybnand Mayne, 2009].
MPC uses a prediction model to predict the state of a procsssaoperiod of time —
called the prediction window — given the current state, aisten of the disturbances
—i.e., inputs that cannot be controlled —, and a candidategalcsignal. Based on this
prediction the performance of the process is expressed @sinobjective function.
Using an optimization technique the control signal is fotimat leads to the minimum
(or maximum) of the objective function. The first step of tloatol signal is applied
to the process, and at the next time step, when new measuiearenavailable, the
control signal is optimized again. This is called the rengdiorizon principle.

Despite the advantages of MPC there also exist several apéhems when it is ap-

plied to freeway traffic control as discussed in detail inf@ar et al., 2013]. Some key
problems are that an accurate prediction of the traffic dels@ould be available, that
the controller should be able to deal with uncertaintied, thiat the computation time
used by the controller should be short enough for real-tip@ieation. In this paper

we will focus on reducing the computation time of an MPC sigat

Several authors have applied MPC to the freeway traffic cbptioblem. Kotsialos
et al. [2005] and Hegyi et al. [2005a] used the second-ordeTANET model as a
prediction model to optimize RM and integrated RM and VSltisgs respectively. An
advantage of using second-order models is that they canlmuae complex traffic
dynamics. However, a major challenge is that the nonlinpéimization problem is
computationally hard so that real-time application to éafgeeway networks is not
feasible.

Roughly three main approaches exist to limit the computatime required by an
MPC strategy. The first is to use computationally efficieaffic flow models. To
this end, Gomes and Horowitz [2006] and Hajiahmadi et al1§¥) use first-order
traffic flow models to formulate linear and mixed integer &neptimization problems
respectively. The disadvantage of using first-order trdfir models is that some
characteristics of the traffic dynamics may be lost. This ceyse a performance loss
when applied to a more complex traffic process.

The second strategy is to divide the optimization problemurttiple, possibly overlap-

ping, sub-problems. One such strategy is distributed MPi@ gsejo and Camacho,

2012]. In such approaches, the freeway network is dividemismaller sub-networks.
The sub-problems that need to be solved involve optiminaifdhe sub-network per-

formance and the impact on the total network performancaoime cases this might
lead to reduced computation times and similar performas@eatralized MPC.

The third strategy is to reduce the number of control paramaéhat need to be opti-
mized by parameterizing existing control strategies. Rstance, Zegeye et al. [2012]
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integrated the ALINEA algorithm and a feedback algorithmW&Ls so that only the
gains of the feedback strategies had to be optimized. Theagpip was only applied
to cases where the same strategy was used for every actyagor i.e., VSL or RM
— in the network at every time step. Lu et al. [2011] first deemjthe VSL signal
after which the RM rates could be computed using a lineanapétion problem. Re-
cently, van de Weg et al. [2015] proposed a parameterizaidsed on SPECIALIST
to resolve jam waves using VSLs so that the size of the opatioia problem becomes
independent of the number of VSL gantries. It is shown usingukations that this
approach is able to realize similar performance as the MB@gsed by Hegyi et al.
[20054a] in significantly less CPU time while outperformirigetapproach of Zegeye
et al. [2012]. A limitation of the approach of van de Weg et[2015] is that it is
not yet suited to account for RM and that the performance lig @sted in a scenario
where throughput is improved by resolving a jam wave.

3.1.3 Research approach and contributions

This paper presents a parameterized MPC strategy for atextyRM and VSLs to
improve the freeway throughput. In this way, a better traffdsetween the realized
throughput improvement and the utilized computation tioraritegrated optimization
of RM and VSL is obtained. The method generalizes the previsork of van de
Weg et al. [2015]. Compared to that work, two main contribm$ are made. First
of all, the parameterized VSL approach is extended with arpaterized RM control
strategy. Secondly, an extensive qualitative analysis ihé controller behavior is
carried out when applying the strategy to a jam wave and debettk scenario. Also,
the qualitative behavior of the different combinations &fl Rnd VSL is studied. In
contrast to the work of Zegeye et al. [2012], per RM instadlathe RM gain and
set-point, and switching times are added to the optimingtimblem. The switching
times are used to change the feedback policy when the trifiation changes. The
parameterization of VSLs and RM rates in METANET is formathin such a way
that the optimization problem can be solved using gradiased solvers, which are
generally faster compared to gradient-free solvers wherptbblem size is not too
large. The third contribution of this paper is to provideighg into the impact of the
available computation time budget on the controller penfomce.

3.2 Controller design

The parameterized MPC strategy proposed in this paper éstatdptimize both RM
rates and VSL values with the aim of improving the freewaptighput. In the ap-
proach proposed in this paper the head and tail of a spedidirarea are parameter-
ized. In this way the number of optimization parameters beepindependent of the
freeway length, which would be the case when using non-petenzed optimization
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Figure 3.1: Overview of the timing used in the paperfois 10 s,7°¢ is 60 s,7" is 300 s.

approaches. Additionally, we optimize the parameters®®hINEA strategy and we
optimize the switching times when the controllers shoulae the parameters of the
ALINEA strategy or when they should switch RM off. In this walge number of opti-
mization parameters for every RM installation becomespeaeent of the prediction
horizon.

3.2.1 Design considerations

Several design considerations are taken into account wineglaping the parameter-
ized MPC strategy. Special attention is payed to satisfyeqairements for applying
RM or VSLs for freeway traffic control. While the primary objeve of this paper is

to design a control strategy of which the computation tinguned by the controller

is lower than the controller sampling time, (which is in taage of (several) minutes),
some design requirements are taken into account as wetthveine also important for
the practical applicability of this method, namely:

1. Only a limited number of VSL values can be displayed. Fatance, in the
Netherlands it is only possible to show 50, 60, 70, 80, 90,10@km/h.

2. AVSL or RM system should not cause unsafe situations.

3. An RM system typically causes a queue on the on-ramp. Tleeejiength
should be bounded by a maximum value to avoid spillback tagstream road
network.

4. The RM rate is typically bounded by a minimum and maximuhea

Below, first the design considerations the VSLs are intredyéollowed by the con-
siderations for implementing RM.

VSL control design considerations

As indicated by van de Weg et al. [2014b], a speed-limited ar@as shown in Fig-
ure 3.2 A — can be created by imposing VSLs. It follows fromatiavave theory that
there is a relation between the slope of the boundaries @tbed-limited area and the
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A. Example of a speed-limited area
V/(?hicle trajectories

Speed-limited area

|
3
c
0
©
o
o| . h
_I -
. Time (h)
B. Example of preventing congestion at a bottleneck
o A A 4

T | Time (h)

Bottleneck capacity

Flow (veh/h) Location (km)

t:l : Time (h)

Figure 3.2: A: Example of a speed-limited area that can bd ts@fluence the traffic flow. The red-
dashed lines indicate examples of vehicle trajectories.SHtond vehicle trajectory illustrates a vehicle
experiencing a speed limit drop twice — as indicated withrttecircle —, which should not occur. B:
Top figure: example of a speed-limited area that can be uspdetent congestion at the bottleneck
locationz. Bottom figure: the demand entering the freeway at locatfbjvan de Weg et al., 2015].

resulting flow and density downstream of that slope [Hegwlgt2010, Lighthill and
Whitham, 1955]. If the slope is steeper (more negative) themresulting density and
flow are higher. By adjusting the speed with which the upstréaundary — i.e., the
tail — propagates over time, a stable combination of demsiti/flow can be realized in
the speed-limited area. Similarly, by adjusting the speghl which the downstream
boundary —i.e., the head — propagates over time, the outfithespeed-limited area
can be controlled so that it is just below or at the freewayacdp. SPECIALIST is an
example of an algorithm that uses a speed-limited area tdveea jam wave [Hegyi
et al., 2010].

Figure 3.2 B presents an example of using a speed-limiteal iarerder to prevent
congestion at a bottleneck. At tinte (h) an excess demand — as illustrated in the
bottom figure — enters the freeway at locatidn(km). The time-space plot in the top
figure shows that this demand reaches the bottleneck locatigkm) at timet, (h).

At this time, congestion would appear in a no control simatHowever, by imposing
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a speed-limited area as illustrated in the top figure, cargemay be prevented.

Several design considerations are taken into account whetementing a speed-
limited area. First of all, it is assumed that the value ofgheed-limits in the speed-
limited area is constant over time. This implies that a segrbetween two variable
message signs is either speed-limited or not. Additiondlig assumed that only one
speed-limited area can be active at a time. Apart from thatgdiynamics of the head
and tail of the speed-limited area should be such that thgichdhl vehicles can only
enter and exit the speed-limited area once. If an indivigdeaicle observes multiple
fluctuations of the speed limits, this can lead to unsafeasans, annoyance, or poor
compliance. As an example, the second vehicle in Figure 22p&riences such fluc-
tuations. In order to prevent such behavior, the positidh% (km) andz™*' (km) of
respectively the head and the tail of the speed-limited areallowed to propagate in
the downstream direction with a speed that is lower or equihle effective speed™.

In the upstream direction they can propagate with any speed.

The speed in the speed-limited area is equal to the effestieedv° (km/h) corre-
sponding to the imposed VSLs. The effective speed is defia¢deaspeed with which
vehicles drive in the speed-limited area which includesitide non-compliance. This
can be estimated e.g. from field tests as presented in [Hegli 2010].

The proposed parameterization reduces the number of @gatiilmn variables for VSLs
to two per control time step. Note that the number of optitniravariables at every
control time step used in a nominal MPC strategy is equaldémtimber of VSL actu-
ators. Hence, the advantage of this parameterizationtisittaumber of optimization
variables is reduced, and that the number of optimizatioialkes is independent of
the number of VSL actuators.

RM control design considerations

A feedback RM algorithm is used in this paper to control theamp flow that has to
satisfy the following properties:

e The RM rater,(k) (-) of an origino should be between the minimum allowed
RM rater™® > ( (-) and1.

e The on-ramp queue length,(k) (veh) should not exceed its maximum value
w™ (veh).

Different RM strategies could be applied depending on thé#idrsituation. For in-
stance, when preventing congestion at a bottleneck latatie most sensible control
strategy would be to control the on-ramp flows in such a wattteaflow into a bottle-
neck is at or just below its capacity. The ALINEA algorithnsgecifically designed to
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realize this objective. The ALINEA algorithm has the follmg form [Papageorgiou
et al., 1988]:
crit k
ok + 1) = ro(k) + Kopm—’w : (3.1)

crit
m

whereptit (veh/km/lane) is the critical density of the link directlpwinstream of the

on-ramp, ang,, (k) (veh/km/lane) is the current density in the most upstreagn se
ment of the downstream link.

When resolving a jam, the flow into the jam should be reduceshash as possible.
The standard ALINEA RM algorithm is not suited to realizesthgince it tries to fit as
much traffic onto the freeway without exceeding the critaahsity. This can be solved
by adapting the set-point*(k) (veh/km/lane) of the ALINEA strategy [Smaragdis
et al., 2004, Zegeye et al., 2012]:

_ p(s)et(k:) - pm,l(k)
ro(k 4+ 1) = (k) + K, ot (k) .

o

(3.2)

Another advantage of including such a set-point is thataioation of on-ramps be-
comes possible. In the case of a downstream bottleneck gestion, the set-points
of the controllers of different on-ramps can be coordinatedrder to distribute the
RM task over the RM installations.

Finally, it might be necessary to switch set-points a certaimber of times. For

instance, when resolving a jam, the preferred strategy niiglio reduce the on-ramp
inflow as much as possible until the moment when the jam has eEsolved and

afterwards the freeway flow can be increased to capacityadhle on-ramp outflow

can also be increased. These two different tasks requferelift set-points. Therefore,
we propose the following feedback control algorithm:

¢ Initially, RM is off until switching timetzﬁi“h (h).

e From switching timeS** until switching timet$%*" (h), the feedback law
(3.2) with feedback gaiif; ; and set-poinps’} (veh/km/lane) is used.

e From switching times*" until switching timet$%*" (h), the feedback law
(3.2) with feedback gaii; , and set-poinps’; (veh/km/lane) is used.

o After time ‘" the RM installation is switched off.

This parameterization requires 5 parameters per RM iasi@t, namely, three switch-
ing times, and two set-points. If needed, the approach canxteaded by adding more
switching time instants or to optimize the feedback gainsictv are now manually
tuned.
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Mainstream origin . .
Malnsgream exit
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Off-ramp On-ramp
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Figure 3.3: Example of the METANET elements used in this papdreeway consist of mainstream
origins, links, segments, off-ramps, on-ramps, and m@gast exits.

3.2.2 Timing

Before continuing, the timing of the approach is introdueed is illustrated in Fig-
ure 3.1. The discrete-time second-order traffic model MEEANSs used to describe
the evolution of the traffic [Kotsialos et al., 2002a]. Thadi step of the model is indi-
cated with% (-) and the corresponding sampling time with(h). The time steg (-)
refers to the periodT’k, T'(k + 1)). The control signal sampling time & = C°T
(h) with C¢ € N* (-), meaning that the value of the control signal can chandena
instantsk“7T (-). The control signal is updated at time instait™ (s) for which it
holds that the control signal update timié = C"T (h) with C" € N* (-). Note that
it holds thatt = Tk = T°k® = T"k". The controller predicts the evolution of the
traffic from control time ste@® + 1 until control time step:® + NP where NP (-) is
the prediction horizon. The control input from control tistepk© until control time
stepk® + N°¢ is optimized by the controller wher&© (-) is the control horizon and
N¢ < NP, After the control horizon the control signal is taken to bastant.

3.2.3 Traffic flow modelling

An extended version of the METANET model is adopted to prettie evolution of

the traffic in the MPC controller. The METANET model presehire [Kotsialos et al.,

2002a] along with the extensions proposed in [Hegyi et &l052] is adopted since
it provides a detailed description of the traffic dynamicsl &ncan reproduce rele-
vant traffic characteristics such as jam waves and the dgpd@p. Note that in the
description below only the elements relevant for this paerdiscussed. For a full
description of the model see [Kotsialos et al., 2002a] arepjiet al., 2005a].

The original METANET model and existing extensions

In the METANET model, a freeway is divided into homogeneou®- having a con-
stant number of lanes, no on-ramps and off-ramps, and adr@taracteristics — links
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m that are connected by nodes [Kotsialos et al., 2002a]. Eakvi consists ofV,,, (-)
segments of lengtt,,, (km) with a number of\,,, (-) lanes. The flow,, ;(k) (veh/h),
densityp,,...(k) (veh/km/lane) and speeg, ; (k) (km/h) in a link are updated according
to:

Gm,i(K) = pimi(k)Vmi(k) A, (3.3)
i+ 1) = K)o (1) = o (8)) 39
Umi(k+1) = v (k) + ;(V(pml(k)) — vmz(k))

+ %Um,i(k) (Um,i—l(k) — Um,i(k:))

T pmii(k) = pmi(k)
7-Lm pm,z(k) TR

: (3.5)

In the latter equation; andx are model parameters. The parameté) is set top"ish
when the downstream density is higher than the density, (k) in segment, and it
is set ton'*¥ when the downstream density is lower. This adjustment iptdfrom
[Hegyi et al., 2005a] to reproduce the capacity drop. Thespgp,.:(k)) (km/h) is
given as:

: Tee 1 pm,z(k) o ctr
wherea,, (-) is a model parameter, the spaéid® (km/h) is the free-flow speed of link
m, and the density®'* (veh/km) is the critical density, and where the speﬁﬁ(k)

(km/h) is the effective speed of the imposed speed limitsitheorrected for the com-
pliance of the road-users.

An origin is modeled using a simple queuing model descritivgnumber of vehicles
w,(k) (veh) in the origin queue as a function of the deméy(@) (veh) and the outflow
¢ (k) (veh/h):

wolk + 1) = w(k) + T(do(k) — (k) - (3.7

When an origin acts as the mainstream origin, the outflowvergby:

: Wo k im
ao() = min [d () + 0 g1y 38)
where the flowg,! (k) is determined by the traffic condition in the first link and the
speedy,} (k) = min[v (k), v, (k)] as follows:

lim crit UB? <k) Ha H lim crit
Aot (k) pStt | — @y, In oo () if v, (k) < V(pu (k;))
m

G o (b) 2 V(5 (1)

(k) =
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When an origin acts as a metered on-ramp, the outflow is giyen b

: w,(k m — Pma(k
go(k) = min [d,(k) + B) Oora(k), 0" B jri(t )] , (3.10)
with Qo (veh/h) the on-ramp capacity, anglk) € [0, 1] the RM rate.
In the case that there is an on-ramp upstream ofsinkhen the term
0Tqo(k)vma (k) (3.11)

" Lot (pra(k) + 1)
is added to (3.5) for the first segment of linkwith § (-) a model parameter.
Finally, when a linkm has no leaving link —i.e., it is the most downstream link — the

densityp,, ;i1 downstream of the last segmelit' is equal to:

Prmtas 1 = max [pP°(k), min[p,, ju (k), o] | (3.12)

where the densityS(k) (veh/km/lane) is the destination density, which can be used
as a boundary condition to the model.

3.2.4 Extensions for parameterized MPC

This section details extensions that are included in oese the model for parame-
terized MPC. These extensions do not affect the dynamictiemseof the traffic states
but rather the equations that relate the parameterizedat@ignals to the dynamic
equations to the control signals. Although the paper foeosethe use of METANET,
the extensions may also be used in combination with otheresecpic traffic flow
models.

Extension with a speed-limited area

In this paper, the VSLs:"}(k) are determined by the head"*!(k) (km) and talil
274 (k) (km) of the speed-limited area as follows:
vty (k) = (3.13)
{veff if 215(k) > 2, andz T (k) < T + L, anda™s (k) > 275 (k)

viree  otherwise

wherez,, ; (km) is the most upstream location of segmeat link m.

In practice, the speed-limited area can either cover aneesgigment or not cover it at
all. This implies that the gradient of the objective funatis not a continuous function
of the location of the speed-limited area. In order to resdigradient of the VSL signal
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that is differentiable everywhere, a parametgr,(k) (-) is introduced. The parameter

7m.i(k) denotes the fraction of the segment that is covered by sjeéd given as:

Ly, — max[zT(k) — 2,4, 0] — max[z; + L — 25(k), 0]
Ly,

Ym,i(k) = max 0]

(3.14)

In the optimization, the speed”(k) in (3.6) is replaced by:'"}(k) by taking the

m,i

weighted average of the effective spe&tl and the equilibrium speed™ (p,,.;(k)):
B (k) = Yy (B)U™ + (1 = Y, (k)0 (o, (K)) - (3.15)

Extension with feedback ramp metering

The feedback RM control strategy results in a flow reductamtdrr, (k) (-) that limits
the on-ramp flow [Kotsialos et al., 2005]. The overall RM cohstrategy is as follows:
until time tf)fvlit‘fh RM is off and the RM rate is equal to 1; this policy is indicateith
policy index:® = 1 (-). After that time until timetifgi“h the ALINEA algorithm is
used to meter the on-ramp traffic with the gdifj, to reach the set point; this
corresponds to policyy = 2. After timetifgi“h until timetg‘jg,)itCh the maximum queue
length strategy is used with gaifi; ; to reach the set-point’s; this corresponds to
policy? = 3. After timetifgi“h the RM rate is switched to 1; this corresponds to policy
i = 4. In total a number ofi*°! = 4 (-) policies per ramp are available.

The switching time instant&f)fﬁ,mh are real-valued while the actual model timing is
discrete. This leads to a discontinuous gradient. In omerévent this, the RM rates
of the different policies’, ;. (k) are linearly interpolated giving the potential RM rate
7, (k) (-) when a switching time lies in a time interval:
npol
Folk) =) FR(R)Tym (k) (3.16)
P=1

where the RM rates .. (k) (-) of the policiesi® are given as:

0,iP
1 if i =1 orsP® = nro!
et _ o (k-1
max (min (fo(k: — 1)+ K3 Posr pse,t1( >, 1) ,0) otherwise,
(3.17)

po,iP
and the fractiory}; (k) represents the fraction of the time step that is covered bgypo
i and which is computed using :

(max[0, T’ + min[t¥ih — k7]

fo,ip (k> =

T = if ? =1
_ switch __ _
P (k) = max[0, 7" — max [t} — (K —1)T, 0] £ b — ol
T :
max[0, T — max [tV — (& — 1)T, 0] + min[t3"ih — k7] _
\ : 7 : otherwise.

(3.18)
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The next step is translating the RM raig k) to the actual applied RM rate (k):

oy = RO RO ) 619

with the minimum on-ramp flow ™" (k) (veh/h) defined by the minimum allowed

o

RM rate and the minimum required RM rate to prevent the onprgoeue required to
prevent the on-ramp queue from exceeding its maximum:

k) + do(k)T — wmex (3.20)
- . .

qii,min(k,) — max 7,,mincgo’ wo(

The maximum on-ramp flow*™**(k) (veh/h) is defined similarly as in (3.10):

. w,(k maxX — pma(k
) = i [d, () + 252, Qo @2 L] @y

3.2.5 Objective function and constraints

The objective of the controller is to minimize the Total TirBpent (TTS) by all the
vehicles on the freeway by changing the VSLs and RM ratesthectime stepg© =
E"C*+1,...,k*"C"* + NP®. The following objective functio/ (k") expresses the TTS:

ENCU4+NPCe A )
JEY =T Y {me,z-(k)LmAerZwo(k)}. (3.22)
k=kuCut1 (m,i)ellinks oc orie

Here, the sef'™* (-) is the set of indices of all pairs of segments and links st/
(-) is the set of all origin indices, and the dé&t™?* is the set of all on-ramp indices.

Using this objective function the MPC optimization problean be formulated:

s 70
Subject to

Model: Eq. (3.3) — Eq. (3.21)

Initial states and disturbances:

P (K"C%), 0 (KUCY) , p25 (k). do(k)
Constraints:
BY < Au(k") < BY. (3.23)

The matrix A and vectorsB* and BY represent the linear inequality constraints on
the VSL and RM control signal respectively as detailed inribgt subsections. The
control signalu(k") is a vector consisting of the parameters of the head and ftail o
the speed-limited area and the parameters of the feedbatiotlaws of the different
on-ramps as will be detailed in the next subsections.
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VSL signal and constraints

The evolution of the head and tail of the speed-limited asedescribed by the initial
location of the head!™s!(k*C" + C°) (km) and tailzT*!(k*"C" + C°) (km), and the
speedy™ (k) (km/h) andv™*!(k°) (km/h) of the head and tail over time respectively.
After the control horizonVe, until the prediction horizonV?, the speed of the head
and tail locations are assumed to remain constant:

UH,sl(k,c) _ UH’Sl(k‘uCt + Nc) if k¢ > k:uCt + NC’ (324)
vT(ES) = o T(ECY + NO)if k¢ > kUC 4+ N©. (3.25)

Based on the control vector, the location of the head andaiheftthe control scheme
at every time step can be computed:

k;C
2 (k) = 2 (RO 4 C°) D 0™ - 1)/CNT, (3.26)
j=kuCu4Cc+1

k.C
2T (k) = 2T (kUCT 4 ) Y (LG - 1)/C°)T . (3.27)
j=kuCutCe+1

Several constraints have to be respected when optimizeny8Ls. First of all, the
position of the head and tail have to lie within the upstreamralsz™° (km) andz™°
(km) and downstream bounda$-<*¢ (km) andz -4 (km):

SCH’O S xH,slU{;uCu + CC) S xH,end’ (328)
I‘T’O S xT,sl(kucu + Cc) S :L,T,end ) (329)

If at time stepk"C" + C° the speed limits are not active or cover only 1 segment, i.e.,
whenzts (krCv + CClk — 1) — 1 < 2T8(kCY + C°k™ — 1), then these bounds
are equal to the upstreamy (km) and downstream end of the freeway,y (km).
The notation(. .. |k — 1) indicates the control signal that is computed at time step
k" — 1. However, when the speed limits are active at control 5t€g' + C°, then the
location of the head!™s!(k*C™ + C°|k*) and tailz 1! (k*C" 4 C°|k") at control step
kiC + C* should be equal to the previously computed valfed (k£ C* + C¢| k" — 1)
andxTs!(k"C" + C°|k* — 1). In that case, the constraints are set to the following:

20 = gHsl(puon 4 e — 1) (3.30)
ghend — pHsl(puon 4 ol — 1) (3.31)
LT0 xT’Sl(kuC’u + OOk — 1), (3.32)
pTend — G Tl(puon | cejgn 1) (3.33)

Secondly, the head and tail are allowed to propagate dogarstwith at most*f
(km/h) or to propagate upstream with any speed so that theyotéovertake’ a speed-
limited vehicle:
UH,sl(kc)
UT’SI(]{ZC)

vl (3.34)
vt (3.35)

IA A
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Thirdly, the position of the head should be at or more doveastr than the initial
position of the tail:

2k > 2Ts(k) . (3.36)

RM constraints

The RM control signal of an individual on-ramp consists @& fwitching times
et (k) et (k) andestyth (kv), and the set-pointgs?) (k") andpi’s(k").

1 V0,2

By varying these parameters, the RM rate is affected. Skwerstraints on these
parameters are included. First, it has to hold that the sttt (k") should be

0,iP
et,max

betweer) and the maximum set-poipf ;™ (veh/km/lane):

0 < (k) < gy (3.37)

o,1

0 < g5 (k") < o™ (3.38)

Secondly, the switching time instants need to be constulaifi@o cases are possible.
The first case is that no RM is active at time stépThen, it should hold that:

KUT™ + T < 62" (k") < kU™ + NPT® (3.39)
t(s)\:vlitch + T< < t(s)\:xéitch<ku> < Lum + NPTC (340)
tigimh + T° S t(s)\gtch(k:u) S LU + NPTC (341)

The second case is that RM is active at time gtepThis is the case whet¥i (k") =
max (57 (kY — 1), kT < kT + T° and 35" (k" — 1) > k"T" + T°. In this
case the MPC should not be able to charjfje™ (k") because it lies within the current
time stepk"C" that cannot be affected. This is realized by the followingsteaints:

tini(k,u) S tiﬁimh(k’u) + TC S tini(ku) (342)
KU+ T < 2% (k") < kT 4 NPT© (3.43)
t(s):)\éitch 4+ TC < t(s)\’%itch(ku) < YT + NPTC (344)

3.3 Simulation experiments

Simulations are carried out in order to investigate the radiet behavior and perfor-
mance in terms of CPU time used and TTS improvement of theatert To this end,
several simulations are performed in which the traffic $itureand controller set-up is
varied.

The main topic for investigation is the trade-off betweea tomputation time and
the realized throughput improvement. To this end, the patanzed MPC (PMPC)
strategy is compared with a nominal MPC (NMPC) strategy thiactly optimizes
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the individual VSL values and RM rates. The NMPC strategyxiseeted to realize
a similar or higher TTS when given sufficient CPU time. In ortke obtain a fair
comparison, both the control strategies are given the sapi¢ t®ne budgets. It is
expected that the PMPC strategy is able to obtain similautinput improvement in
less CPU time budget.

Additionally, the performance is compared when considgdifferent controller set-
ups, namely RM-only, VSL-only, and integrated RM and VSLd avhen applied to
different traffic situations, i.e., when resolving a jam wavas done by the SPECIAL-
IST algorithm — or by preventing congestion due to a highamy flow. This allows
to evaluate the added value of integrating the control nreasn different scenarios. It
is expected that integrated RM and VSL can realize the bestiginput improvement
because it has a larger control freedom, but that it doesew®ssarily lead to the best
trade-off between computation time and realized throughpu

3.3.1 Simulation set-up

Figure 3.4 provides an overview of the simulation set-upe €ktended METANET
model as detailed in this paper is used as the process mode| the real-world — and
the prediction model. When implemented as the process mttutek small changes
are made. First of all, the parametgr; (k) is settol in the process modelff,, ; (k) >
0.1 such that the entire segment is either speed-limited ormotder to reproduce
the discrete spacing of the variable message signs. Secdnellswitching times are
rounded to the nearest multiple dfthat is less than or equal to the switching time.
Thirdly, a lead-in procedure is introduced for the VSLs mming too large speed
drops on the freeway. To this end, the VSL value of a gantrgtigcsthe minimum of
the desired VSL and the VSL value of the downstream gantmeased with 10 km/h
which is iteratively computed from downstream to upstream.

A 20 km long freeway with 2 on-ramps and 2 off-ramps is congdeas shown in
Figure 3.5. The freeway consists of three origins and 20tidansegments with a
length of 1 km and 2 lanes. Every segment has the same paramedepted from
[Kotsialos et al., 2002a], namelfi; = 10s, 7 = 18 s,k = 40 (veh/km/lane) p«'t =
33.5 veh/km/laneq,, = 1.867, v = 102 km/h, phie® = 65 km/h?, n'° = 30 km/h?.
Using these parameters, a capacity of 2000 veh/h/laneligedand a capacity drop
can be observed. The freeway traffic is simulated for scesaf 3 hours. All the
segments can be controlled by means of VSLs. The value offtbetiee speed limit
v° is set to 50 km/h. The two on-ramps are controlled by meandafe minimum
RM rate is set to 0.05, the feedback gains of the PMPC strategyget ta<; ;, = 0.5,
and the maximum density set-point is sebif&},;ma" = 60 (veh/km/lane).

The process and prediction model sampling time siépse set to 10 seconds. The
control signal update time stéf} is set to 300 seconds, and the control time §tép
is set to 60 seconds. This means that every 300 seconds ttielsignal is optimized
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Process model: extended METANET
Sampling timel’ (s)

, -~. RMrates : 1 Current state
' EveryTe (s) + Densities | @ Demands
; e’ : 3 Turn-fraction$
'RM rates . % )
ALINEA Q EveryT™ (s)
3
ALINEA settings

Translation

Parameterized signal

Model predictive control strategy
Prediction model: extended METANET

Sampling timel’ (s), control time stefi™ (s)

Figure 3.4: Simulation set-up
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based on the current traffic state. The values of the conigolts are allowed to
change every 60 seconds.

It is assumed that no measurement noise affects the tradfie ssed by the MPC
strategy. Also, it is assumed that a prediction of the denmamdi turn-fractions is
available for the MPC strategy.

The evaluation is carried out using Matlab R2015a on a coenpwith a 3.6 GHz
processor, 8 cores, and 16 Gb RAM. For the optimization treu&atial Quadratic
Programming algorithm of the fmincon solver of the MATLABtopization toolbox
is used, the function tolerance is seftol 0~ and the step tolerance is setlto10~".
Parallel computing on 8 cores is used to determine the nealederivative of the
objective function. In order to realize a fair comparisontlbapproaches are given
the same amount of CPU time in which they can find the optimatism. When this
computation time is not reached, the optimization is rege&tom a new, randomly
selected starting point. When the computation time is edeggethe optimization is
stopped. The best solution out of the different starts idieggo the process. All
the simulations are repeated with three budgets, namely &I@ 1200, 1800, and
3600 seconds. To speed up the simulations, parallel comgpistused to compute the
gradient. For a fair comparison, the CPU time budget refltetgtotal computation
time used by all the cores. Because the computations anedaut in parallel, the
actual elapsed time is smaller than the CPU time budget.

The NMPC approach is implemented as follows. Similar as wt$kalos et al., 2005],

the RM rater, (k) (-) of an on-ramp is directly optimized. It is bounded betwe@e
and1 and constrained in such a way that the RM can change with anuaiof 0.25

per control step. The optimized RM raig(k) (-) is translated to the actual applied
RM rater,(k) using (3.19). The VSL strategy proposed in [Hegyi et al.,54]0s
implemented. The VSL values are bounded so that they arerlgngn 50 km/h and
smaller than the free flow speed. Additionally, the follog/iconstraint is included
vt (k°) < wgit, | (k)+10 preventing sudden speed drops in the downstream direction.

3.3.2 Case l: jam wave

A scenario in which a jam wave is present on the freeway isetatl. Figure 3.7 (a)—
(f) shows the no-control situation in which a jam wave enthesfreeway at the most
downstream end. This jam is created by increasing the geasithe downstream
end of the freeway from time 380 s to 1080 s. The demand at tigensris equal
to 3800 veh/h, 455 veh/h, and 400 veh/h until time 5500 s femtfainstream origin,
on-ramp 1 (O1) and on-ramp 2 (O2) respectively. The pergentd traffic exiting at
the off-ramps is 10% and 12% for off-ramp 1 and 2 respectiv&tier time 5500 s the
demands decrease to 3500 veh/h, 240 veh/h, and 260 vehéctigsty. The capacity
drop due to this jam wave, determined using simulation expanrts, is approximately
5.6%. The total time spent of the no-control scenario is 3B26hh.
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Various control set-ups are tested in the control scenalmoorder to evaluate the
performance and behavior of the MPC strategy when resolaifgly formed jam
wave, so that we can interpret the solution, which is exmettebe similar to the
solution of SPECIALIST, the controller is started after 05conds. Note that this
represents an artificial situation, since in practice theOMRategy is always active so
that it will start controlling before the jam wave is fullydmed. The maximum on-
ramp queue length is set to 150 vehicles for both ramps. Tédigiron horizon is set
to 4800 seconds and the control horizon is set to 2400 secdrd@scontrol horizon
is not applicable to the parameterized RM strategy, becauggecific choice of the
switching times fully determines the controller behavigeoany horizon. Note that
the VSL control signal is allowed to change every 60 secondbat 40 steps are to be
optimized.

The control horizon is not relevant for the parameterized &Mtegy, since it opti-
mizes the switching time instants when the feedback RMesisats changed instead
of explicitly optimizing the RM rates at the control sampgjitime steps.

Table 3.1 presents the quantitative results for the diffecemputation time budgets.
It can be observed that a computation time budget of 120hsksds sufficient for all
the parameterized strategies to realize the best throtginpuovement. The average
elapsed times per controller update for these budgets ldoelatv 300 seconds. The
RM-only NMPC strategy achieves similar performance as thi#€@ strategy for a
budget of 3600 seconds. However, even the budget of 360didecimes not seem to
be enough for VSL-only or integrated VSL and RM using the NVd®@tegy.

The qualitative results of the VSL-only case shown in Figu8e7 (g)—(I) show that
the jam wave is resolved by imposing a speed-limited areaegrs of the jam wave,
similar as done by the SPECIALIST algorithm. Figures 3.7«fr))show the results
of resolving the jam wave using the RM-only strategy. It canseen that it takes
longer for the RM-only to resolve the jam wave explaining linger TTS gain. Fig-

ures 3.7 (s)—(x) show that the integration of VSLs and RM ceduhe application of
VSLs upstream of on-ramp 1, as well as the time over which V&kesneeded. Fig-
ure 3.6 (a) shows the total network outflows for the differearttrol strategies. It can
be seen that it takes longer for the RM-only strategy to imetbe total network out-
flow. Also, it can be seen that the integration of VSL and RMuaas the initial outflow

reduction and a quicker outflow increase after the jam hadwed when compared to
the VSL-only case, explaining the TTS improvement.

3.3.3 Case Il: bottleneck

The second case consists of a traffic jam caused by a too higanom flow. The no
control situation is shown in Figure 3.8 (a)—(f). The origemands were set to 3900
veh/h, 455 veh/h, and 390 veh/h for the mainstream origirraomp 1 (O1), and on-
ramp 2 (O2) respectively, and they were taken to be constaittime 4500 s except
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(a) Network outflow, jam wave

5000
< 4750 |
<

4500 1

Flow (ve

4250

4000 ; ; ; ;
0 0.5 1_ 1.5 2 25
Time (h)

(b) Network outflow, bottleneck
5000 " " "

4750 [ .-

4500

ow (veh/h)

- 4250

4000 : : :

0 0.5 1 1.5 2
Time (h)

— No control RM

— VSL — — — VSL and RM

Figure 3.6: Network outflow in (a) the jam wave and (b) the leottck case using different control
strategies.

for on-ramp 1 of which the inflow from time 1500 s to 2000 s wag@ased to 1500
veh/h triggering a traffic jam. The percentage of trafficiegitat the off-ramps is 10%
and 12% for off-ramp 1 and 2 respectively. After time 4500esdiemands decreased
to 3500 veh/h for the mainstream origin and to 260 veh/h feraonp 2. The resulting
TTS is 2536.0 velh.

Several control set-ups are evaluated in the control siiuafhe maximum on-ramp
gueue lengths were set to 75 and 20 vehicles for on-ramp 1 eegp2ctively. Due to

this, coordination between the two on-ramps is requiredesthe capacity of on-ramp
2 is not sufficient to prevent congestion on its own. The mtsah horizon is set to

4800 seconds and the control horizon is set to 2400 seconds.

Table 3.1 presents the quantitative results for the diffiecemputation time budgets.
It can be observed that for VSL-only and integrated VSL and $&8%ups the PMPC
realizes higher TTS gains in shorter budgets. For the RM-oase, both the NMPC
and PMPC realize similar TTS improvements, namely 9.9% an®h9espectively for

short CPU time budget of 300 seconds.

The qualitative results of the VSL-only strategy shown igufes 3.8 (g)—(l) indicate
the ability to prevent bottleneck congestion by imposingeesl-limited area upstream
of on-ramp 2. Figures 3.8 (m)—(r) show that in the RM-onlyecas-ramp 1 starts
metering immediately so that this flow reduction arrivesratamp 2 when the demand
increases. The qualitative results of the integrated VRLRM case in Figures 3.8 (s)—
(x) indicate that the integration of VSL and RM reduces theekto which VSLs are
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Figure 3.7: Results of the jam wave case using a CPU time bwd@&00 s. Every column represent a
different control strategy. The first three rows show thetoanplots of the traffic dynamics, the fourth
row shows the origin queues, and the bottom 2 rows show theat@ignals.

imposed upstream of on-ramp 1. When comparing the outflotg phaFigure 3.6 (b)
it can be seen that the integrated VSL and RM strategy lirnésrtitial flow reduction
when compared to the VSL-only strategy. It also shows thagmated VSL and RM
is able to quicker restore the network outflow when compawdgiM-only.



Table 3.1: Overview of quantitative results for both ca3éee no control TTS is 3325.1 vehfor the jam wave case and 2536.0 Jefor the bottleneck case. The percentage

gainin TTS for the closed-loop simulation compared to theowtrol situation and the average elapsed time (ET) peatitar are presented.

CPU budget: 300 s CPU budget: 600 s CPU budget: 1200s CPUthu@§® s CPU budget: 3600 s

%gain ET(s) | %gain ET(s) | %gain ET (s) | % gain ET (s) | % gain ET (s)

O VSL 3.9 57.7 11.1 103.3 11.1 207.8 11.1 311.7 11.2 621.5

% % RM 7.2 74.6 7.3 148.8 7.3 297.9 7.3 446.6 7.3 890.4
= 0- VSLRM | 10.8 57.6 11.2 110.1 11.6 209.5 11.7 316.7 11.9 624.6
% O VSL 1.0 54.4 5.5 127.7 8.7 181.0 9.5 291.9 10.1 521.1
” % RM 4.1 48.0 4.5 94.7 5.2 179.7 5.2 267.3 7.3 528.3
< VSLRM| 0.8 73.4 8.1 173.1 8.1 173.0 9.8 294.5 11.2 554.8
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o s RM 9.9 48.6 9.9 91.2 9.9 171.3 9.9 260.2 9.9 508.2
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3.4 Conclusions and recommendations

In this paper the computation time of an MPC strategy forgraeed RM and VSLs was
improved considerably by parameterizing a control scheaseth on ALINEA ramp
metering and a SPECIALIST-like VSL control scheme. Due tg,tthe dimension
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of the optimization problem has become independent of theben of VSL signs.
Additionally, the number of parameters needed per on-raaspbecome independent
of the prediction horizon. Simulations have shown that th&ml approach proposed
in this paper can achieve a better performance than a n@amgderized MPC strategy
when using the same budget of computation time for VSL-only mtegrated VSL
and RM strategies. It was found that the non-parameterizategy realizes a slightly
better throughput improvement for the RM-only case.

In further research, the impact of noise and uncertaintresamtroller performance
can be studied. When needed, a robust control design maythéeedesigned. Ad-
ditionally, it can be studied how the approach can be exiridanclude multiple
VSL areas when applying it to larger freeway networks. Itlsbaecommended to
compare the proposed strategy to simpler, uncoordinatedmipredictive strategies.
Also, the use of in-vehicle technologies may lead to impdodetection and actuation
possibilities and potentially a reformulation of the cahtstrategy. Future research
can also investigate approaches to further improve the atatipn time, for instance,
using a problem-tailored algorithm to solve the optimiaatproblem as discussed in
[Kotsialos et al., 2002b].
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Chapter 4

Linear MPC-based Urban Traffic
Control using the Link Transmission
Model

In this chapter an optimization-based control strategigetbped for the optimization
of flows in order to improve the urban network throughput. degeloped strategy is
used as a basis for the control strategies proposed in théveghapters. This chapter
is based on the following paper that is currently under revie

G.S. van de Weg, M. Keyvan-Ekbatani, A. Hegyi, and S.P. Hadgern, Linear MPC-
based Urban Traffic Control using the Link Transmission Mod&ansactions on
Intelligent Transportation Systepmsubmitted 2017-6-12.

Abstract

In this paper we develop a computationally efficient modedpstive control (MPC)
strategy for optimization of intersection flows to improves turban traffic network
throughput. Several linear and quadratic MPC approacheslieen developed in the
literature to reduce the computational complexity of thetypem, but without consid-
ering the back propagating waves caused by spillback. Thegrincipal contribution
of this paper is the formulation of a linear optimization lplem for an MPC strategy
that considers downstream propagating waves in free fldficirgqueuing dynamics,
and upstream propagating waves caused by spillback. Téarloptimization problem
is obtained by describing link dynamics using the link trarssion model, and aggre-
gating the traffic dynamics to (several) tens of seconds. pEtmrmance of the pro-
posed controller is compared with two other existing stjigt® a store-and-forward
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model-based and a cell transmission model (CTM)-basedoappr The total time
spent (TTS) by all the vehicles in the network and the contprigime have been
applied as performance indexes for the appraisal of the@osttategies. Simulation
results show that including upstream propagating wavestsas better controller per-
formance due to inclusion of the impact of link outflow on nraxm link inflow. It

is also shown that the control approach realizes a higheugfiput while using less
computation time compared to a CTM-based approach. The aasop with a store-
and-forward model-based optimization approach revedlatithe proposed strategy
can realize higher throughput but may require more comjmuntéime.

4.1 Introduction

The performance — e.g. throughput, pollution, safetyalelity — of urban road traf-
fic networks is in many occasions not optimal. This paper $esuwon improving the
performance of urban road traffic networks using urban grafiintrol (UTC) for co-
ordinating the intersection interaction. A common exangdleoordination is the cre-
ation of green waves in order to reduce the delay of highmeltraffic flows which is
mainly effective in undersaturated traffic conditions fleif 1966].

This paper proposes a control algorithm that is able to:

1. achieve good network performance in various traffic reginsuch as, undersat-
urated, saturated, and oversaturated traffic. More spaityfic should correctly
handle forward moving waves and backward moving waves, asicjueue spill-
back and gridlock

2. it should have sufficiently low computation time to be a@pglin real-time for
larger networks.

4.1.1 Overview of urban traffic control strategies

One of the complicating factors of UTC is that intersectimfisience each other differ-
ently in various traffic regimes. Similar to the definitioms/Aboudolas et al., 2010],
this paper categorizes the traffic states in the links asi@! undersaturated, satu-
rated, and oversaturated. Note that the definition usedrbfes to a single link while
in [Aboudolas et al., 2010] a regime refers to the traffic gobod of the majority of
the links in the network.

The undersaturatedegime represents the situation in which a queue can be emp-
tied during a green time implying that a coupling from upaireto downstream in-
tersections exists. This is exploited by strategies theater green waves, such as
MAXBAND [Little, 1966]. Other widely used strategies thatamainly effective in
undersaturated regimes and applicable to large-scal@rahare SCOOT and SCATS
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[Hunt et al., 1982, Luk, 1984]. According to Papageorgioale{2003] the perfor-
mance of SCOQOT deteriorates in the saturated traffic regime.

The saturatedregime is defined as the situation in which queues cannotdsalded
during a green time implying that no direct coupling betwegarsections exists. The
recently proposed max-pressure (or back-pressure) #igmwiuse this mechanism to
distribute queues in an urban network [Varaiya, 2013, Ld.e2815]. An advantage
of that strategy is that it is distributed and requires ordyadgathered in the vicinity
of the intersection. Gregoire et al. [2014] extended the qpr@ssure algorithm to
deal with oversaturated regimes as well. The TUC strategyristeworthy example
of a practice implemented control strategy designed farrated regimes that is also
capable of creating green waves [Diakaki et al., 2003]. i &boudolas et al. [2010]
formulated the problem of network-wide signal control asuadyatic programming
problem that aims at minimizing and balancing the link gees® as to minimize the
risk of queue spillback.

The oversaturatedregime is characterized by queues which propagate to @pstre
intersections causing a coupling from downstream intéieex to upstream intersec-
tions. This coupling is time delayed due to the accelerdigtgavior of vehicles which
is typically described by upstream propagating waves. Duthis time delay, the
actual number of vehicles that can be stored in a congestkdslitypically smaller
when compared to the maximum storage capacity. This cayplm result in con-
gestion propagation through a larger part of the networkveneyridlock [Daganzo,
2007]. Gayah et al. [2014] showed that in an extremely caegesetwork, adap-
tive traffic signals might have little to no effect on the netw performance due to
downstream congestion and queue spillback. Hence, ottag¢egies such as gating or
perimeter control might be beneficial to alleviate instiépiinder oversaturated traffic
regimes. Recently, Geroliminis and Daganzo [2008] fouridexce for the existence
of a network fundamental diagram (NFD) for urban traffic natke which has been
exploited as a basis for the derivation of urban signal ab@ipproaches for oversatu-
rated regimes. The combination of the NFD concept with gatirperimeter control of
traffic flow lead to control strategies that deal with oveusaited regimes (see [Keyvan-
Ekbatani et al., 2012] for single region gating; [Gerolimiet al., 2013, Hajiahmadi
et al., 2015a] for multi-region, [Keyvan-Ekbatani et aD,13b] for multiple concentric
regions, and [Keyvan-Ekbatani et al., 2015a] for remotenpeter control with large
control steps).

The aforementioned control strategies differ not only & éixtent to which they have
been tested in the field and the underlying algorithmic fdatons, but also in the

exploited control mechanism. A potential challenge of mafghese strategies is that
they are mainly effective in only one or two of the traffic negis.
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4.1.2 Overview of model-based optimal control strategies

Traffic control strategies that aim at improving the urbatwoek performance in all

traffic regimes can benefit from predicting the impact of atcarstrategy over a time
horizon. The reason for this is that a change in the outflowefintersection can affect
the outflow of another upstream or downstream interseati¢imd future. Model-based
optimal control techniques are especially suited to takedleffects into account.

Model predictive control is a popular type of model-basetirgation technique
[Garcia et al., 1989, Mayne et al., 2000]. At every controBampling time step,
the optimal control signal is obtained and this signal isliagto the process. When
new measurements become available this process is reptaseid called the reced-
ing horizon principle. Some advantages of MPC are that itehBesedback structure,
different types of objective functions can be specifiedxftligitly predicts the process
dynamics, and it is relatively easy to include constraiklswever, several challenges
exists as well, such as, the computational complexity ofdp&mization problem,
the model-reality mismatch — i.e., the mismatch betweedipted states and realized
states —, and the uncertainty in predicting the disturben&ee [Burger et al., 2013]
for an overview of considerations for applying MPC to traffantrol. The design of
MPC strategies which are able to improve the performanceargsses that are sub-
ject to noise and uncertainties is commonly referred to bssoMPC (see [Bemporad
and Morari, 1999] for a survey of the robust MPC literature).

To apply MPC for urban road networks various approaches bega proposed in the
literature. These approaches use as an input the curréfid state and require a pre-
diction of the demand and of the turn fractions or routes eftthffic. One of the main

differences between these approaches are the modelsehegeat for the prediction of
the traffic states and the features — such as, the macrodcalffic flow characteristics

— that are considered in these models. In many cases it Hutl®tdding more fea-
tures (that improve the match with the reality) leads todyatbntroller performance,
because the model-reality mismatch is reduced. The apiplicaf a model with more

features may lead to higher computational complexity, ddpey on the structure of
the resulting optimization problem. Thus, finding a goochbak between controller
performance and computational complexity is an importhatlenge when developing
MPC strategies for urban traffic control.

The MPC strategies of Lo [1999] and Van den Berg et al. [2007kder signal tim-
ings as decision variables. Lo [1999] formulated a mixdeger linear programming
(MILP) problem based on the Cell-Transmission Model tormpte the signal timings.
Van den Berg et al. [2007] proposed a non-linear MPC baseddeteagled traffic flow
model — which is an extension of the model of Kashani and £afi®83] — in or-
der to optimize the network throughput in all regimes. Theseroaches require high
computation times because of the detailed traffic modelishaged.

Lin et al. [2012], Le et al. [2013], and Aboudolas et al. [2D&@dressed this prob-
lem by assuming that the turn fractions — i.e., the distrdsubf link outflow to direct
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downstream links — are known. Also, they aggregated thedfédw dynamics to sev-
eral (tens of) seconds and used green-splits as contralsigrstead of considering
binary control signals indicating whether a link has a griggt (1) or a red light (0).
Lin et al. [2012] proposed a non-linear MPC strategy based simplified version of
the model of Van den Berg et al. [2007], called the S-ModelsHon-linear MPC ap-
proach was cast as a MILP problem in [Lin et al., 2011] which loa more efficiently
solved. Le et al. [2013] proposed a linear-quadratic MP@&tetyy for the optimization
of both signal settings and turn fractions in all traffic regs. Aboudolas et al. [2010]
also proposed a linear-quadratic MPC strategy based ortdheeand-forward model
for traffic flow optimization in saturated regimes which candificiently solved.

The aforementioned approaches employ different trafficetsodith different features
resulting in different trade-offs in controller perforn@nand computation time. One
observation that can be made is that only the approach of@@9lincludes the impact
of upstream propagating waves on the maximum link inflow byl@tng the CTM.
The consequence of not including upstream propagating sveaesed by spill back
is that the maximum link inflow is overestimated which can kpeeted to cause a
waste of green time in (over-)saturated regimes. This mi@gtthe performance and
efficiency of the optimization-based controllers.

4.1.3 Research objective and contributions

The aim of this research is designing a computationallyiefitdPC strategy to con-
trol traffic flow under all traffic regimes which considers thgact of upstream prop-
agating waves on the maximum link inflow. The control strategydeveloped for
medium to large-scale networks covering several tens efsettions. To this end,
Section 4.2 shows that taking the upstream propagating s@eed, and the free flow
travel time into account leads to a linear optimization peabwith linear inequality
constraints when assuming aggregated traffic dynamicsrmamarkturn fractions. This
is realized by describing the link dynamics using the lidagmission model (LTM) of
Yperman [2007] and describing aggregated traffic dynandegiahmadi et al. [2015b]
showed that an MPC strategy based on the LTM for freeway n&swvan be solved
using a mixed-integer linear programming problem. The oution of this paper is
the formulation of a linear optimization problem for the tah of link outflows in
an urban road traffic network for the optimization of urbamwaek throughput in all
traffic regimes and evaluating the controller performamceerms of throughput im-
provements and computation time used. The approach isldalt_-U which is an
abbreviation for “Linear MPC using the LTM for Urban traffiomtrol”.

In more detail, the main contributions of this paper are:
1. Design of a linear MPC strategy using the LTM for the opgation of aggre-

gated traffic dynamics that considers downstream propagataves caused by
free flow dynamics, queuing dynamics, and upstream propapagaves caused
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by spill back, see Section 4.2. The advantage of using the ta bescribe the
traffic dynamics is that there is no need to divide a link irtkgraents which is
more efficient from a computational point of view comparedttter approaches,
e.g. based on the cell-transmission model (CTM).

2. Showing that the inclusion of upstream propagating waeaslead to better
throughput improvements when compared to the approachss eff al. [2013]
and Aboudolas et al. [2010] in Section 4.3.

3. Comparing the controller performance — in terms of coapom time used and
realized throughput improvements — to the control appresciiLe et al. [2013]
and Aboudolas et al. [2010] in Section 4.3.

4. Showing that the approach can be applied to a large netw@&&ction 4.3.

4.2 Model predictive control strategy design and for-
mulation

The MPC strategy developed in this paper uses the LTM of Yparf@007] as the
prediction model. The LTM is chosen since it is capable modejueuing dynamics
and downstream and upstream propagating waves. Also, thMedan be used to
formulate an efficient optimization problem for two reas@sswill be shown in this
section, namely; 1) it can be used to formulate a linear dpétion problem, and 2) it
can describe the link dynamics using only two states.

The remainder of this section is structured as follows.tF8gction 4.2.1 introduces
the main assumptions. Then, Section 4.2.2 introducesdffectiiow modeling used to
formulate the optimization problem. Section 4.2.3 fornesgathe linear optimization
problem based on this model and Section 4.2.4 specifies thengion of the linear
optimization problem.

Vertlcal queue

Link 1

Origin 1
\Vﬁl 4 Link 4
M12(

Vertical queug/ s 4( k L|nk2

7732 outmax c

Origin 2 ﬁ

Figure 4.1: Example of the network elements.
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Figure 4.2: Time-space diagram (bottom) and plot of the datiwe curves (top) illustrating the most
important variables used in this article. The constraimtshe cumulative inflow and outflow curves —
i.e., ‘Maximum Inflow’ and ‘Maximum Outflow’ — are also repmsted in this figure.

4.2.1 Assumptions

The following assumptions are made in this paper:

1. Aggregated traffic dynamics are considered by increasiagampling time to

several (tens of) seconds (in line with the assumptions bojAlolas et al., 2010,
Linetal., 2012, Le et al., 2013]). In this way, the numberiofd steps for pre-
dicting the traffic dynamics is reduced and no signal timingge to be consid-
ered which reduces the computational burden of the modelefieless, the
controller is able to account for upstream and downstreaspagating waves
and the distribution of queues over the networks when optigithe intersec-
tion flows.

. Itis assumed that the turn fractions —i.e., the distidoudf traffic from one link

to its downstream links — are known and static — in other wotlasy are not
influenced by the control signals.

. In order to model the link dynamics, it is assumed that #taration flow rates,

the average free flow speeds, the upstream propagating weeds and maxi-
mum link densities are known.
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4. ltis assumed that the demand is known and no disturbansesices of uncer-
tainty are present.

A discrete-time model is used in this paper. To this end,ithe stepk (-) refers to the
periodt € [Tk, T(k+1)) (h) where the tim&’ (h) is the process model sampling time.
The superscriptrefers to the timing of the prediction model used in the MR@tsgy
giving, e.g.k® and7*. The time stepgd” and7* are related by the factef = 7°/T €

I. The time stefdl™ is in the range of 1 to 10 seconds and is limited by the link
length due to the CFL conditions that have to be satisfied plsigred in Section 4.2.2.
The control signal is optimized at time stefg8 (-) with £™ = (k — 1)e™ + 1 where
the factore™ = 7™ /T € I relates the controller sampling tinié" (h) to the process
model sampling tim@". It also holds that the factef™ = 7™ /T € I (-) relating the
controller sampling time and the prediction model sampling is a positive integer.

4.2.2 Traffic flow dynamics

This section details the description of the traffic flow dymesnThe main elements of
the model used in this paper are links, origins, and nodelfuasrated in Figure 4.1.
The approach also includes the possibility to impose &ins on the outflow at exits
of the network, see e.g. link 2 in Figure 4.1. The descriptibthe link dynamics fol-
lows the LTM of Yperman [2007] which is briefly introduced ie&ion 4.2.2. In con-
trast to that model a node model to connect the links is noli@ttyp included, since,
the connection between links is an outcome of the optinorgiroblem. Section 4.2.2
details the formulation of the LTM using linear state eqoiasi and constraints.

Brief introduction to the LTM

The LTM describes the link dynamics using two traffic statesnely, the cumulative
inflow N (k) (veh) and outflowV,"*"(k°) (veh) of every linki (-) in the network.
This is an advantage when compared to approaches that did& into segments
which require much more traffic states to describe the linkaghyics. More important
may actually be that the numerical stability of these sedrhased schemes requires a
small time step due to the CFL condition. Since some segnaeatsmall, the simula-
tion often needs to run with a small time step. Another achg@bf the LTM is that it

is capable of modelling all traffic regimes and specificatiysiders downstream and
upstream propagating waves.

Figure 4.2 illustrates the description of the traffic dynesrin the LTM. It is assumed
that the free-flow speed™* (km/h) is known and constant, and that a vehicle cannot
exit the link before the time* (h) that it requires to travel through the link with the
free-flow speed as illustrated by the trajectory of vehiclelBus, the maximum link
outflow depends on the link inflow in the past. In saturatedmeg, the link outflow

is equal to the saturation raf¢** (veh/h). Finally, in oversaturated regimes the wave
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speedvitok (km/h) is included as illustrated by the wave that starts whehicle 8
exits the link. Note that it takes a tim& (h) for the upstream propagating wave
caused by spill back to travel through the link. Due to thédjiele 14 can only enter the
link a time#hok (h) after vehicle 8 has exited the link. The implies that treximum
link inflow depends on the outflow of the link in the past.

Thus, in order to model the traffic dynamics using the LTM itreguired to know
the cumulative inflow and outflow in the past. For instanceefilow dynamics can
be modeled by assuring that the cumulative outflow at tinenot larger than the
cumulative inflow at timet — t'*¢ in the past as illustrated in Figure 4.2. The next
subsection will formally describe the traffic flow modelling

Formulation of the LTM using linear state equations and consraints

The above mentioned dynamics are modelled using linea gpatate equations of the
cumulative curves and linear constraints. In order to zeatis, the control variables
used are the effective fractions of green tibr}réﬂ(k:C) (-) used by the links, and the
effective fractions of green tinﬁ?’eff(kc) (-) used by the origin queues. For a link, this
is defined as the realized link outflag#*!==d (k<) (veh/h) divided by the link saturation
flow:

realized (kc)

plef (ko) = & (4.1)

sat

4;

By using the effective fractions it is possible to model tim ldynamics using linear
equations and include free flow travel times and upstreandaewtstream propagating
waves by adding linear inequality constraints as detaittdvia The optimization will
take care of matching the outflows and inflows of links thatcarenected to each other
so that the optimization problem is essentially servinghastode model.

The cumulative flow out of link is updated as follows:
NEU(RE 1) = NEOU() + 0 (k)T (4.2)

Note that this equation assumes that the link outflow is etpu#the saturation rate.
However, the effective fraction of green tirle™ (k<) used enables to limit the outflow
when there is no queue. In this way, free-flow dynamics can bdetied using the

following constraint:

NZ'L’OUt<kC + 1) S ’}/;’freeNZ-L’in(k'C _ k;:,free + 2) + (1 o ’y;:,free>NiL,in(kc _ kic,free + 1) ’
(4.3)
where the number of time step§"® = [tfe/T<] (-), and the fractiom "™ =
jeofree _ yfree Je () the residual of a sampling time step that the free-flowetéime
tfree (h) is exceeded by, The mathematical operatr] rounds the argument of
the function to the nearest integer that it higher than tharaent of the function. The
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interpretation of this constraint is that the cumulativéflow curve should always lie
below the cumulative inflow curve shifted with the free-flaavel time as illustrated
by the dashed line named ‘Maximum Outflow’ in Figure 4.2. Nthtat kf’ﬁ"ee > 2
to guarantee CFL conditions. In the case that link at an exit of the network, a
constraint is introduced to limit the maximum outflg{*™**(k°) (veh/nh) out of that
link:

b?,eﬁ(kc)qisat S q;ut,max<kc> = [Exit 7 (44)

where the sef™it js the set of exit links. This maximum outflow is modeled as an
external disturbance to the process so that, for instaheeintpact of a (temporal)
bottleneck on the traffic flow at an exit of the network can bxuded.

The cumulative inflow to link is updated using:

NF (ke 4 1) = NFP (k) S0 (m-us,xkc>b?’eﬂ”<kc>qsatTC)+.-- (4.5)

Sus in
msel;

S (el 907

jem

where the set!™ is the set of links directly upstream of linkand the set/" is the set
of origins directly upstream of link The fraction,.- ;(£¢) indicates the turn fraction
form link <" to link 4, and the fractiom, ;(k°) (-) indicates the turn fraction form origin
jtolink 7. In order to model upstream propagating waves, the follgwionstraint is
used:

NG (K 1) < AN (R — B 4 2) 4 (4.6)
(1 - f}/?’ShOCk)N,L’Out(ij . k;hock + 1) + Nimax

3 K3

with the number of vehicled/** (veh) the maximum number of vehicles that can fit
in a link — i.e., the link length multiplied with the jam detsi the number of time
stepsk ok = [gshock /77 (1) | and the fraction*ho% = goshock _ yshodk /e () the
residual of a sampling time-step that the upstream propagatave travel timeshock

(h) is exceeded by, It should hold that*"* > 2 in order to guarantee CFL
conditions. This constraint limits the inflow as indicatedhithe dashed line named
‘Maximum Inflow’ in Figure 4.2.

Origins are modelled as vertical queues as illustrated guiéi 4.1. The cumulative
inflow Nf’m(kc) to origin j is updated as follows:

O,in/7.c _ O,in/j.c in/z.c\rpc
NO™(kE + 1) = NO™(kS) + ¢t (k°)T°. (4.7)
The cumulative outflosz]Q"’“t(kC + 1) out of originj is updated using:

O,out/7.c . O,out /7.c Oeff /7.c\ ca c
N7 (RS 4 1) = N7 (k0) + 077 (K9) g™ T, (4.8)
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which should satisfy:

O,out /7.¢ O,in/7.¢
NOOUM (ke 4 1) < NOW (RS 4 1), (4.9)

Apart from these dynamical update equations and constraiahstraints on the con-
trol signals should be added:

0 <b(k) <1, (4.10)
0< b (k) <1, (4.11)
> bR <1, (4.12)

i Jconflict
ely

where the sef;"“ﬂiCt is the sety of signals which are in conflict with each other. The
first two constraints make sure that the effective fractemesbounded betweérand1
while the third constraint makes sure that the green timestsilduted over conflicting
links. Note that clearance times between conflicts may beeteddby limiting the
sum of the green-fractions of the conflicting links to be ld&s 1. These constraints
essentially serve as the node model. To see this, note ttrad original LTM model of
Yperman [2007] the green times that are given may result imlaton of constraints
(4.3) and (4.6). Hence, a node model is required to detertham&ransition flows from
one link to another so that the constraints are not violakedhe approach proposed
in this paper, the model is re-written as an optimization eladhere the effective
fractions of green time are optimized so that the conssauht3) and (4.6) cannot
be violated. Note that this can be seen as a modification ofj¢neric class of first
order node models proposed by Tampere et al. [2011] whetedd of maximizing the
node outflows, the total network outflows are maximized stttigesupply and demand
constraints of the nodes.

The stater™ (k) € R ! of link 7 is given as:
Mk = .. (4.13)
. . T
Nl-me(k}C) o NiL,out(kC o k;::,shock) NZ-LJH(]{]C) o NiL,ln(kC . kic,free)]

wheren® = koo 4 polee 4 9 s the length of the vector. Similarly, the state
x;?’o(kc) e R™ ! of an origin has the following structure:
2Ok = [NO" (k) NO™(ke)] ", (4.14)

J

wheren* = 2 is the length of the vector.

4.2.3 Linear optimization problem formulation

The model described in the previous section consists aditistate equations and con-
straints. This sections details how these linear statetemsaand constraints can be



92 TRAIL Thesis series

included in an optimization problem so that the network tigigput can be optimized
while considering all the traffic regimes.

The objective of the optimization is maximizing the netwahkoughput. Under the
assumption that the network inflow is not affected by the @raction, maximizing

throughput can be realized by minimizing the total time ${@m'S) used by all the
vehicles in the network over the prediction horiz&®7 (h). This is equivalent to
minimizing the difference between the cumulative inflow andflow of every link

and origin in the network as represented using:

(k™ —1)ec™ 4 KP

J(k™, z) = > TC{ > (N}’in(kc) — N}"’“t(kC)) +...  (4.15)

ke =(km —1)ecm 42 ieln

S (e - 9 ) |

JEIO
with ™ the set of all links, and® the set of all origins in the network.

This objective function can be formulated as a linear optation problem of the fol-
lowing form:

%m) ZB(k™)u(k™) + Z (Az(k™) + Cd(k™)) (4.16)
Subject to (4.17)
MBed(m™)g(k™) < Vined (4.18)

where the vectori(k™) contains all the inputs that should be optimized, the vector
x(k™) the state at time-stelg®, and the vectod (k™) a prediction of the demand. The
vectorZ adds all the differences between cumulative inflows and ¢atime outflows,
and the matricesl, B(k™), andC are used to compute the prediction of the states
z(k™) as specified in Section 4.2.3. The mathix™*4(k™) and the vectol’"*¢ contain

the inequality constraints as specified in Section 4.2.3.

By applying the receding horizon principle to this optintiza problem an MPC strat-
egy is obtained. The main concept of MPC is to find the optinwadtl| signals
bl (k<) for time stepsi® = (k™ —1)e™+1, .. ., (k™ —1)e>™ 4+ KP —1 by minimizing
(4.15) over the prediction-horizon frod™ — 1)e“™ +2, ... (k™ —1)e“™ + KP) given
the traffic state at timé = k™7™ and a prediction of the future disturbanegg k™)
andg®tmax (™), For the time steps = (k™ — 1)e“™ + 1,..., (k™)e>™ the control
signal applied to the process is defined as:

bi(k) = b ([(k — 1) /€] +1), (4.19)

where the mathematical operatof rounds the argument of the function to the nearest
integer that is lower than the argument of the function. Nénd procedure is repeated
at the next time step™7™ + T™ when new measurements become available.
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Specification of linear objective function

The linear objective function consists of the matrices3(k™), andC' and the vector
7. To formulate these, it is required to write the model dédxsadiin Section 4.2.2 in
the standard linear form:

2(ke + 1) = Az(k®) + B()u(k) + Cd(ke) , (4.20)
with the stater(k°) € R"""*"! given as:
PR = [2b (k) . ab (k) 29(k) ... 2% (k)] (4.21)

where the number® (-) is the number of links, and the numbé? (-) is the number
of origins. The numbenst'=s = 3>, ., n;* + 3.0 n;"* denotes the length of this
vector. The matrixA € R*™""" is defined in 4.A. The input vectar(k®) €
R™"™"*1 is given by:

.
u(/f):[b%eff(kc) o) (k) bggff] : (4.22)

with nivPuts = pl 4 10 the number of inputs. Finally, the disturbance veet@r) ¢
R""! s given by:

d(ke) = [gp (k) ... (k)] (4.23)

Note that for an arbitrary time ste{§ = kS + n with kS = (k™ — 1)e>™ + 1 (-) the
statex(k§ + n) is given as:

(k4 n) = A"x(k) + i A (B(k:c +i—Du(k®+i—1)+ Cd(k°+i— 1)) .

(4.24)

By stacking the predicted states at every time stgfj + n) from time stepk§ + 1 to
kS 4 KP in vectorz (k™) € RE 1

-
i’(/{?m) = [.T}ngrl c. .T}nger} 5 (425)
a prediction of the evolution of the states can be computedjdsllowing linear equa-
tion:
(k™) = Az (k™) + B(E™)a(k™) + Cd(k™) . (4.26)

in,tot 1
)

The vectoru (k™) € R" — with n'™* = KP(n" 4+ n0) —is defined as:
alk™) = [u(kg) . u(ks+KP—1)]" (4.27)

and the vectod(k™) € R"°5"! is defined as:

d(k™) = [d(ks) ...d(ks+ kP —1)] ", (4.28)



94 TRAIL Thesis series

The matrixA € R™"™ 7™ is defined as:
A=[a A . Ak’ (4.29)
the matrixB(k™) € R*"“K*»™*" is defined as:
B(k) 0 . 0
- AB(k* B(k°+1
B(k™) = ( ) ( . ) . (4.30)
AKPIB(R) AK2B(k £ 1) ... Bk + KP — 1)
(4.31)
and the matrix(’ € R K"n°K” is defined as:
C 0 .. 0
N AC C ... 0
AKP-1o AKP=2 O

The vectorZ € RVE"" js used to compute the value of the objective function by
multiplication with Az (k™) + B(k™)a(k™) 4+ Cd(k™). The vectoZ is defined in 4.A.

Specification of linear constraints

Several constraints are included in the mafyi%**i(k™) and vectors/"*? in (4.16).
The matrix)/ed(k™), given as:
Mineq(/{}m) — [Mineq(k:m) Méneq(km) Méneq(km) M‘ilneq Méneq Méneq M;neq]—r :
(4.33)

and vector/

Vineq _ [Vvlineq ‘/Qineq Vz)}ineq ‘/4ineq VvBineq ‘/Gineq V';neq} T . (434)
consist of several parts, which make sure that the trafficfifmaleling is in accordance
with the LTM:

e The first part is used to model the free-flow dynamics accgrthr(4.3).
e The second part is used to the spillback dynamics accordi(4) 6).
e The third part is used to constrain the outflow out of an oragioording to (4.9).

e The fourth part is used to include the constraints (4.4) emtlaximum outflow
of the numben” of exits in the network

e The fifth and sixth part are used to limit the control signasarding to (4.10)
and (4.11).

e The seventh part takes care of the conflicts (4.12).

Appendix 4.B provides a full description of these parts.
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4.2.4 Dimension of the optimization problem

The dimension of the optimization problem influences the motation time required
to solve it. This dimension is determined by the size of thmutrvector and of the
constraint vector. The size of the input vect@k™) is (n™ + n°)KP. Additionally, a
total number of 4n™ + 3n° + n® 4 n°") K inequality constraints are required, where
n" is the number of conflicts between links.

4.3 Simulation

The controller is evaluated using simulation in order taeassts behavior and perfor-
mance. The indicators that are used to assess the perfamétite control strategy
are the TTS and the computation time used by the controllée dimulations are
carried out in four steps:

1. Studying the qualitative behavior of the controller. Tdigective is to analyze
whether the controller adequately responds to the diffaraffic regimes. To
this end, a simple network and demand pattern are used sib taatbe studied
whether the computed control action is in accordance witheetations (ad-
dressed in Section 4.3.2).

2. Studying the quantitative performance of the controlléie objective is to study
the performance of the controller in terms of realized TT& esmputation time
used. To this end, the controller is compared to two othenparable strategies
and the performance of these controllers when applied tmplsinetwork and
different demand patterns (see Section 4.3.3).

3. Studying the impact of the controller sampling time ongkeormance. To this
end, simulations are carried out for different predicti@mions and controller
sampling time steps (see Section 4.3.4).

4. Analyzing the application of the controller to a largetwnark. The objective is
to study and compare the computation time required by thealtsr when the
network size is increased. To this end, the three contsodlex applied to a large
network (for more details see Section 4.3.5).

4.3.1 Simulation set-up

The overall simulation set-up is detailed in Figure 4.3. Th#-transmission model
(CTM) of Daganzo [1995] is chosen as the simulation modelamigination with a
demand-proportional node model. The simulation model &duss the ‘real-world’
situation to which the control signal is applied. The colirchas an exact prediction
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of the disturbances — i.e., the demand, outflow limitati@msl turn fractions — avail-

able. The optimized green-fractions are directly appleethe CTM. The simulation

sampling time step of the CTM is set to 1 second while the sagpime step of the

prediction models are set to 10 seconds. The predictioztiois set to 60 time steps
(600 s), and the control signal is recomputed every 60 sexond

Cell-transmission model
——>| ‘Real world’ model
Sampling time step 1 s

Disturbances: D
Demand Control signal
Turn fractions Every 60 s

Maximum outflow

Measurements
Traffic state
Every 60 s

-~
| Model predictive controller

| Controller sampling time step’] s
I Prediction horizon /N Psteps J

N e e e e e e e e e e o o e o e o= E— —

Figure 4.3: Overview of the simulation set-up. The defaaltie of the prediction model sampling time
T¢ is 10 seconds and the default value of the prediction hori¢®ris 60 steps.

The characteristics of the link dynamics are determinechbyfrtee-flow speed which
is set to 10 m/s, the upstream propagating wave speed whsgh te -5 m/s, the jam
density which is set to 400 veh/km, the saturation rate wisdet to 2000 veh/h, and
the segment length used in the CTM is set to 10 meters. In ffereht evaluations
the length of links and the network structure are altered.

The simulations are carried out using Matlab R2015a on a ctenpvith a 3.6 GHz
processor and 16 Gb RAM. The linear optimization is carrietl wsing the ‘dual-
simplex’ algorithm implemented in the standard linear wygation function ‘linprog’
of Matlab. The computation time reported here consists efcthmputation time uti-
lized by the optimization function at every controller tistep.

4.3.2 Implementation of the control strategy: analyzing tle quali-
tative behavior

The purpose of the first evaluation is to analyze the qual@ditehavior. More specifi-
cally, the purpose is to study whether the controller is bégaf reducing the outflow
of the correct link when spillback is occurring. To this eadsimple network — called
network 1 — as illustrated in Figure 4.4 is used for the ewaunaln this situation, the
maximum outflow of link 3 is reduced to 600 veh/h. The lengtleath link is set to
200 meters, except for link 6 which has a length of 400 meters.

The simulation horizon was set to 3600 seconds. The demdtetpa i.e., demand
pattern 1 in Figure 4.5 (A) — and turn fractions — of Table 4used for this evaluation
are chosen to represent all traffic regimes. The network anthdd pattern are chosen
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Table 4.1: The turn fractions used in network I.
Turn fractions

T2 = 0.78 72,3 = 0.4 N4l = 0.73 N6,3 = 0.6 78,6 = 0.56
’171’5 = 022 772’7 = 06 ’174’5 = 027 776,7 = 04 778,9 = 044

in such a way that the behavior of the controller can be im&tgal. The first 450

seconds of the demand pattern represents the undersdtregime. After time 450 s

until time 1800 s the demand increases so that the flow towhaedsottleneck exceeds
its capacity. After time 1800 s the demand decreases again.

200 m 200 m 200m

oi — —

S

Link 1 £ | Link 2-£| Link3

: : [

g i

: : o~

o < H

s i & 7%

i a3 F =
Link 8 i~ Link 9

Figure 4.4: Network 1, a simple network.

Figure 4.6 and Figure 4.7 show the qualitative behavior efabtntroller. Figure 4.6 a
shows the outflows of links 2, 3, 6, and 9 over time, Figure 4€hdws the number
of vehicles in links 2, 3, and 6 — note that this is not the sam#ha queue length —
and Figure 4.7 shows snapshots of the number of vehicleseiry émk and the link
outflows at different time instances. Using these figuresgtialitative behavior of the
controller is studied below.

e During the first 450 seconds the traffic situation is undersétd. From Fig-
ure 4.6 A it can be observed that it takes some time beforedlerélaches the
links.

e After time 450 s the demand increases and the capacity ofattieieck at link
3 is exceeded. This causes the number of vehicles in link Bdiease. The
number of vehicles in link 6 also starts to increase, sifeecbmbined demand
of link 2 and link 6 is approximately 2500 veh/h and the tumrction from 2 to
7 is larger compared to the turn fraction from link 6 to 7, se tlontroller gives
priority to link 2. In Figure 4.7 B the number of vehicles imlis 3 and 6 have
increased considerably and the arrow indicates that thresa@easing.

e Around time 1350 s link 3 is full and the controller reduces tutflow of link
6 to 0 veh/h. The flow from link 2 to link 3 is then exactly 600 Yeko that the
inflow to link 3 is equal to its outflow. The outflow of link 7 ise¢h 900 veh/h.
This situation is illustrated in Figure 4.7 C.
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(a) Demand Pattern 1
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Figure 4.5: Demand patterns applied to network I, (A) patleall traffic regimes, (B) pattern Il, the
undersaturated regime, (C) pattern I, saturated andsaterated regimes.
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e Attime 1390 s link 6 is full as well and now the outflow of link §increased to
1000 veh/h so that the queue does not spillback to link 8 amckibig of link 9 is
prevented. Simultaneously, the outflow from link 2 is redlite0 veh/h so that
the number of vehicles in this queue starts to increase. déhises the outflow
of link 9 to be preserved at 800 veh/h while the flow out of linls Feduced to
400 veh/h. These effects can be observed in Figure 4.7 D atlba0 s.

e Link 2 is full around time 1520 seconds. At that time, the colt¢r reduces the
outflow from link 6 to 0 veh/h which causes spillback to link@& prevents spill-
back to links 1 and 5. This spillback reduces the outflow frark B from 800
veh/h to 0 veh/h and increases the outflow of link 7 to 900 venth preserves
the outflow of link 5 at 500 veh/h as illustrated in Figure 4.7 E

e At time 1880 seconds the flow out of link 9 increases agairgesthen the de-
mand has decreased again and the flow out of link 6 is increasedell. A
snapshot of the network at time 2300 s is shown in Figure 4.7 F.

Another observation that can be made from Figure 4.6 B istheamaximum number
of vehicles that fits in a link changes over time. For instatice maximum number
of vehicles in link 2 at time 1200 s is smaller than the maxinmumber of vehicles
in link 2 at time 1530 s. The reason for this is that the smaHerlink outflow, the
less voids between vehicles have to propagate throughitkedi more vehicles can be
present in the link. This behavior is not included in moseinMPC approaches that
use other models.

Summarizing, this evaluation shows that the controlles astexpected. It is capable
of considering free-flow dynamics, and take the impact dftsguek into account. Most
importantly, it is capable of modelling the effect that theximum storage space in a
link is influenced by the link outflow due to upstream propaggptvaves.

4.3.3 Comparative evaluation: quantitative analysis of tle con-
troller performance

The second evaluation is carried out to analyze the quawétperformance. To this
end, the approach is compared to two other, comparable Mp@aghes, namely,
the approach of Aboudolas et al. [2010] and of Le et al. [201Bhe reason why
these approaches are chosen are that they are both of the MRC type, aggregate
the traffic dynamics to several (tens) of seconds, and assaehe turn fractions
are known. The main differences are that they exploit otmediption models. The
approach of Aboudolas et al. [2010] is especially designebiver) saturated regimes,
hence, it does not consider free-flow travel times. The aggirof Le et al. [2013] does
consider free-flow travel times. Both the approaches of Alotas et al. [2010] and
Le et al. [2013] do not include the upstream propagating waaeised by spill back.
Thus, it is expected that in undersaturated regimes theadethLe et al. [2013] and
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Figure 4.6: (a) The outflows out of links 2, 3, 6, and 9 over tif@ The number of vehicles in links 2,
3, and 6 over time.
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Figure 4.7: Snapshots of the network state at different tiraances. The red bars indicate the number
of vehicles in the link, not the queue length. (a) the underséed regime at time 400 s. (b) around
time 1250 s the number of vehicles in links 3 and 6 grow. (cyadbtime 1370 s link 3 is full and the
flow out of link 6 is reduced to 0 veh/h. (d) around time 1500k b is full and the flow out of link 2 is
reduced to 0 veh/h. (e) around time 1700 s link 2 is full andfline out of link 6 is reduced to 0 veh/h.

(f) the demand decreases after time 1800 s.
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the approach proposed in this paper achieve similar pedocen in terms of TTS.
In oversaturated regimes it is expected that the approamboped in this paper can
realize a lower TTS compared to the approaches of Aboudolak f2010] and Le
et al. [2013] because of the inclusion of the upstream praipag waves.

It must be noted that the objective functions exploited ib¢Adolas et al., 2010] and

[Le et al., 2013] are different from the one presented in gaper. Therefore, the

approaches of Aboudolas et al. [2010] and Le et al. [20134dopted to the objective

function used in this paper. In this way, the main differebegveen the approaches is
the prediction models used to formulate the optimizatiabfEm.

In order to test these expectations, network 1 is used widettifferent demand pat-
terns as detailed in Figure 4.5. The first demand patterragmnll traffic regimes.
The second demand pattern only contains undersaturaféd temimes. To realize
this, the bottleneck at the exit of link 3 is removed. Thedldemand pattern consists
of saturated and oversaturated regimes. To obtain a faipadson the network is
saturated first by applying the control strategy proposddispaper for this first 120
seconds and these first 120 seconds are removed from the T&utations.

The quantitative results of the evaluation are present@dlote 4.2. It can be observed
that in undersaturated regimes — i.e., demand pattern 2 méitleod proposed in this
paper realizes the same TTS as the approach of Le et al. [20l8]at situation, the

approach of Aboudolas et al. [2010] has a worse performasicee, it does not con-

sider free-flow travel times. It can also be observed thaténsaturated regime —i.e.,
demand pattern 3 —, the approach proposed in this paper Ipasvied performance.

The reason for this is that the controller considers therapst propagating waves
when determining the maximum link inflow. The method progbsethis paper can

realize a lower TTS for the first demand pattern as well.

From Table 4.2 it can also be observed that the average catigputimes used by
the approach proposed in this paper are below 0.25 seconds. afiproach ogt
al. Aboudolas et al. [2010] has the lowest computation time é¢kengh the dimen-
sion of the optimization problem —i.e., 720 variables an@@Bidiequality constraints —
is the same as the dimension of the optimization problemqseg in this paper. The
maximum computation time of the approach proposed by Le £@l3] is the largest.
The reason for this is that a link is divided into segments elasses — and for every
class a dummy variable is added which has to be optimizedtiregin 1380 variables
and 6900 inequality constraints.

4.3.4 Impact of controller timing on performance

The next set of evaluations is conducted to analyze the atertiperformance when
changing the prediction horizon, and controller samplingetstep. It is expected that
increasing the prediction horizon and decreasing the abb@tisampling time step will
lead to a lower TTS but a higher computation time.
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Table 4.2: Overview of the results comparing the average @RE (ACPU) in seconds used by the
optimization and the TTS in velh used by all the vehicles in the network for the different dach
patterns.

Method| LML-U [Aboudolas et al., 2010] [Le etal., 2013]
Demand Pattern
1 ACPU | 0.20 0.14 0.66
All regimes TTS | 184.59 186.87(+1.2%) 186.48(+1.0%)
2 ACPU | 0.19 0.16 0.76
Undersaturated TTS| 15.48 17.68(+14.2%) 15.48(+0.0%)
3 ACPU | 0.25 0.18 0.70
(Over)saturated  TTS| 725.01 735.80(+1.5%) 736.87(+1.6%)

To this end, the LML-U control strategy is applied to netwdrknd demand pattern
1 with different combinations of prediction horizon and gicgion model sampling

time step. The results are presented in Table 4.3. The thblessthat increasing the
prediction horizon to 300 seconds results in a lower TTS. #hier increase does not
lead to a lower TTS. The reason for this is that the predidtiornzon should be long

enough to include all relevant dynamics, such as, forwaddatkward propagating
waves. A horizon of 300 seconds is thus long enough to aateithe impact of the

control actions on the network outflow.

It can also be observed that increasing the prediction msal@lpling time step or
decreasing the prediction horizon reduces the requirecbatation time. It can be
observed that a time step of 10 seconds leads to a lower TT8 edmpared to a time
step of 20 seconds. A time step of 2 of 5 seconds does not leatbteer TTS when
compared to a TTS of 10 seconds. This is probably caused bgeaimand pattern
which is rather constant so that there is no need to consyaemdics with a resolution
that is higher than 10 seconds.

4.3.5 Application of the controller to a large network

The fourth evaluation is conducted to test the controlleemvapplied to large net-
works. To this end, network 2 as illustrated in Figure 4.83sdifor the simulation
network. This network consist of 80 links with varying linkrigths. Bottlenecks with
a capacity of 300 veh/h are placed at the exits of links 5, 80,ahd 70. The turn
fractions out of every link are set to 1/3 and the demand paisechosen identical for
every link, namely, 250 veh/h for the first 250 seconds, 800lvé&om time 450 s to
time 1800 s and 250 veh/h after time 1800 s.
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Figure 4.8: Network 2, a large grid network with varying litlgngths



Table 4.3: Overview of the results comparing the average @R (ACPU) in seconds used by the optimization and the TT\&kvh used by all the vehicles in the network

for the different combinations of the prediction horizomawntroller sampling time step©.

1° (s)
2s 5s 10s 20s
Prediction horizon (s) ACPU TTS ACPU TTS ACPU TTS ACPU TTS
20 0.036 1161.07 0.024 1161.07 0.020 1161.07 0.022 1074.32
40 0.032 661.14 0.024 662.11 0.024 662.17 0.023 577.81
60 0.042 24469 0.029 288.59 0.028 288.52 0.024 290.04
80 0.11 187.66 0.029 187.66 0.028 187.66 0.023 190.15
100 0.099 187.66 0.033 187.66 0.026 187.66 0.024 190.14
200 0.45 186.88 0.069 186.85 0.033 186.80 0.029 189.23
300 1.56 184.60 0.14 184.60 0.044 18459 0.030 187.05
400 4.32 184.60 0.28 184.60 0.069 18459 0.034 187.05
500 10.01 184.60 0.56 184.60 0.10 18459 0.040 187.05
600 17.12 184.60 0.96 184.60 0.14 18459 0.048 187.05
700 26.03 184.60 1.52 184.60 0.21 184.59 0.055 187.05
800 40.3 184.60 2.33 184.60 0.28 18459 0.071 187.05
900 61.2 184.60 3.30 184.60 0.39 184.59 0.081 187.05

0T
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Table 4.4: Overview of the results comparing the average @RE (ACPU), maximum CPU time
(MCPU), and standard deviation (SD) of the CPU time in sesarsgtd by the optimization and the TTS
in vehh used by all the vehicles in network 2.

Method ACPU MCPU SD of CPU time TTS

LML-U 45.4 58.9 6.1 1266.5
[Aboudolas et al., 2010] 17.8 25.5 3.1 1342.4(+6.0%)
[Le etal., 2013] 225.4 2714 16.5 1278.6(+0.9%)

Two observations can be made from Table 4.4 which providesvarview of the re-
sults. First of all, compared to the approach of Aboudolaal.ef2010], a TTS gain
of 6.1% is realized while requiring more CPU time. The reafwrthis is that both
approaches model links as a single element. However, therdiion of the optimiza-
tion problem proposed in this paper is higher, since, theirtraffic state is larger due
to the fact that it includes the history to model downstreauth @pstream propagating
waves. Thus, in saturated only regimes, the approach of ddias et al. [2010] gives
the best trade-off between computation time and contrpgformance. However,
when applying a controller to all traffic regimes, the chdietween both approaches
depends on the network size, i.e., the LML-U approach careeela better throughput
improvement but for real-time operation, the computatioretshould remain smaller
than the controller sampling time. For instance, for thisveek of 80 links and 16 ori-
gins, the average CPU time of 45.9 seconds is still below ¢ivéraller sampling time
of 60 seconds thus the LML-U approach gives a better throuigihgprovement with
reasonable CPU time. Secondly, compared to the approach ef &l. [2013]a TTS
gain of 1.0% is realized in considerably less CPU time. Thass that it is beneficial
to consider a link as a single element instead of dividingkiinto segments.

4.4 Conclusions and recommendations

A linear MPC strategy for the optimization of urban road natkvthroughput in all
traffic regimes was developed and evaluated in this papee. nf&in contribution of
this paper is the formulation of a linear optimization peablwhich can be efficiently
solved that considers queuing dynamics and downstream pstdeam propagating
waves. This was realized by describing the link dynamicegisiie link transmission
model, and aggregating the traffic dynamics to (severalj oéiseconds. Simulations
were carried out to test the approach. A qualitative anglgkihe controller perfor-
mance indicated that the approach is capable of dealingthéthmpact of upstream
propagating waves on queue spillback. More specificallyag been shown that the
controller can take the impact of the link outflow on the maimlink inflow into ac-
count. A quantitative comparison has been done by emplawogomparable, linear
MPC strategies. It has been found that the approach proposed paper can realize
a better throughput in oversaturated regimes, due to tHesion of upstream prop-
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agating waves caused by spill back, when compared to the afjpFoaches. The
evaluations showed that in terms of controller performaacd computation time,
an optimization approach that considers a link as a singlment, instead of divid-
ing a link into segments, results in a better trade-off betweomputation time and
controller performance. When compared to a store-anddaiwased approach, it
was found that the proposed approach realizes a higherghpat but also requires a
higher computation time.

Further research should be carried out to extend the apptodonclude detailed sig-
nal plans and to relax the assumption of known turn fractiéso, more simulation-

based studies should be carried out, utilizing more realistffic models. Addition-

ally, the impact of measurement noise and uncertaintiealdhze studied. Further
mathematical analyses can be carried out to study certaitnadler properties, such
as, scalability and stability. Finally, the impact of heigeneous traffic on the con-
troller performance and the inclusion of other objectivediions in the optimization

problem may be investigated in the future.
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4.A Specification of objective function matrices

This appendix details the matrices used in Section 4.213t,Ehe matrixA is speci-
fied. The matrixA € R" S s

states 7nstates

. . .. . L

is a matrix consisting of the matricely' € R":" "
O,s  O,s . .. . . .

andA? e R™ " of the links and origins respectively on its diagonal:

Ay

L
A , (4.35)

L
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with the matrixA} of a link i given by:
1
AF = 0 , (4.36)
10
and the matrixA? of origin j given by:
10
A9 = {0 J . (4.37)
Next, the matrixB(k¢) € R™"“ "+ is defined as:
.
B(k®) = [BF(k®) ... Bh(k) BP(k) ... BS(k9)] (4.38)
where the matrixB} (k°) € R im0+ of link 4 is given as:
By (k%) = [Bly(k) BRy(k9)] . (4.39)
with the matrix B}, (k) € R """ given as:
[0 ... 0 g 0 ... 0
0 0 0 0 0
Biy (k)= [N, ... NI, 0 NL, ... NL, (4.40)
0 0 0 0 0
0 0 0 0 0
with N7, = 1;,(k%)¢*T° and the matrixBL,(k°) € R™ " defined as follows:
[ 0 e 0 |
(I-C\,C2PC (¢ ,CaPc
BZIjQ(kC) — nl,l(k ) w 1T T]no, (ko)qno T (441)
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The matrixB} (k) € R" 4O of origin j is given as:
BP (k) = B (k) B(k9)] | (4.42)
with
O c nOs nl
B, (k) =0, e R ", (4.43)

and the matrixB?, (k%) € R " defined as follows:

0 ...0 ¢™*)TC 0 ... 0
BY,(k°) = w,J 4.44
52(K) 0 ...0 0 0 ... 0 ( )
The matrixC' € R™™*"° is defined as follows:
c=[ct ... ¢y co ... 9] . (4.45)

The matrixCF = 0 € R~ since, there is no demand directly going into a link.
O,s . .
The matrixC'? = 0 € R" " is given as:

00 — 0

.0 0
4.46
J 0 ...0 7° 0 ( )

Finally, the vectoZ € R'™™"" is used to compute the value of the objective function
as specified in (4.16). The vectdris defined as follows:
Z=TZy ... Zi, (4.47)

Zy=TC|z¢ ...Z% z9 ... Z9%], (4.48)
with the vectorZ! € R of link i defined as:

Zy=[-10 .. 01 — ... 0], (4.49)

2

and the vectoZ;’ € R"? of origin j defined as:
Z9=1[-1 1] . (4.50)

J

4.B Specification of inequality constraints

The first matrix A" (k™) € R* K" and vector’;"** ¢ R"K™! are used to
model the free-flow dynamics according to (4.3). This castris applied to the
predicted state:

Mz (k™) <0, (4.51)
MY Az (k™) + B(E™)a(k™) + Cd(k™)) <0, (4.52)
M B(E™)a(k™) < — M"Y Az (k™) + Cd(k™)) . (4.53)
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So that:

Mineq(k’m) — Minqu(k’m) ’ (454)
Vvlineq _ _MiHEQ(Ax(kjm) + CJ(km)) , (4.55)

here, the matrid/\"*? e R"" K"K 5 given as:

. 0
Mineq — [Ml 0] ’ (4.56)
0 .
with the matrixA/* € R™""* given as:
v (4.57)
0
1 0 Ce 0 _,yicyfree _(1 o fyic,free)]

The matrix M, (k™) € R™ K7™ and matrixV,"*? € R""X"! are used to model
the spillback conditions according to (4.6). In a similaivea in (4.53) these are given
as:

M;neq(k:m) _ MQUGQB(]{:HI)’ (458)
szineq _ f/Qineq o MéneQ(Ax<km> + éj(km)) , (459)

here, the matridi/i**® ¢ R™"K"n"*"“K? j5 given as:

My = (M2 0] : (4.60)
0
with the matrixM/2 € R™"""** given as:
. 0
M? = 0 ... 0 —qothod _(q _aoshodky g 0)]
0
(4.61)
(4.62)

The vector/;"* ¢ R""K™1 is given as:

‘721neq _ [‘721neq o ‘N/Qineq] T , (463)
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with 1,71 ¢ R
pined — [Nmax o mex )T (4.64)

in,tot

The third matrix M, (k™) e R’ K7™ and vectorV;"** e R"’K™! are used to
constrain the outflow out of an origin according to (4.9) arel@ven as:

M"Y (k™) = My™ B(k™), (4.65)
Ve = — MY (Az(k™) + Cd(E™)), (4.66)

here, the matri¥i/i"*? € R"°K"n™*"“K? ig given as:

M = 0 1 -1 . (4.67)

0

in,tot

The matrix A" € R""K*»™*" and vecto/,"** e R""5™! are used to include the
constraint (4.4) on the maximum outflow of the numhbeErof exits in the network:

M = (A 0] , (4.68)

and the vectol/;"* is given as:

r out,max/j.c A
a4 (ko)

Ui

q:)llét,max <k8>
_ U]

Vet = : (4.69)
q?ut,maX(kS 4 Kp)

sat

aq

qztét,ma)((kg 4 Kp)

sat
L qd% i

where the matrixj/4 € R*" ™" =" ig given as:

wi— | (M 0] , (4.70)
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with the matrixA/%* a zero matrix except for the diagonal elements that arecckat
exits which are set to 1.

The fifth and sixth matriced/i"*? e R™+n°»"™"" and M"** e R +"°""™"" and
vectorsVi"® e R +n%1 and V™ e R +"°:1 are used to limit the control signals
according to (4.10) and (4.11) and are given as:

5 0

M = [1 0] : (4.71)
0 .

Vaired =1, (4.72)

Mt = —M3™ (4.73)

Vg =0. (4.74)

The matrixM" ¢ R K7™ and vector;"*! € R™” ™! take care of the con-
flicts (4.12) and are given as:

M;neq — [Mconﬂict 0] ’ (475)
0
vared =1, (4.76)
with Meerflict g matrix in which every row represents a conflict so that elegme

]\Zlgg?nﬂict = 1 for every linkj in the set/-"i<t of conflicti and all the other entries are
set to0.






Chapter 5

Efficient Joint Optimization of
Routing and Intersection Flows using
the Link Transmission Model

This chapter extends the MPC strategy proposed in the prewbapter to jointly
optimize the flows and the routing decisions in order to imprthe urban network
throughput. This chapter is based on the following papérstaurrently under review:

G.S. van de Weg, E.-S. Smits, H. Taale, A. Hegyi, B. De Schuted S.P. Hoogen-
doorn, Efficient Joint Optimization of Routing and Intersec Flows using the Link
Transmission ModelTransportation Research Part, Gubmitted 2017-03-25.

Abstract

One of the challenging problems of urban traffic control esititeraction between the
chosen traffic light settings and the route choice of roadsuskhis interaction causes
that urban traffic control strategies optimized based one¢hetime traffic states and
historical data may get out of date and become less efficiest time. The reason
for this is that people get acquainted with the travel timesrdheir possible routes
caused by the signal controllers and select new routes wrer One of the solutions
to this problem is to explicitly control the routing decisg— e.g. using in-car naviga-
tion devices or route information signs — and jointly optzmg the traffic light signal
controllers and the routing decisions. The design of suabnéral strategy is difficult
because it consists of a large number of decision variabldsequires a predictive
control action that is computationally hard. In this pagaar, efficient optimization
algorithm is proposed for the joint optimization of traffiowts at intersections and en-
route routing decisions assuming a 100% compliance rateniode! predictive control

113
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framework. The algorithm is of the sequential linear progmang type and uses an
analytic procedure to approximate a linearization of thedei@round an operation
point instead of a numerical linearization approach. Satiohs using several opti-
mization algorithms show that the proposed approach yeelukstter trade-off between
computation time used and throughput improvements. Al stmulations indicate
the added value of the analytic linearization approach,thedise of the sequential
linear programming algorithm.

5.1 Introduction

Urban road traffic network control using traffic lights infhees the route-choice of
individual road users [Taale and van Zuylen, 2001]. Theaeder this is that traffic

lights influence the travel times on road sections and thiéneie total travel times of

different routes between an origin and a destination. Th@igation of this effect is

that an urban traffic control strategy, that is designed daseknowledge of current
and historical flows, may get out of date and become lessetticver time due to the
changed route choice of road users when they get acquaiiitethe traffic dynamics.

The resulting equilibrium in route choice that appearsisway is commonly referred
to as the user equilibrium [Wardrop and Whitehead, 1952} fravel time on every
used route from an origin to a destination is identical inuker equilibrium, and it is
smaller than the travel time of the unused routes.

The efficiency loss of the signal controllers due to routea@dmay even occur quicker
in the near future due to the proliferation of in-car teclugiés, such as, GPS naviga-
tion devices with which more and more vehicles are equippedceven stronger effect
may be expected when automated vehicles that automatiwatigate from origin to
destination become widely available. Such systems maysehaad adopt the best
route for the individual road user based on knowledge of threeat traffic situation,
possibly combined with a prediction of the evolution of thedfic state over time. This
may cause an even faster degradation of the overall netvasf@rqmance. Hence, an
urban traffic control strategy has to take into account theaich of its control action
onto the route choice, potentially leading to a more efficieser equilibrium or it
has to explicitly control the route choice behavior so thaystem optimum can be
achieved.

In general, system optimality may imply that alternativedd) routes between a given
origin-destination pair have different travel times. Tinplies that some vehicles may
have shorter travel times compared to others so that thageéravel time experienced
by all the road users is optimal. Currently most drivers miae their individual cost
by choosing the route with the lowest travel time (if knowm)t in the future incentives
may be given by monetary tolls or rewards for drivers for @iog the route that leads
to the system optimum [Pigou, 2013]. In such systems theedyiwill still minimize
their individual costs, but now for the generalized (coneliimonetary and travel time
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costs. In a dynamic setting, pricing is discussed in theldiwgtk model by Vickrey
[1969]. A more operational incentive can be tradable dgvights [Xiao et al., 2013].

A common approach to optimize the network performance idiptige control. An
advantage of a predictive control action is that it allowadoount for the future impact
of control actions. This is useful in a traffic network, sinckanging the flows or route
choices at one intersection affects other intersectioadater time instant. One of the
major challenges of predictive control is that it may lead tmmputationally complex
optimization problem. This is a challenge because the ctatipun time required to
solve the optimization problem must be smaller than thetiea controller sampling
time.

Considering the desired aspects of traffic control, the dithis paper is the design of
a control strategy that:

e optimizes the throughput of an urban road traffic network @a&me horizon

e controls the average traffic flows at intersections which besealized by traffic
lights and the route choice of the traffic

e requires limited computation time, more specifically, toenputation time has
to be less than the real-time controller sampling time whécin the range of
(several) minutes

Before detailing the research approach and contributiinss Section 5.1.1 discusses
approaches to the combined dynamic traffic assignment gmélscontrol problem.
After that, Section 5.1.2 details a specific sub-set of apgtes, namely model-based
optimization approaches.

5.1.1 Approaches to the combined dynamic traffic assignmeratnd
signal control problem

The problem of accounting for the impact of traffic signalttohon route choice has
drawn research attention for several decades. Already Td,18lIsop [1974] dis-
cussed the interaction effect of signal control and routgcgh Taale and van Zuylen
[2001] presented an overview of the literature on the coendbimaffic assignment and
control problem. The approaches to solve the combineddraffsignment and con-
trol problem can be divided into three categories, namg@lytetative procedures, 2)
global optimization approaches, and 3) game-theoreticoggpes that intend to solve
the global optimization problem [Smith, 1985, Taale and Xaglen, 2001].

In iterative approaches, the traffic signals settings atemiged for a given demand
pattern. Next, the route choice of drivers is updated foragpigmized signal settings,
leading to a new demand pattern, and the process is repedtecbmvergence [Allsop
and Charlesworth, 1977, Akcelik and Maher, 1977]. A corguar of several studies



116 TRAIL Thesis series

that focused on the convergence properties of the iterappeoach by Taale and van
Zuylen [2001] indicated that a challenge of iterative ajggites may be that they are
not guaranteed to converge to a stable optimum despite teatmd computation time
gain.

Global optimization approaches address this issue bylymptimizing the route choice
and traffic signal settings [Taale and van Zuylen, 2001, GivehHsueh, 1997]. Due
to the necessity to predict the impact of the traffic signalghee link travel times, a
traffic assignment model is used. Hence, most of the comhlimaéat assignment and
control approaches are of the model predictive control.typecent developments in
the area of model-based optimization approaches are disgduis the next section.

The first game-theoretic approaches to solve the optinoizgtioblem were presented
in the 1980’s [Fisk, 1984]. The idea is that road users arffidraanagers can be mod-
eled as different decision makers that have different abbges [Gartner et al., 1980,
Taale and van Zuylen, 2001]. Chen [1998] proposed a dynarodelimg framework
where control strategies and assignment can be combined.ad¥antage of using
game theory is that it does not require the explicit use oéttaduation of computation-
ally expensive prediction models while still being able ¢alize similar performance
according to Taale and van Zuylen [2001].

5.1.2 Model-based optimization approaches

A common approach to predict and optimize the (future) inhpéathe control action
onto the overall network performance is model-based op#tron, commonly known
as model predictive control (MPC). Several researcherg pavposed model-based
optimization strategies for the combined dynamic traffeigisment and control prob-
lem.

Taale and Hoogendoorn [2013] proposed a framework for treed-integrated and
anticipatory traffic management that is somewhere in betteeative and global op-
timization approaches. The framework is similar to itefatapproaches, but when
optimizing the signal settings, the impact of the contrdtisgs on the route choice
behavior is explicitly considered using a traffic flow mod#i. this way, better con-
vergence is expected. The computation time of the iterggreeedure may still be
high. Abdul Aziz and Ukkusuri [2012] used the cell transnoasmodel (CTM) as a
prediction model in an MPC framework for optimization of thignal settings assum-
ing system-optimal route choice behavior. The authorstupé the phase selection
using a mixed-integer linear programming problem (MILP) they do not optimize
the route choice. Challenges of this approach are that tim@gtation time is high due
to the use of the MILP and that the linear formulation lead@dtation of the first-in-
first-out (FIFO) principle for the different destinatiomiented flows in the cells.

Le et al. [2013] proposed an optimization approach basedmnla-class variant of
the CTM. This means that it is similar to the CTM, except tlnat $shock wave speed
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of spillback is not modeled. The authors aggregate the drdffnamics to (several)
tens of seconds so that the discontinuous nature of thelsgttangs does not have
to be considered. In this way, the authors are able to form@auadratic program-
ming problem to optimize the flows at the intersections aredéstination-oriented
turn rates. Due to the use of (a variant of) the CTM in comlamatvith a quadratic
optimization problem, the approach may — similarly as in Ab&lziz and Ukkusuri
[2012] — violate the FIFO principle. Hence, the approacHh wailly provide correct
results when applied to networks with a single destinat®nother weakness of the
model used is that it does not reproduce the shock wave spspdiback, leading to a
performance degradation in oversaturated traffic contstjgan de Weg et al., 2016].

Li et al. [2015] optimize the route guidance and traffic sigsgttings using a space-
phase-time hyper network. The authors decompose the pnabte two sub-problems
with different properties. Hence, the traffic signal optation problem is optimized
based on a phase-time network considering aggregated dysahme route guidance
for individual vehicles is solved based on the link travelés. This procedure is re-
peated until convergence. An advantage of this work is thel lef detail considered

— i.e., the explicit inclusion of signal timings, and cortod route decisions of indi-

vidual road users. However, this also leads to a very compieatel that runs with a

resolution of 1 second.

This brief overview shows that there exist different moldased optimization ap-
proaches, each having its own advantages and challenge®vie to the best knowl-

edge of the authors, an approach that can optimize the thpatgn all traffic regimes

— i.e. the undersaturated, saturated, and oversaturajgde®— using a computation-
ally efficient optimization procedure does not exist yettHis paper, a link is in the

undersaturated regime when the queue can fully clear whemgjreen, it is in the

saturated regime when the queue does not clear when given grel neither spills

back to upstream intersections, and it is in the oversadragime when the queue
that spills back and cause blocking of upstream intersestio

5.1.3 Research approach and contributions

The aim of this paper is to develop an algorithm for the jojtimization of intersec-
tion flows and route decisions that is computationally edficiand is able to improve
the network throughput in all traffic regimes. In order toale¢his goal, the following
simplifications are made. First of all, a 100% compliance tatthe optimized route
choice is assumed. In practice, this may be realized usargnétance, (monetary)
incentives as discussed above. Second, the traffic dynareaggregated to several
(tens of) seconds. Due to this, the intersection flows arérmeous and signal timings
are not explicitly considered so that the objective funttdthe optimization problem
is differentiable everywhere with respect to the contraialsles. Hence, gradient-
based solvers can be used, which are generally faster winepazed to gradient-free
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solvers when the problem size is not too large. Third, it suased that the origin-
destination demands are known and that no noise or unceetmifect the system.
Hence, in practice a module may be needed to predict the deniamust be noted
that both the quality of the optimization and the demand ipteshs may influence
the controller performance. Because this paper aims ayisiyithe quality of the op-
timization, simulations are carried out in a controlled iemwment that are primarily
focused on investigating the impact of the controller onttireughput and computa-
tion time.

In the light of these design considerations, this papergsep an efficient model pre-
dictive control strategy based on the link transmission eh@dl M) for the combined
optimization of intersection flows and route choice. The LieMused because it is a
more computationally efficient model when compared to segrhased models, such
as the CTM, as shown in van de Weg et al. [2016]. Due to the m@ad nature of
the optimization problem, an efficient optimization alglonn of the sequential linear
programming type is proposed [Marcotte and Dussault, 1988k idea behind the
algorithm is that first the non-linear model is used to prethe traffic state trajec-
tories for a candidate control signal. Based on that priegtican analytic approxi-
mation of the model linearization is determined which isduse formulate a linear
optimization problem which is solved, giving a new contrigial. Next, the candi-
date control signal and the optimized control signal arelwsea search direction in
a line-search optimization algorithm giving a new candededntrol signal. Finally,
it is tested whether the control signal found satisfies tbpgghg criteria. If not, the
process is repeated. Compared to the research discussex] abbeantages are the use
of the LTM, the improved, analytic approximation of the mblieearization, and the
use of the line-search algorithm.

The contributions of this paper are:

¢ Design of an MPC strategy using the LTM for optimization oftbmtersection
flows and routing decisions (Section 5.3)

e Design of an efficient optimization algorithm based on at@lgpproximation
of the model linearization (Section 5.3)

e Formulation of an analytic approximation of the model linzation around an
operating point (Section 5.3.3)

e Evaluation of the approach in terms of the trade-off betweafized throughput
and CPU time used by comparing with different variants of $hé algorithm
and a numerical linearization based optimization algarithithin a simulation
environment (Section 5.4)

The paper is structured as follows. First, Section 5.2 tetlag¢ traffic flow prediction
model that is used. Second, Section 5.3 introduces the izatilon algorithm and the
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analytic linearization of the model. Section 5.4 evaluditesapproach using simula-
tions. Section 5.5 concludes the paper. 5.B provides arvigveof the variables used
in the paper.

5.2 Description of traffic flow dynamics

This section details the macroscopic traffic flow model usedetscribe the evolution
of the traffic in an urban road network. The link dynamics amedeied using the
link transmission model of Yperman [2007], the node dynangice modeled using
the directed capacity proportional node model present&iits et al. [2015], origins
are modeled as vertical queues, and destinations are ndoaelginks. An overview
of the network elements used in the paper is shown in Figukedn overview of
the variables used is given in 5.B. The LTM is chosen for twvasoms. First of all, the
LTM is a computationally efficient traffic flow model that ispable of reproducing the
most important link dynamics — it describes both forward mgvree-flow waves, and
backward propagating queue tails and heads. The lattems@ortant advantage when
compared to other approaches that model the link dynaming segments, causing
an increase in computational overhead. Secondly, as wshiogvn in Section 5.3.3,
an analytic procedure to linearize the LTM and node modalraan operating point
can be derived so that no numerical schemes have to be usetttmehe the gradient,
which results in a computation time gain. The LTM is a firstt@rtraffic flow model.
This model type ignores higher-order dynamics, such adexati®n behavior, so that
it is more computationally efficient. Nevertheless, desmnoring these higher-order
effects, it is capable of reproducing the most importantatiaristics of the traffic
dynamics required for control as discussed above.

The main traffic states that are to be updated by the LTM aredheulative inflows
N(k) (veh) and outflowsve (k) (veh) of all the linksl € Z" (-) with Z" the set of
all the links, and the cumulative inflows® (k) (veh) and outflowsVe' (k) (veh) of
all the originso € Z° (-) with Z° the set of all the origins according to the following
equations:

N (k+1) = N (k) + @™ (k)T , (5.1)
NP (k4 1) = NP (k) + g (R)T (5.2)
N™k+1) = N™(k) + ¢™(k)T, (5.3)
N (k +1) = NO (k) + ¢ (k)T , (5.4)

With the flowsg" (k) (veh/h) and;?*(k) (veh/h) the link inflows and outflows at time
stepk, and the flows;™ (k) (veh/h) and;°"* (k) (veh/h) the origin inflows and outflows
attime stepk. The timeT (h) is the model sampling time. In order to update the traffic
states, several parameters have to be known. These arénthg™t (h) it takes to
travel through the link in free-flow, the timghock (h) it takes a backward propagating
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shock wave to travel through the link, the saturation ggite(veh/h), and the maximum
number of vehiclesv/”** (veh) that fits in the link.

Pathp
Link I"" /

Origin o
Vertical queue
pd
o
o
[¢]
3
°© Destinationd

Link l”

o Routin geCISIOI’T Pathp’
= outln8 ecision’

Figure 5.1: Overview of network elements and indexes usétepaper.

Additionally, every link and origin in the network can be ca&tted to several destina-
tionsd € ZP (-) with ZP the set of all destinations in the network. On every link the
destination-oriented cumulative inflowd§”;(k) (veh) and outflowsVyy* (k) (veh), and

on every origin the destination-oriented cumulative in8aW", (k) (veh) and outflows
N4 (k) (veh) are updated according to the following equations:

NPk + 1) = N%(k) + ¢%(k)T (5.5)
NP3 (ke + 1) = Nost(k) + qfst (k)T (5.6)
Nk + 1) = N%y(k) + ¢y (k)T (5.7)
N3 (k+1) = N;’;?( ) + a0 (k)T (5.8)

where the flow:‘ql{ (k) (veh/n) andqyi'(k) (veh/h) are the inflows and outflows of
traffic with destinationi on link [, and the flowsql{ (k) (veh/h) andy (k) (veh/h) are
the inflows and outflows of traffic with destinatidron origino

Hence, the main task of the model is computing at every time thte inflows and out-
flows. The model can be described in several steps, whichkareieed when updating
the traffic flow dynamics from one time step to another. In bnisf overview we will
detail the different steps first without using any equations

1. The first step is to update the maximum cumulative link outfl This is done
by taking the minimum of the cumulative free-flow outflow, thetflow under
saturated conditions, and the capacity of a downstreankehettk as will be
detailed in Section 5.2.1.

2. Next, the travel time that corresponds to the computedutatige link outflow
is determined as will be detailed in Section 5.2.2.

3. Using the travel time in the link, the maximum cumulatiestination-oriented
outflows on the link can be determined as will be detailed ictiSe 5.2.3.
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4. For every link, the maximum inflow is computed as will beailled in Sec-
tion 5.2.4.

5. Based on the maximum (destination-oriented) outflow dredrhaximum in-
flows, the turn fractions at the nodes are computed. Nextda nwdel is applied
to compute reduction factors with which the maximum linkftowts are multi-
plied in order to reduce the link outflows in the event of cagyamonflicts due to
spill back as will be detailed in Section 5.2.6.

6. Finally, using the reduction factors the cumulative wloand outflows can be
determined as will be detailed in Section 5.2.7.

5.2.1 Updating the maximum cumulative link outflow

The first step is to determine the maximum sending #8%™* (k) (veh/h) of a link.
The sending flow is determined by various factors that depentthe traffic condition
in the link. When there is no queue in the link, the maximundsagmflow is equal to
the free-flow outflow. When there is a queue, the maximum sgrftbw is equal to the
saturation rate;** (veh/h), multiplied with the effective green fractior(k) (-). The
fractionb,(k) is defined as the realized link outflow divided by the satoratate. In
the case that a link is at the exit of the network, the outflow l&limited by a gating
policy or by spillback from a downstream road that is not medgresulting in a max-
imum outflowg™ (k) (veh/h). Thus, the cumulative maximum outflavy"" ™ (k +1)
(veh) can be updated as follows

NPU (1) = min | NP (k) + ¢ 0 (k)T . ... (5.9)
,ylfreeNlin(k: + 9 _ k:lfree) + (1 _ ,ylfree)Nlin(k: + 1— k,lfree)’ o

N (k) + @ (R)T | -

Here k™ (-) is the number of time steps required to travel througHittien free flow,
which can be computed from the free-flow travel titfies (h) askf™ = [t /T, and
the fractiony/™ (-) is the fraction of time stef’ thatk** exceeds the free-flow travel
time: iree = flree — ¢free /7 The mathematical operatdr] means rounding to the
nearest integer that is equal to or larger than the arguniené dunction. It must hold
thatk{™ > 2 in order to satisfy CFL conditions.

The maximum sending flow""™* (k) (veh/h) from a link is then given as the maxi-
mum number of vehicled""™* (k4 1) — N (k) (veh) that can exit the link divided
by the time step:

B Nlout,ma)((k T 1) _ Nlout(k)

out,max
’ k
q, (k) T

(5.10)
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5.2.2 Link travel time

The travel timet{*(¢) on a link at timet is given as the horizontal distance in the
time-cumulative outflow diagram between the cumulativeoimfand outflow curve as
illustrated in Figure 5.2. The travel time is used to updagedestination-oriented flows
as will be explained in the next subsection. According to e [2007], the travel
time can be derived from the cumulative curves using thergevef the cumulative
curve as illustrated in Figure 5.2:

B(t) =t — N (NP(1)). (5.11)

Number of vehicles

_4tr :
t= () Time t

Figure 5.2: The relation between the cumulative inflow, thmulative outflow, and the travel time at
timet.

Opposed to the above equations which are in continuous timéraffic dynamics in
this paper are described in discrete time. Denote with the tj" (k) (h), the travel
time that vehicles exiting the link at time stégave experienced. In such a case, the
cumulative outflow and inflow are related via the followingiatjon:

NP (k) = " (k)N (K + 1 = K (k)) + (1= 5" (k) N™(k — k" (k) (5.12)

with £* (k) (-) the number of time steps it takes to travel through thk:lig" (k) =

(" (k)/T] and~* (k) = ki"(k) — t{*(k)/T the fraction of the sampling timé& that

this travel time exceeds the travel timg(k) (h). Figure 5.3 provides a graphical
representation of the approach. In this hypothetical examere the travel time
ti*(k) is 47 seconds and the sampling time is 10 seconds, it can leeveldsthat the
cumulative outflow at time step is a linear combination of the cumulative outflows
at time steps — 4 andk — 5. Equation (5.12) provides a procedure to compute the
cumulative outflow when the link travel time is known. Whem tumulative outflow

is known at time step, the equation can be used to determine the travel time as well
The interested reader is referred to Long et al. [2011] fogtaited analysis of the link
travel time based on cumulative flows.
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Figure 5.3: The relation between the cumulative inflow, thmulative outflow, and the travel time at
time stepk for a hypothetical example where the current travel timg'ig:) is 47 seconds and the
sampling time is 10 seconds. It can be observed that the ativeibutflow at time step is a linear
combination of the inflow at time stefgs— 4 andk — 5.

5.2.3 Updating destination-oriented outflows

Based on the travel timé& (k) in a link, the destination-oriented outflows of a link can
be updated. Denote with%(k) (veh) andNﬁgt’maX(k) (veh) the cumulative inflow
and maximum outflow of traffic to destinatiahon link /. Now, the outflow is related
to the inflow according to the following equation:

N (k41) = ... (5.13)
Yk 4+ DNk +1—k'(k4+1)) + (1 — " (k+ )Nk — k" (k+ 1)) .
The maximum destination-oriented outflqﬂgt’max(k) (veh/h) is then given as:

NPk + 1) — Nest(k)
= .

g " (k) = (5.14)

Applying this equation ensures that the FIFO principle wibpect to the different
destination-oriented flows on a link is satisfied.

5.2.4 Updating the maximum cumulative link inflow

The maximum receiving flow,™* (k) (veh/h) explicitly considers the impact of the
shock wave dynamics in the LTM. The cumulative inflow is nestd by the maximum
number of vehiclesV™™** (k) (veh) that can enter the link when the link is full:

NSk 4+1) = ... (5.15)
’}/lShOCkNlout(/{? +92 - k[shock) + (1 o ’}/lShOCk)Nlout(l{? +1— k[shock) + ]\[lmaux7

where the numbeN;"** (veh) represents the maximum number of vehicles that fits
in link I, and the number of time stepg™ (-) represents the number of time steps
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it takes a shock wave to travel through the link. The fractighs (-) is given by:
Aphock = gehock ) fshock \wjith ¢shock (h) being the shock wave travel time. Note that
it must hold that:;"< > 2 to satisfy the CFL conditions.

in,sp

Now, the maximum receiving flow,™* (k) (veh/h) is given as the minimum of the
saturation rate and the maximum link inflow:

Nin,max k’ 1) — Nin k,
l ( + ) l ( ) qsat ) (516)

QIinvsp(k» = min T ) 4]

5.2.5 Updating the origin inflows and outflows

Origins are modeled as vertical queues and are describeid seiction. Recall thatitis
assumed that the destination-oriented dem@g@’s@nd(k) (veh/h) are given. The first
step in updating origins is computing the destination+ued ianOWqufd(k) (veh/h):

Goa(k) = gog"™™ (k). (5.17)
The total origin inflowg™ (k) (veh/h) is then given as:

@' (k) = (k). (5.18)

dezD

The origin outflowg?" (k) is given as the minimum of the cumulative origin inflow

Nin(k + 1) (veh) at time stef, the maximum link inflowV,™™(k + 1 (veh/) of the
downstream link, and the origin capacity** (veh/h):

i (NG54 1, N0+ 10,906 4657 ) = N0

outk —
QO () T

(5.19)

Using the origin outflow, the origin travel timé& (k + 1) (h) of the vehicles exiting the
origin at time stegk + 1 can be derived, similarly as in Section 5.2.2. Using thigdra
time, the destination-oriented outflow; (k) (veh/h) can be computed as follows:

Uk+1)N™(k+1— kS (k+1
qgj;;(k)zﬂ )’d(T G, (5.20)

(1= 75" (k + )Nk — k' (k +1)) — Now' (k)
= :

5.2.6 The node model

Node models determine the flow over nodes given boundaryittons provided by

the adjacent incoming and outgoing links. Tampere et @112 provide a basic set of
requirements for node models. These requirements asatrthéhnode model results
are consistent with basic behavior of drivers. Currentiyrfimodels are known that
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satisfy these requirements according to Smits et al. [2018jis study adopts the
solution method for the directed capacity proportionalenatbdel presented in Smits
et al. [2015]. This node model was first introduced by Flittetand Rohde [2011] and
Tampere et al. [2011].

The node model is used to connect links and to distribute tve flom the incoming
links | € Z to the outgoing linkg’ € Z1-9 of the nodem (-). It is also used to
distribute spillback from the outgoing links to the incomilinks over the node. The
main task of the node model is to determine the reductioofac}(k) (-) of the links

I € T%vs upstream of the noder, such that it holds thag?(k) < ¢ (k). Node
models require as input the turn fractiong (k) (-) of traffic from upstream links to
downstream links, the maximum link outflow$"™**(k) (veh/h) —i.e. the demand —
of the incoming links, the maximum link inflowg,*?(k) (veh/h) — i.e. the supply —
of outgoing links, and the saturation ragé" (veh/h) of all the links connected to the
nodem.

The turn fractiom, (k) of traffic on link/ towards link!’ is defined as the total sum of
demand on linK towards link!’ divided by the total demand of link

) Zde(IleIl?)a?l',d(k)ngt’max(k)
M = out,max

q ' (k)
Here, the fractiori}, ,(k) (-) is a control variable that controls the fraction of treffi
oriented to destinatiod on link [ that will travel via downstream linK. It is assumed
that the turn fractions, ; (k) of traffic from upstream links to downstream links remain
constant during the current time step.

(5.21)

In the model, the directed capacity — i.e., the capacity efdbrresponding incoming
link multiplied with the turn fraction —, determines if tfaf will spill back towards
an incoming link. The model ensures for example that in thee & spillback at a
merge of a two-lane and one-lane road, the outflow of the tme-Is twice the outflow
of the one-lane road. We refer to [Tampere et al., 2011ité7idd and Rohde, 2011,
Smits et al., 2015] for details on the characteristics arkeuging behaviour of this
node model. The directed capacity node model can be sungdarsing the following
function:

ﬁl(k) _ fnode (q;)ut,maX(k)’ qlsat’ qlifl’Sp(k)anl,l’(k)> ’VZ c I}];us & l/ c I}];ds ) (522)
For the details of the mathematical formulation of this fime the reader is referred

to Algorithm 1 in [Smits et al., 2015].

5.2.7 Updating the link inflows and outflows

Now that the reduction factors (k) are known, the cumulative (destination-oriented)
link inflows and outflows can be computed. First of all, theklmutflows ¢ (k)
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and destination-oriented outflowg; (k) are computed by multiplying the maximum
outflow ¢;""™* (k) andg)’y"™* (k) with the reduction factor:

g (k) = By(k)g"™™ (k) , (5.23)
@t (k) = By(k)qpy ™™ (k) . (5.24)

After that, the destination-oriented link inflowgsjd(k;) (veh/h) are computed by sum-
ming up the destination-oriented outflows of upstream limkdtiplied with the en-
route decision variablep, ,(k) —i.e., the fraction of the flow oriented to destinatién
on link [ that travels via link’ — and adding the destination specific inflow of origins:

gra(k) = > ap (kg (k) + ) qou(k). (5.25)

L, O,
lEIl, us OEIZ/ us

Then, the total link inflowy? (k) is given as:

ar(k) = qry(k). (5.26)

deIl‘?

5.3 The optimization algorithm

The objective of the optimization algorithm is minimizingettotal time spent (TTS)
ZTTS (vehh) by all the vehicles in the network including origins oveprdiction
horizon of K (-) steps subject to inequality constraints:

min Z™S(U, D, Xy),
s.t.Mmeay < yined (5.27)

Here, X, is the initial traffic state, the matriX¥ contains the disturbances, and the
vectorU contains the control signal. The vectdris defined as:

U=[U(k) Uk+1) - Ulk+EP—1)] (5.28)
with
Uk) = [bi(k) - bueon(k) uP(k) + uProne(B)] (5.29)

with n°°® (-) the number of controlled links, and'*csi°*s (-) the number of en-route
decisions.

The routing decisions;’ (k) are mapped to the routing decisiaff$ ,(k) in the traffic
flow model in the following way. First, denote witlj ;" (-) the ordered set of link
indexes over which flows oriented to destinatiban link [ can be send. The number
of links in this set equals™ + 1. Next, denote witl}? (-) the ordered set of indexes
of the routing decision variableson link  related to destinatiod. This set contains
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n"P variables. The sets are ordered so that the routing decisienZ;*? (i) relates
to link ' = Z;;*" (). Hence, the routing decision variable$(k) are mapped to the
decision variables;), ,(k) in the following way:

Uy g = up (k) ,with I = TP (i) . = I (i) Vi < P (5.30)
g =1— > ul(k),with ' = /P (n"" + 1) (5.31)
TEIB(?

In the case that there are only two downstream lifikand " in the setZ;*" this
simplifies to:

ﬂ}?l/’d - UD(k) 5 (532)

T

The matrix)/»*4 and vectol/ 4 are used to include the linear inequality constraints.
The constraints are used to limit the green-fracti(s) betweer) and1:

0<b(k)<1. (5.34)

Additionally, it is ensured that the sum of the green-fraiesi of conflicting links is less
than or equal td:

> (k) <1, (5.35)

lezconﬁict
c

with the setZconfliet (<) containing the links that are in the conflict with index-).
Third, the routing decisions? (k) are constrained between a minimuM™® (-) and
a maximumyP-max;

uPmin < P (k) < yPmex (5.36)

Fourth, it has to hold that the sum of routing decisiaf$k) in a setZ;*) is smaller
than or equal to 1:

0< > wl(k)<1. (5.37)

RD
T‘EIL’d

This optimization problem is non-linear due to the non-dingaffic flow model that is
used to predict the traffic state. The non-linearity is cduseupdating the destination-
oriented link outflows using the travel time, as detailed ect®n 5.2.2 and Sec-
tion 5.2.3, and by the node model. Due to these non-linearithe computation time
will grow very fast with increasing network size.

In order to reduce the computation time required by this rélgm, this section pro-
poses an efficient optimization algorithm. The algorithnofishe Sequential Linear
Programming (SLP) type [Marcotte and Dussault, 1989]. Tompmutation time is
mainly improved due the analytic procedure that is develapé¢his paper to approxi-
mate a linearization of the model around an operating point.
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5.3.1 Overview of the SLP algorithm

Figure 5.1 provides an overview of the SLP algorithm. Fifet,algorithm is initialized
by selecting an initial candidate control sigrigl for which the model detailed in the
previous section is run to get a prediction of the trafficestéi{{/;). After that, an
iterative procedure is started at iteratioa: 1 in which the following steps are carried
out:

1. An effective control signal vectdr; based on the predicted statd X, U;, D)
is determined.

2. Next, a linearization of the model around the pdihis approximated using an
analytic procedure so that a linear optimization problem loa formulated. By
solving the linear optimization problem (LP), the optimahtrol signal vector
Uy is obtained.

3. After that, a line-search is carried out from the initialnqt U, in the direction of
the optimized signal/; which is a one-dimensional optimization problem. This
line-search provides a new candidate control signal véctor.

4. The model is run again for this signal providing a new predn of the traffic
stateX (X, U;,1, D) and a new valugZT™5(U; ;) of the objective function.

5. The last step of every iteration is to check whether a stgpgriterion is satis-
fied. If so, the signall;,, is the optimal signal/* and is applied to the process.
If the stopping criteria are not satisfied, the process isatga fori = i + 1.

Initialization Get Get new direction

el effeective 1) Linearize around,
Ui, X (U :

oo signal 2) Solve LP

)

Stopping Uit i
Yes criterion X(U; Run model e.<—.U Line-search
satisfied? zéT;(;J)m =

Figure 5.1: Overview of the SLP algorithm.

This section is structured as follows. First, Section 5&Xglains how the effective

control signal is obtained. Next, Section 5.3.3 detailsahelytic procedure to ap-

proximate the linearization of the model, and Section 5i8trbduces the linear op-

timization problem that has to be solved. Section 5.3.5idetlae line-search, and

Section 5.3.6 presents the stopping criteria of the algarit Section 5.3.7 discusses
the properties and limitations of the proposed algorithm.
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5.3.2 The effective control signal

At every iteration of the SLP algorithm, the first step is enislate the control signél;
into the effective control signdl;. The effective control signal is defined as the fraction
of green time that is used by the traffic. For instance, whémgethe saturation rate
to 2000 veh/h and applying a green fractionldf it may be the case that only a flow
of 400 veh/h is realized. In that case, the effective green fraatiould be0.2 (-).

The effective control signal is obtained by replaciiigk) with U;(k) in (5.28). The
control signal’; (k) is defined as:

~ T

U(k) = [57(k) - bEa(k) aP(k) - wPson(k)] . (5.38)

where the fractiorb{ (k) (-) is the effective fraction of green time used by the link.
The fractionts™ (k) is obtained from the model outpé (X, U;, D) by dividing the
realized outflow of a link with the link saturation rate:

out(k,) .

bt (k) = & (5.39)

sat

q

5.3.3 Model linearization

The second step of the SLP algorithm is to approximate ariireggon of the model
around the signdl/;(k). Note that the non-linearity in the model originates frorf di
ferent sources:

1. Atevery time step, the cumulative link inflol;” (k) is a function of the green
fraction by (k) of upstream links, and of the en-route routing decisiafig(%).
This is a multiplicative effect, hence, it contains a namehrity.

2. Updating the destination-oriented flows on the links arndims introduces a
non-linearity because it requires to compute the trave¢ton the link and to
allocate the link outflow to the different destinations prdpnal to the compo-
sition of the destination-oriented inflows at the time imstahen they entered
the link.

3. Finally, the solution procedure of the node model intcetunon-linearities as
well.

The most common way to linearize the model in the pair(tk) is numerical lin-
earization, i.e., evaluating the objective function foarges in every element of the
vectorU;(k) so that the derivative w.r.t. every element can be compultalvever,
this requires a large number of function evaluations, tegyln a high computational
complexity of the algorithm.
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In order to reduce the computational complexity, an analgpproximation of the
model linearization is proposed based on the linear MPQegfygproposed by van de
Weg et al. [2016]. In that approach, a linear optimizatioolpem can be formulated
given that the turn fractiong ;(k) are known so that the cumulative link inflow equa-
tion (5.25) can be simplified to:

NPMk+1) = NMR) + Y mea(k)g b (k). (5.40)

L,us
l'eT,

Because the green fractioh$k) are replaced with the effective green fractiofig k),
the model can be written as a linear optimization problemenetthe node model is
replaced using linear inequality constraints [van de Wea).e2016].

However, using solely the turn fractions to model the trafffoamics neglects impor-
tant non-linear effects. First of all, the impact:

5ﬁw¢(k)
ouP (k)

(5.41)

of the routing decisions € Zj*P of link " onto the turn fractions is neglected with
IRDy the set of routing decisions of link. Secondly, in a network where traffic is
traveling towards certain destinations, changing therobstgnal of one intersection

at time stepk? < k may influence the turn fractions at downstream intersestain

later time instantg leading to the following impacts:

5771/,1(k)

S5 ) (5.42)
o (k)
W . (5.43)

wherer € ZjP with ZjiP the set of routing decision on lifK. Neglecting these effects
results in a myopic approximation of the linearization tlsaless accurate so that it
may reduce the performance of the controller. Howeveruotiolg more information

requires more computations and hence may increase theaedgqromputation time.

Therefore, we propose the following procedure to includséheffects that may lead
to a better trade-off between throughput improvements amdpaitation times. The

trade-off will be studied by means of simulations in Sectoh.

Including these effects into (5.40) gives the following atjon for the cumulative link
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inflow:

NE(k+1) = NP(k) + Y T (k) [m,l<k>+--- (5.44)

l,eIL ,us

5ﬁﬂ (k) ~D
WD) (uy — @) (k) + ...

eIRD

57}1/
T l,, A (kp)) n

e Lus kP <k |:

577l’,l(k) D/7.p —UD p
5UP(kp)(uT(k ) - (K ))}]'

RD
TGIyl

which is non-linear due to multiplications of the input \ables. The variableg® (k)
andbgt (kP) are the initial signals of the routing decisions and effectjreen-fractions
as included in the signal; (k).

First, this equation is simplified by including the erromtes; ;,):

NP'(k+1) = NMK) + ) (qls/atTCb?ff(k)m/,z(k)) +e(k). (5.45)

L,us
VeT,

The vectore, containing all the errorsg;(k) is given as follows:

Z qsatj—‘cbeICF 0 [ Z J/ ALy 77. — 777]?’0) + e (546)
l,EIL ,us T‘EIRD
e 7eff,0 _ _
Z (Jll’)’,jl,l,d <bl’1’T bl” ) Z Jlli]?’ Jr r - 777]“) 0) )] )
l”EIlL;’us TGI,RD

and can be written as a matrix vector multiplication. In @,4he Jacobiai"), , .

is a matrix that contains at rowand columnj the derivative of the turn-ratey ;(7)
with respect to the routing decisiar?(j) as given in (5.42). Similarly, the Jacobian
Ji 114 1S @ matrix that describes the derivative of the turn-ratg(i) with respect

to the effective green fractiobf (j) as given in (5.43). The method to derive these
Jacobian matrices is detailed in 5.A. The vectgfsandbs contain at every row the
routing decision of route and green fraction of link’ respectively. The vectorg’°
andb;, " are the initial control signals.

The terme;(;, is added to the control input vectby of the linear optimization problem
defined as follows:

U= [U(k)" - Uk+Kr—1)"T] (5.47)
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with at every time step the control sigri@l(k) defined as:

b (k)
b (k)
b (k)

Ok)=| . (5.48)

ugdecisions (k)

€1 (k?)

€nL.<k>

For a given vectol;, a linear prediction of the traffic stat& over the prediction
horizon is given as follows:

X = M*Xy+ MBU, + M“D. (5.49)

by multiplying the initial stateX,, the control signal/;, and the disturbance vector
D with the matrices\/*, M®, and M© respectively. The matriced/* and M° are
detailed in van de Weg et al. [2016]. The matii&® is a straightforward extension of
the M® matrix detailed in that paper as well. This matrix has to bercded because
the matrix used in van de Weg et al. [2016] does not consideettor terme; ;) that

is used in the state prediction of this paper. The error texmbe computed via linear
equality constraints. The vectdf has the property that for an appropriately chosen
row vectorV TS, the product/ TTS X gives the total time spent of all the vehicles in
the network.

5.3.4 Linear optimization problem

The next step of the SLP algorithm is finding a search direat&ctorsU; in which the
objective function will decrease. The direction veci6f is derived from the solution
U of the following linear optimization problem:

U = arg min V' (MAXO + MBU; + MCD) ,
U;

s.t. MU, = Ve (5.50)
MineqU'i S Vineq

The matrix)M/°?4 and vecto/°4 are used to compute the error terms detailed in (5.46).
The matrix)/'"d and vector//™*¢d correspond to the linear inequality constraints that
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contain the constraints of (5.34) to (5.36), and constsaimtreproduce the dynamics
of the LTM. The reader is referred to van de Weg et al. [2016&fdetailed description
of these matrices.

Note that the linear model only provides an accurate desanipf the non-linear
model in the vicinity ofU;. Therefore, we limit the search space of the linear opti-
mization problem:

U, — U™ < U, < Uy + §U™, (5.51)

where the vectohU™** contains tuning parameters that bound the maximum step-
size. The values in the vectot/™** have values between 0 and 1, since, they limit
the fractionsh¢™ (k) and P (k), which take values betweenand1. A small value
for oU™** means that the linear model provides a more accurate dgsoripf the
non-linear model. However, the search space is also limgedhe algorithm might
require more iterations, or it might get stuck in a local miom. On the other hand,
by choosing a high value fofU™*, the solutionU/;” might be so far fromU; that
the linearized model is no longer representative for thelm@ar model. This could
cause convergence issues of the algorithm. Thus, the peraweetoroU™** should

be adequately tuned. For the sake of simplicity, all theesia the vectosU™** can

be chosen the same.

The outcome of the linear optimization problem is the opticoatrol signall/;". The
search directiodU; is given as the difference betweghandU;:

oU; =U; —U;. (5.52)

The signalU* is derived from the outcome of the linear optimizatitp by keep-
ing only the effective green fractions of the controlledkBrand the en-route routing
decisions.

5.3.5 Line-search: Computation of the next step

Instead of using the control signi@]” as the control signdl,, ; for the next iteration,
the control signal is obtained by carrying out a line-seatimization in the direction
oU;:

Ui+1 = ﬁz -+ S*(SUZ' s (553)

wheres* is the solution to the following optimization problem:

s* = arg min Z'S(U, D, X,), (5.54)
st.0<s<1,
U= Ui -+ SCSUZ s

Mineagy S ‘/meq7
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The constraints used here are identical to the constrair{&27). Instead of solving
this constrained problem, we eliminate the inequality t@msts related to the vector
U using penalty functions resulting in the following optiraion problem:

s* = arg min ZTS(U, D, X) | (5.55)

st0<s<1,
U:UZ+S(UZ*—UZ),

This is a one-dimensional optimization problem that canddeesl using a line-search
algorithm. In our simulations in Section 5.4 we will use thbdhacci method as the
line-search method. The line-search is stopped when thereliice in the objective
function from one iteration to another is smaller thér(-):

| ZXTSIs(x) ZZ_TJFT18,IS(X)‘ < (5.56)

The parametes® is a tuning parameter as well. A larger value means that tuighm
might not have reached the optimum. On the other hand, whewatue ofe is
decreased, the time to convergence increases. Also, a maximamber of iterations
Imaxls (1) might be included to prevent the line-search algorithonf keeping on
iterating when it cannot converge.

5.3.6 Stopping criteria

By solving the above mentioned optimization problem, we famdestimate for the
control inputU;,, at the next iteration. Before proceeding to the next iteratit
should be checked whether the stopping critekid?® (-) is satisfied. The stopping
criterion is based on the change in the objective functidne/a™(U;) from one
iteration to another:

|ZTTS(UZ') o ZTTS(UZ'_H” S Estop. (557)

Since there is no guarantee for convergence, a maximum muwhherations/ ™ (-)
is defined, after which the optimization is stopped.

5.3.7 Controller properties and limitations

Due to the analytic approximation of the linearization iedgpected that it will take
much less time to solve the linear optimization problem wt@mpared to a numerical
linearization. Also, it is expected that the inclusion of #rror terms leads to a better
linearization compared to a linearization solely basedhengredicted turn fractions.
Nevertheless, the linearization procedure also has desiebenges that may need to
be addressed in future research.
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First of all, it is assumed that the influence of upstreamdiokto the turn fractions
of downstream links propagates with the predicted linketdimes. This neglects
the fact that there may also be influences that propagateghrte network with the
gueuing dynamics. Hence, the controller may not always ke tabfind the global

optimum. The queuing dynamics may be included by addingiosstithat reflect the
impact of the future destination link outflow of a link basedtbe past link outflows.
This requires a significant theoretical extension of thengvork. Also it may lead to
a higher computational complexity of the algorithm.

Secondly, the linearization procedure may become timeswmmng because the re-
lations between a lot of paths have to be computed. In thelatroo section we
will study the impact of the linearization procedure on tleenputation time and per-
formance by comparing different optimization approaclastWo different network
sizes.

5.4 Simulation

Simulations are carried out to study the qualitative andhtjtative properties of the
controller in terms of realized TTS of all the vehicles in titwork — including ve-
hicles waiting in the origins — and utilized CPU time. Thddeling steps are carried
out to realize this objective:

1. The qualitative behavior of the controller is studied acon 5.4.2 by analyz-
ing the propagation of traffic in a simple network for a simg&mand pattern.
It is studied whether the controller is able to distribute thaffic over the net-
work in both free-flow and spill back conditions in such a wiagttthe network
throughput is maximized.

2. The quantitative performance of the controller is stddieSection 5.4.3 by com-
paring the performance of the proposed algorithm with faheooptimization
approaches for two different networks.

5.4.1 Set-up

Two simple networks, as illustrated in Figure 5.1, are immated in Matlab R2015a
on a computer with a 3.6 GHz processor, 16 Gb RAM, and 8 cordsesd grid-
shaped network structures are chosen, since they have larssimape that can easily
be extended to a larger network. Every link has the sameHeaf@@00 meters — except
for link 8 in network 1, which has a length of 800 meters, lidkg 19, and 22 in
network 2, which have lengths of 800 meters, and links 2, @, Hhin network 2,
which have lengths of 400 meters — a free-flow speed of 10 nsfspek wave speed of
-5 m/s, a jam density of 200 veh/km, and a saturation rate @ 2@h/h. In network 1,
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12 decision variables — 8 green fractions and 4 en-routéngudecisions — have to be
determined at every time step and in network 2 this mounts 42 decision variables
— 18 green fractions and 24 en-route routing decisions. h®@ete routing decisions
are only allowed to vary between 0.1 and 0.9 to ensure théihkd are utilized. The

simulation period is set to 1800 seconds. The demand pattesed for the different
evaluations are shown in Table 5.1 and Table 5.2.

e 16 )2(0 24
: 5 142 ¢ 3 1 4
| o2 .93 15 19 23
8 1 >0 0" 0 8\;/\
1 o> 0% 14 18 22
, " 9 & 10 ¢ 11,4 12
: 5 13 17 21

Figure 5.1: The two networks that are used for the evaluatidiote that not all links have the same
lengths although the figure suggest otherwise.

The LTM as detailed in Section 5.2 is used as the predictiotetia the MPC strategy
and the process model that represents the ‘real’ world. Taie difference between
the two models is the sampling time which is 10 seconds foptkdiction model, and
1 second for the process model. Due to this, the predictiodeiis more efficient
but also less accurate. The controller sampling time stegtit 60 seconds, meaning
that every 60 seconds a new optimization is performed arnclieacontrol signal is
constant during these 60 seconds. The prediction horizerseftato 60 steps.

The algorithm as described in Section 5.3 and referred ®L#&s1 was implemented
in Matlab using the following algorithms and settings. Timear optimization prob-
lem detailed in Section 5.3.4 was solved using the ‘dual &®imlgorithm of the
‘linprog’ function of Matlab. The stopping criteria of the_B algorithm as detailed in
Section 5.3.5 and Section 5.3.6 were chosen as folletvs: 1 - 1074, 1™l = 100,
estP = 5. 1073, andI™* = 15, which were found by trial-and-error. The maximum
step size of the LP optimization detailed in Section 5.3.4 s8&t taU™** = (.2.
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5.4.2 Qualitative analysis: the behavior of the controller

The qualitative analysis is carried out in order to studylbbkavior of the algorithm.
The main idea is that it is studied to what extent the contetiba is in accordance
with expectations. To this end, network 1 is used togethén tie demand pattern
displayed in Table 5.1. The bottleneck capacity of link 9aste 2000 veh/h during
the entire simulation and the bottleneck capacity of linksl2et to 2000 veh/h for the
first 900 seconds and after that it is reduced to 50 veh/h. ifwthy, the traffic will
be in free flow during the first 900 seconds. After that, a queiliestart to build up
in link 6, which can spill-back over time causing delays imks 5 and 10 so that both
free-flow and spill-back conditions can be reproduced insimailation.

Note that link 8 is much longer compared to the other linksadég in free-flow condi-
tions the controller will try to send as much traffic towar@stinations 3 and 12 over
link 5 instead of link 8. However, when the queue in link 6 &40 spill-back towards
link 5, it will cause delays in link 5 so that it becomes morkcant to send traffic via
link 8. Figure 5.2 A shows the evolution of the en-route rogtdecisions over time
and Figure 5.2 B shows the evolution of the number of vehiicidsks 5 and 6 over
time. It can be observed that around time 1350 s a queue 8idtsld up in link 5,
in line with expectations, around time 1320 s the contrdtarts to send traffic from
origin 4 via link 8 and around time 1370 s it starts to senditr&fom origin 7 via link

8 as well.

A) Evolution of en-route routing decisions over time
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Figure 5.2: A) evolution of the en-route routing decisiorertime. B) number of vehicles in links 5
and 6 over time. Around the time when a queue starts to buiid lipk 5, the controller starts to send
traffic to destinations 3 and 12 via link 8.
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Table 5.1: O-D demand in veh/h for testing the qualitativiedséor

D
9 12 3 6
PG

1 100 100 500

4 100 100 100 100
7 500 100 100 100
10 500 100 100

5.4.3 Quantitative analysis: comparative analysis

The quantitative analysis is carried out using five diffeféPC strategies. They all
use the same prediction model with a sampling time step oé&0reds and a prediction
horizon of 60 steps. Every controller is given a set of corapon time budgets per
network type. A simulation is run for every computation timelget. The optimization
algorithms are allowed to start from various starting pounttil the CPU time budget
is exceeded. The initial starting point is equal to the aargrgnal obtained at the
previous controller time step, if available. In the caset the CPU budget is not
exceeded, the optimization is repeated from a new, randseidcted starting point.

The SLP-I algorithm was compared to the following optimiaatalgorithms

SLP-II: The second optimization algorithm is similar to the SLP¢galthm. How-
ever, this algorithm does not consider the impact of pasttrapm control sig-
nals on the current turn fraction by removing the impact afttgam links in
(5.46). In this way it can be studied whether the linear@atprocedure de-
scribed in this paper leads to a better trade-off betweerpotetion time used
and realized throughput.

SLP-I-FP: The third algorithm is similar to the first. However, the lisearch step
detailed in Section 5.3.5 is skipped by settirig= 1 in (5.53). In this way, the
added value of the line-search step can be studied.

SLP-1I-FP: The fourth algorithm is similar to the second. However, thedsearch
step detailed in Section 5.3.5 is skipped by setting: 1. Compared to the SLP-
I-FP algorithm, this algorithm does not consider the impzEfgbast, upstream
control signals on the current turn fraction.

SQP: The final algorithm tested is the optimization approachech8QP of the ‘fmin-
con’ solver that is available in Matlab. This is a commonledsolver for
non-linear optimization problems. This algorithm uses anarical procedure
to determine the gradient. A comparison with this algoritbam give insight
into the computation time gain when using an analytic liresdion. Also, when
given sufficient computation time it can give an idea of theximasm achievable
performance.
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The comparison between the different algorithms enablesutdy the relative perfor-
mance. By comparing between the SLP-I and SLP-II algorittiva,added value of
taking into account more information when solving the lineptimization problem.
It is expected that the SLP-I algorithm may require more taethat it will lead to a
better performance. By setting = 1 in the SLP-I-FP and SLP-II-FP algorithms, the
added value of the line search in the optimization algorittam be studied. The idea
is that the line-search will increase the computation tilné,on the other hand may
also provide better convergence of the optimization atgori The reason for this is
that settings® = 1 may prevent these algorithms from reaching the optimumaligin
the comparison with the SQP algorithm provides insight it trade-off between
computation time and performance.

185 Network 1: CPU time vs TTS 260 Network 2: CPU time vs TTS
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Figure 5.3: Impact of increasing the CPU time budget on th& 1ar network 1 (left) and network 2
(right). The blue dashed horizontal line indicates the I&WEl'S realized using the SQP algorithm.

The quantitative results are summarized in Figure 5.3 amdeTa3 for the demand
patterns reported in Table 5.2. The table and figure showetllezed TTS for different

CPU time budgets per iteration. It must be noted that botiCfPe time budget and the
average CPU time used over the iterations are reported Tieeereason for this is that
the algorithms cannot be stopped at an exact CPU time budgenly after the budget
has been exceeded. The average CPU times are also usedra -@ult must also be
pointed out that for network 2 with the SQP algorithm, onlguks with a very large

CPU time budget are available. The reason for this is thahtimeerical linearization

of the model takes a considerable amount of time so that ibnbsfeasible to run the

algorithm from a single starting point per iteration.



Table 5.2: O-D demands in veh/h from time 100 s to 1200 s fdingshe quantitative behavior. The left table shows the alednpattern of network 1, and the right table

shows the demand pattern of network 2.

Network 1

D
9 12
PG

1 476 357
4 359 240
7 354 234
10 349

3

360
243
238
352

36¢
3643
478

16

347
304
252
251

20

313
243
191
191
240

Network 2

24

266
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Table 5.3: Comparative results of realized TTS and CPU tisselu*This result is not in line with the trend of the otherizad TTS values of the SLP-I-FP algorithm. Itis 9(33
caused by the convergence issue of the SLP-I-FP algorithifine*SQP algorithm as run from 1 starting point without a Ciretbudget, hence, this shows the best possiblg ©
o
result. a
Network 1 r_:g
SLP-I| SLP-II SLP-I-FP SLP-II-FP SQP %
CPU TTS CPU TTS CPU TTS CPU TTS CPU TTS CPU E
budget S
30 166.23 31.66 17750 31.45 168.98 30.94 182.70 30.90 391.544.1@ 5
60 167.08 61.58 176.59 61.16 167.30 61.12 182.72 60.88 391.584.72 =2
90 166.26 91.45 177.23 91.19 168.45 91.07 182.76 90.89 177.581.64 %
120 166.26 121.63 175.52 121.71 171.88* 121.17 182.60 120.6Z2.587 160.37 2
180 165.91 181.64 176.34 181.25 168.63 181.13 182.54 181.06.4874 234.14 §
300 166.71 301.51 175.24 301.36 168.03 301.05 182.62 300.98.6970367.71 5
600 165.89 60150 175.32 601.19 167.24 601.15 182.73 596.85.1966 702.15 e
*x - - - - - - - - 164.54 3276.29 g
Network 2 ®
SLP-I| SLP-II SLP-I-FP SLP-II-FP SQP o
30 222.00 36.17 256.03 3435 22193 3453 25542 33.11 - - g
60 221.74 64.12 25782 63.26 223.21 66.98 255.30 61.57 - - =
90 220.62 9458 254.74 9534 22356 94.15 255.29 92.21 - - -3r|
120 220.73 126.76 245.89 12499 222.84 123.85 255.30 122.07 - - o
180 221.04 186.34 250.03 183.90 223.88 184.91 255.31 182.10 - - g
300 221.53 304.20 248.30 305.04 22395 304.62 255.32 302.45 - -
600 219.03 605.04 247.55 606.37 223.86 604.68 255.31 602.35 - -
o - - - - - - - - 207.87 32585.85 E
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The following observations can be made from the results:

e Both the SLP-I and SLP-I-FP algorithm show a lower TTS fofed#nt CPU
time budgets compared to the SLP-1l and SLP-II-FP algor#thirhis indicates
the added value of including the impact of the control sigmetihe turn fractions
at downstream links in the future.

e The SLP-I algorithm outperforms the SLP-I-FP algorithm agsithe SLP-II
algorithm outperform the SLP-II-FP algorithm. This indiesithat the inclusion
of the line-search step when selecting a new point in theropation algorithm
does lead to better performance. An inspection of the adlgorindeed showed
that the FP algorithms do not always converge.

e Extending the CPU time budget of the SLP-I algorithm doeslead to large
TTS gains. This indicates that for the selected networlesctmtroller does not
require many starting points to find the optimum, since, tleesgased CPU time
budget mainly results in an increase of the number of stapoints explored by
the algorithm.

e The TTS of the SLP-I-FP algorithm increases when increagiegCPU time
budget. This is probably related to the fact that it does hwaygs converge so
that adding more starting point leads to unexpected cdetroéhavior.

e A clear decrease in TTS is visible when extending the CPU bodget of the
SQP algorithm. When allowing the SQP algorithm as much tism@&eeded
to satisfy the stopping criteria from a single starting poinis able to realize
a better TTS compared to the SLP-I algorithm. This indic#es the SLP-I
algorithm does not find the best possible solution. Howetrdges realize sub-
optimal performance in much less CPU time, for instance 3hie-I algorithm
realizes a TTS of 166.23 véh in 31.7 seconds while the SQP algorithms re-
quires 702.2 seconds to realize a comparable TTS of 166118 er network
1. In the case of network 2, the SQP algorithm requires ovew@dper iteration
to find the optimum of 207.9 veh while the SLP-I algorithm is able to achieve
aTTS of 220.6 vell in 90 seconds which is 6% higher but realized in much less
time.

In conclusion, the quantitative results show the addedevafuhe linearization proce-
dure and the line-search step in the SLP optimization alyori

5.5 Conclusion and recommendations

This paper proposed an efficient MPC algorithm of the SLR-tigp real-time control
of en-route decisions and traffic signals. The algorithnbis & realize a better trade-
off between computation time and realized throughput whempared to standard
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numerical optimization algorithms. This was realized bypthg an efficient traffic
flow model, namely the LTM, as the prediction model, and byl@xpg an analytic
procedure to approximate the linearization of the modédhédptimization algorithm.

Evaluations were carried out to assess the quality of thetisal found by the algo-
rithm. Qualitative analyses revealed that the controtegis able to re-route traffic to
the shortest paths in free-flow conditions, and that it ig aslcount for the destination-
specific flows when distributing the queues over the networéversaturated traffic
regimes. Quantitative analyses that compared the realiz&dor different CPU time
budgets showed the added value of the linearization proeeahd the use of the line-
search step in the optimization algorithm. Although thetoater realizes sub-optimal
performance, it does realize a better trade-off between @R&and realized through-
put.

Further research can focus on the extension of the algoiithseveral ways. This
work assumed a 100% compliance to the en-route routingidesisThis assumption
may be relaxed by taking the compliance into account in taméwork, or the com-
pliance may be realized by providing an (monetary) incentovthe road user. Also,
the current algorithm considers all the possible paths éetvorigins and destinations.
The algorithm may be extended to only include the relevatiigso that fewer paths
have to be studied when linearizing the model. Additionalynore complex Jaco-
bian may be derived by including not only the actual travektibut also including the
propagation of information via the queuing dynamics. It bhinesnoted that the current
algorithm already realizes near-optimal performance abitlis not clear whether such
an extension will lead to much better performance. Adddiltyn this is a significant
theoretical extension of the framework. Further reseaachmvestigate the application
in a more practical set-up where, among other things, dddagsseen measurements
and actuators are included. Finally, the current algorithouised on the optimization
of aggregated dynamics and a specific network topology.hEuresearch has to be
carried out to relax these assumptions.
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5.A Linearization details

The Jacobiaw/;'. of the turn-ratey ;(k) with respect to the routing decisiarf (k)
that corresponds to destinatidris a diagonal matrix with thé'" diagonal element
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andk =1 : KP given as:

S a(k) _ ais(k)
SuP(F) ~ g (k)

(5.58)

The Jacobiani’), , . of the turn-ratey ,(k) with respect to the routing decisiaf (k)

on link [” correspondlng to destinatiahis more complex to derive. The reason is
that there can be multiple pathse 7" that lead from link!” to link I’ where
the setZ},*}" contains all the paths between liflkand link’. A Jacobian has to be
determined for every path because the travel times on therelift path can vary.

Denote withZ )" the ordered set of links on the path The first link in the sef "
is link /. The Jacobian/ ;" ), Of the inflow of linkZL-*(2) — i.e., the link directly
downstream of link” — oriented to destinatiod with respect to the routing decision

uP (k) is a diagonal matrix of which the'" diagonal element defined as:

5qinL o
Iy (2)7d out
gui}? =g, (5.59)

Next, define the following relation between the inflow of lifik” (2) and the outflow
of link ' = Z)* (n;"") with n}»¥ the number of links on patf

L,P
ny —1
— tr ~in
= ]] (MIL RCOR~S(ZERE MIL P(l”)) @ (5:60)
1"=2

Here, the matrix\//* maps the inflow vectoq?lin (veh/h) of link! to the outflow vector
g’ (veh/h)of link! so that:

—out Mltr —in , (561)

and the matrix\/;?, , maps the outflow vectap"; oriented to destinatiod on link [ to
the inflow vectorg;", oriented to destinatiod on link I:

6.7111:1 = MDz d@)fut . (5.62)

Now, we can find the Jacobiaf};; """ of which the element on rowand columnj
is defined as:

5qout( )

Sup(5)
i.e., the derivative of the outflow from linK with respect to the derivative of the en-
route decisionl on link [”. This Jacobian is found by adding the derivatives between
the two links over the different paths:

(5.63)

L,P

RD,OUT __ tr tr RD,IN
Tave = (Ml’ 11 <M”’(m SRl (l”)JleLP(Q ) (5.64)

pemiin \ =2
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Using this Jacobian, it becomes possible to compute thebilaed;:’) ., which is
given as:

Jl” Al = Jlt/ulrz OUTJIEE]?/ IOET 5 (565)
with the Jacobiam""; OUT a matrix where thé'" diagonal element is given as:
o (k)
5.66
o (k) (566

Similarly, the Jacobiar, ,, , of the derivative of turn-fraction form linK to link [ to
the effective green fraction on linK is given as:

2 : turn,OUT
Jl” l’l = Jl/ Ad . (567)
dez)),
L,P

np’
o H br b,0UT
E (Ml/ <M LP l//) zI;P(l,,_’_l) dM (l//))Ml// IL P(2 dJyld ) .

Path "=
Il//alls l 2

; b,OUT
The Jacobiaw,;

as.

is a diagonal matrix of which the'" diagonal element is given

Saihak) _ aihalk) o
OB (k) gt (k)™

(5.68)

5.B Overview of variables

In order to provide the reader with a quick overview of thdedé#nt variables used in
the following sections we provide an overview of the mathecaanotation:

e Timing

— The model that is used in this paper is a discrete-time maddaethis end,
the time stepk (-) refers to the periodT'k, T'(k + 1)) (h) whereT (h) is
the model sampling time.

— The indexk™ (-) represents the number of time steps needed to travel
through the link in free-flow conditions. The fractigfi*® (-) is the fraction
of a time step that™* exceeds the free-flow travel timé& (h) so that
tfree — (kfree + ’}/free)T.

— The indexk™° (-) represents the number of time steps needed for a shock
wave to travel through the link. The fractiofi"* (-) is the fraction of a
time step thaks"°°c exceeds the shock wave travel tii&*s (h) so that
tshock ( kshock + fyshock)T
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— The indexk™ (k) (-) represents the number of time steps that a vehicle that
exits the link at time step needed to travel through the link. The fraction
7" (k) (-) is the fraction of a time step that' (k) exceeds the travel time
t" (k) (h) so that™ (k) = (k™ (k) = " (k))T.

— The number of time steps of the prediction horizon is denbted™ (-)

e The sets and indexes used are listed below. Note that setsfaned to with the
symbolZ:

— Links are referred to as € Z" (-) whereZ" is the set of all links in the
network

— Origins are referred to asc Z° (-) whereZ? is the set of all origins in the
network

— Destinations are referred to dsc Z° (-) whereZP is the set of all desti-
nations in the network.

— Routing decisions are referred toras ZRP (-) whereZ®P is the set of all
the routing decisions

— Nodes are referred to as € ZN (-) whereZ" is the set of all nodes in the
network

— Conflicts between links on a node are referred to with indéX

— Paths between linksand!’ are referred to as € 7" (-) whereZ[ ™ is
the set of all paths between linkand!’

— The setZ}*" contains all the link indexes on paih

¢ In the case that a distinction has to be made between indéxks same type,
an accent is used, for instance, for instance, liakd link/’.

e Variables
— The variablesVi"(k) (veh) andN°u*(k) (veh) denote the cumulative inflow

and outflow of origins and links

— The numbeN/"** (veh) is the maximum number of vehicles that fits in a
link

— The factorg, (k) (-) is the reduction factor of the demand to account for an
outflow reduction due to spill-back

— The fractionb; (k) (-) is the fraction of green time given to a link

— The fractionv§ (k) is the fraction of the time that green is effectively used
by the link

— The flowg®* (veh/h) is the saturation rate, i.e. the link outflow capacit

— The flowg™ (veh/h) is the inflow of linki
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— The flow ¢ (k) (veh/h) is the maximum receiving flow of linkdue to
spillback
— The flowg™ (veh/h) is the outflow of link
out,max

— The flowg, (k) (veh/h) is the maximum allowed outflow of a link

— The flowg." (veh/h) is the demand at origin The flowq", is the demand
bound to destinatiod at origino.

— The flowgpy (k) (veh) indicates the outflow of linkbound to destination
d.

— The variablea;), ,(k) (-) indicates the fraction of the flowy}‘ (k) (veh)
moving to downstream linK.

— The variableu? (k) (-) is the en-route decision variable.

— The symbole is used for errors between the states predicted by the non-
linear model and the linear model.

— The variableZ™% (vehh) expresses the total time spent (TTS) by all the
vehicles in the network

— The vectorX contains a prediction of the traffic state

— The vectorX, contains the initial traffic state

— The vectorD contains the prediced disturbances

— The vectorU contains a candidate control signal

— The vectorl7 contains the effective value of a candidate control signal
— The symbol)M is used to indicate matrices

— The symbolV is used to indicate vectors

— The symbolJ is used to indicate a Jacobian matrix

— The fractions (-) is the step-size taken in the line-search step of the-algo
rithm

— The thresholdg®'°? (-) and¢®s (-) are used as stopping criteria for the opti-
mization algorithms

— The parameterg™®* (-) and /™! (-) are used as maximum numbers of
iterations of the optimization algorithms

e In some cases a bais placed over a variable to indicate that the variable isluse
in the linear optimization problem.






Chapter 6

Hierarchical Control Framework for
Coordination of Intersection Signal
Timings in all Traffic Regimes

This chapter proposes a hierarchical control frameworkHerimprovement of urban
network throughput. The hierarchical control frameworélizes a translation of the
optimized control signal of the MPC strategy proposed in&a4 to actual signal
timings. This chapter is based on the following paper thatirsently under review:

G.S. van de Weg, H.L. Vu, A. Hegyi, and S.P. Hoogendoorn, A&thical Control
Framework for Coordination of Intersection Signal Timingsall Traffic Regimes.
Transactions on Intelligent Transportation Systesumitted 2017-4-13.

Abstract

In this paper we develop a hierarchical approach to optitizesignal timings in an
urban traffic network taking into account the different dymes in all traffic regimes.
The hierarchical control framework consists of two layéree network coordination
layer uses a model predictive control strategy based on plified traffic flow model
to provide reference outflow trajectories. The referendflaw trajectories represent
average link outflows over a time horizon which could be stamgously nonzero for
conflicting directions and which require to be mapped to @wged switching sig-
nal that can be applied to traffic lights. To this end, thevidiial intersection control
layer then selects at every individual intersection thaalitjming stage that realizes an
outflow which has the smallest error with respect to the ezfee outflow trajectory.
The proposed framework is tested using both macroscopiagraaascopic simula-
tion. It is shown that the control framework can outperformraedy control policy

149



150 TRAIL Thesis series

that maximizes the individual intersection outflows, andttthe control framework
can distribute the queues over the network in a way that th&ank outflow is im-
proved. Simulations using a macroscopic model allow theatliapplication of the
reference outflows computed by the network coordinatioerdathe results indicate
that the mapping of the reference outflows to the detailedasigmings by the indi-
vidual intersection control layer only introduces a smalifprmance loss.

6.1 Introduction

Coordination of the signal timings of intersections to iwne the performance of ur-
ban traffic networks is a complex problem. One of the mainaesdor this is that
coordination requires accounting for the impact of the aigimings on the propaga-
tion of traffic over the network. This introduces severaliesssas discussed below.

One of the main issues of controlling signal timings plarthéd they have a switching
structure, meaning that a stage — i.e., a set of streamsahdtecactive simultaneously
— can either be green or red. This introduces interruptionsliscontinuities) in the
traffic flows at intersections. Due to these discontinujtiggimizing the signal timing
plans results in a mixed integer optimization problem tladifficult to solve. This
is problematic, since only a limited amount of computationet is available for the
real-time application of traffic control strategies. Adlaiitally, other properties of the
signal timing plan such as clearance times, offsets, (peecéned) stage sequences,
and cycle times, add to the complexity.

Apart from that, the direction of the interaction betweeteisections changes when the
traffic regime changes as discussed in [van de Weg et al. |2D8e specifically, in
the undersaturated regime — i.e., when queues are conypdetgtied during a green
time period — an increase in the outflow of an upstream intéise can lead to a
change in the outflow at a downstream intersection. Thidioglas typically used
in green-wave approaches that allow vehicles to pass reiltipersections without
stopping. In the saturated regime —i.e., when queues mdéaideome empty, nor will
spill back to upstream intersections — there is no such gtomupling. Finally, in
the oversaturated regime — i.e., when queues spill backstregm intersections — a
change in the outflow at a downstream intersection leads iaage in the outflow of
an upstream intersection at a later time instant. All thésets 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 therdination of signal

timings of multiple intersections. The control strategy baaccount for all the traffic
regimes. It also has to be real-time feasible, meaning tizan compute the control
actions within the controller sampling time. The controBampling time is the time
period between updates of the control signal, which is glpian the range of one to
several minutes.



Chapter 6. Hierarchical Control Framework for Coordingt8ignal Timings 151

6.1.1 Literature

This section discusses approaches to the urban traffic netemtrol problem. We
examine for what traffic regimes the different strategies @ggsigned, whether they
are real-time feasible, and in what way signal timings amswtered. First, various
well-known or recent control strategies are discussederAfiat, the review focuses
on model-based predictive control strategies.

Approaches to the urban traffic network control problem

The first approaches to the coordination of intersectionaded on performance im-
provement in the undersaturated traffic regime. A well-kn@xample is the
MAXBAND approach proposed by Little [1966] for the creatiohgreen-waves be-
tween intersections. MAXBAND computes the signal timindfslioe in such a way
that traffic can pass multiple intersection without stogpirA disadvantage of off-
line control is that it cannot adapt to changes in the trafimdnd. SCOOT [Hunt
et al., 1982] and SCATS [Luk et al., 1982] are examples of lyidsed control strate-
gies for undersaturated traffic regimes that can dynanyiealjust to changes in the
traffic situation. The performance of SCOOT may deterioragaturated and oversat-
urated regimes according to Papageorgiou et al. [2003]eRBc Lammer and Hel-
bing [2008] proposed a decentralized algorithm that decadeach time instant which
stage to actuate in order to reduce the delay at every inteyeen the undersaturated
regime.

Diakaki et al. [2003] proposed the TUC algorithm, which igdfically designed to
improve the urban traffic network throughput in the satwaggime. TUC has a feed-
back structure, and adjusts the green times at an intavadzdsed on the queue lengths
in the network. Various extensions to TUC have been propaaeth as the inclusion
of green-waves [Kraus Jr et al., 2010]. Recently, the massure (or back-pressure)
algorithm was proposed to address the coordination probieime saturated regime
[Varaiya, 2013, Le et al., 2015]. The max-pressure algorittecides at every time
instant which stage to actuate. This decision is made usflegmnation on the queues
located directly upstream and downstream of the intersecto that no centralized
communication structure is required.

The performance of the aforementioned control strategesaeteriorate in the over-
saturated regime, since the impact of spill back and theespaonding shock wave
dynamics are not considered in the controller design. Ihrégime, congestion may
propagate through the network causing a loss of efficienaytatsections and poten-
tially leading to gridlock [Daganzo, 2007]. One way to addréhis issue is by perime-
ter control based on the network fundamental diagram (NKBYyyan-Ekbatani et al.,
2012]. The aim of this strategy is to keep the number of vekiai the network below
or at the critical density of the network fundamental diagiso that congestion is pre-
vented. An issue with this approach is that the shape of tHe MBy be affected by
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the intersection control strategies.

In conclusion, all these approaches are designed to impghavperformance in only
one or two of the three traffic regimes. A promising approacimt¢lude all the traffic
regimes is the application of a predictive control stratéggwever, this is a challeng-
ing task, as discussed in the next section.

Model-based predictive control approaches

Model predictive control (MPC) is a popular method to detieera control action that
accounts for the long-term impact of a control signal on §stean’s performance. It
is typically used to determine a control signal over a peabtime called the control
horizon, that optimizes the performance over a period ottoalled the prediction
horizon [Garcia et al., 1989, Mayne et al., 2000]. MPC is acpdure in which the
impact — expressed using an objective function — of a catelickantrol signal on the
propagation of traffic over the network is predicted usingedction model. At every
controller sampling time instant, the control signal thatimizes the objective function
is recomputed using the most recent traffic state measutem@inis is commonly
referred to as the receding horizon principle.

Lo [1999] and Van den Berg et al. [2007] have proposed MPC agubres for the
optimization of signal timings. Lo [1999] used the Cell-fismission Model (CTM)
to predict the traffic dynamics, and modelled the signalrgsiusing binary variables
—i.e., a stream can receive either greenof red (). This resulted in a mixed-integer
linear programming problem (MILP). Van den Berg et al. [2D03ed the horizontal
gueuing model of Kashani and Saridis [1983] to model all th#fit regimes, resulting
in a non-linear optimization problem. Lin et al. [2011] udbé S-model, which is a
simplification of the model of Van den Berg et al. [2007], torfwlate another MILP
optimization problem. Despite the ability to explicitly msider signal timings and
all traffic regimes, all of the resulting non-linear and Mlldptimization problems
are cumbersome to solve. Due to this, these methods arealdgime feasible when
applied to medium to large-scale networks of several (ténsi@rsections.

The scalability problem can be mitigated by aggregatingitiéic dynamics to (sev-
eral) tens of seconds and replacing the binary signal tiswnth average outflows so
that continuous or linear optimization problems can be idated [van de Weg et al.,
2016, Aboudolas et al., 2010, Le et al., 2013]. Aboudolad.€f810] proposed a
linear MPC approach based on the store-and-forward modéhéosaturated regime
which resulted in a drastic reduction of the computatioretinhe et al. [2013] pro-
posed an MPC approach based on a modified version of the CTNhfitgrsaturated
and saturated regimes. Recently, van de Weg et al. [2016ppsul the use of the Link
Transmission Model (LTM) in a linear MPC framework. This apgch is capable
of reproducing all traffic regimes and is real-time feasibiowever, none of these
methods consider signal timings, so they are not directpliegble to a real traffic
network.
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6.1.2 Research approach and contributions

This paper develops a real-time feasible, hierarchicatrobframework for the con-
trol of signal timings in order to improve the urban netwonkaughput in all traffic
regimes. The main contribution of the research is the designreal-time feasible
framework for the control of signal timings that can optimthe distribution of traffic
over a network while taking into account the upstream prapag waves caused by
spillback.

The hierarchical control framework consists of two layefhe top layer — called

the network coordination layer — consists of the linear MR@tsgy for urban traffic

networks (LML-U) of van de Weg et al. [2016] that optimize® thggregated traf-

fic dynamics. The LML-U strategy distributes the traffic ottee network so that the
average throughput is maximized over a time horizon. Inghjger, the optimized con-
trol signal is translated to near-future reference outfltawshe entire time horizon of

the links in the network. The reference outflow trajectodasnot be directly applied
to the network since they represent average traffic flowseathdffic lights require a

green-red switching signal. The bottom layer — called tldgvidual intersection layer

— consists of the local intersection controllers. The gé#hese controllers is to select
the stage at every time step that minimizes the error withréference outflows. The
framework is designed in such a way that control stratediesrahan the one imple-
mented in this paper may be used in both the top and bottomslaylehe proposed

framework is evaluated using simulation experiments.

The second contribution of the paper is to show that comparkedally optimizing the
intersection outflows, the resulting control strategy eapriove the throughput by dis-
tributing traffic over the network in spillback conditioriBhis is shown quantitatively
by comparing the proposed strategy to a strategy that agesrthe local intersection
outflows, and qualitatively by studying the realized traffiates.

The third contribution of the paper is to provide insighbitite controller performance
when varying the controller sampling times and when appbetifferent process mod-
els. The reason why this is studied is that an important isfMPC strategies is that
the mismatch between the prediction and process model ngafinely affect the con-
troller performance. One way to limit the impact of this mateh is by reducing the
sampling time of the controller, so that the possible pr#aticerrors can be corrected
more frequently by using new measurements. In the propeaeeivork, the sampling
times of the two layers can be varied, both of which may affleetcontroller perfor-
mance. Reducing the sampling time of the individual intetisa layer allows more
frequent switching, leading to a better tracking of the mefiee outflow trajectories;
reducing the sampling time of the network coordination tagléows for a more fre-
guent correction of prediction errors. Qualitative anafyare carried out in which the
sampling times of the different layers are varied. In additisimulations are carried
out with two different process models, namely, the LTM anel thicroscopic model
Vissim that has a larger mismatch with the prediction model.
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6.1.3 Design considerations

Several factors were considered when designing the costhatiegy in order to sim-
plify the problem or to emphasize the most important corfegatures.

As stated before, an intersection control program is ratberplex. To simplify this,
we assume that there is no fixed stage sequence. Also, no ummngreen times, and no
fixed cycle times are used. Clearance times —i.e., the tie@ tosclear the intersection
between two conflicting stages — are included in the approach

The control strategy has to be real-time feasible. This mehat the time it takes
to compute the control signal is shorter than the contra@npling time, which is
typically in the range of one to several minutes. A longertoaler sampling time
is beneficial, since it allows more time to optimize the cohsiignal. However, the
controller sampling time should be kept short so that thérodiar can quickly respond
to traffic changes and unexpected events.

The aim of the controller is to improve the throughput. Ingtie, other performance
indicators might also be included, such as equity, poliytend reliability. Their in-
clusion, however, is beyond the scope of this paper.

Finally, the paper focuses on networks used solely by nzedriraffic. The extension
to networks used by heterogeneous traffic — e.g. cars, trgehkdic transport, and
bicycles —is left for further research.

6.2 Controller design

In order to bridge the gap between the high computation tieagired by optimiza-
tion based control strategies and the low computation tiooé lJower expected per-
formance, of feedback-based control strategies, a higcaiccontrol framework is
proposed in this paper. The framework is presented in Fi§urend consists of two
layers:

1. The top layer uses an aggregated prediction model to Gaithe network
throughput every ™ seconds, wher&™' is in the range of one to several min-
utes. The control signal consists of the fractions of gréee that every stream
in the network has to realize, but which are not directly aygtlle by the traffic
signal controllers. Nevertheless, the desired behavithetraffic system — for
instance, a prediction of link outflows — can be derived frtis signal. Hence,
reference outflow trajectories can be derived from the apgohsignal, such as
the reference cumulative outflow of a link, or a reference benof vehicles that
has to be present in the link.

2. The bottom layer consists of the local intersection aidlers. The task of the
local intersection controllers is to track the referenctlows. This is realized
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by selecting every'°<®! seconds — in the range of 5 to 10 seconds — the stage
that is expected to lead to the smallest reference tracking i@ the nextrmoc!
seconds. The local intersection controllers may not betalitack the reference
outflows exactly, because they were determined using a siegptraffic flow
model. However, it is expected that the average behavidreofoical intersection
controllers will lead to improved network performance whikee tracking error
remains small.

Process <—| Traffic demand
Propagation of traffic

"Bottom layer

- Reference tracking
- Actuation of stages

I |
| |
| |
| Individual intersection controllers |
| |
| I
I |

- .. — - - — — — — — — = — — — 1
op layer

Network coordination layer

- Optimize throughput

- Output: outflow reference
trajectory

Figure 6.1: Schematic overview of the control strategy

The advantage of this framework is that the signal timingsdmtermined in a decen-
tralized way; i.e., every intersection requires only measients of the direct upstream
and downstream links. However, due to the tracking of theregfce outflows, the in-

dividual intersection controllers are capable of reatizimetwork-wide performance

improvements.

The idea behind the proposed framework is that differentrobalgorithms can be
applied to the different layers. In this way, the framewoak de adapted to different
traffic networks, situations, and desired controller praps. As a proof-of-concept,
Section 6.2.2 details the implementation of a linear MP@tsgy — called LML-U
— based on the link transmission model in the coordinatigerlaand Section 6.2.3
presents a greedy reference tracking (GRT) strategy fantheidual intersection con-
troller layer. Hence, the proposed strategy is called LMBE-GRT. In Section 6.3,
simulation results of this implementation are presented.

6.2.1 Timing

Discrete timing is considered in this paper. The time gt€p and sampling tim&”
(s) refer to the period € [Tk-, T(k+ 1)) (s). Itis assumed that the sampling time of
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Figure 6.2: Schematic overview of the timing used. In thigraple, the sampling timé' is 1 second,
the intersection controller sampling tirig<®! is 5 seconds, the prediction model sampling tifffeis
10 seconds, the coordination layer sampling tifi¢f is 60 seconds, and the prediction horizgh is
30 steps.

the measurements is equalffo The prediction model has a sampling time st&(f-)
and sampling tim@™ (s). It holds thafl® = ¢“T" with the factore® € Z* —i.e.,itis a
strictly positive integer. The intersection controlleetest a new stage to actuate every
controller sampling time stefd°<®! (-) with controller sampling time steplo®! (s) for
which it holds that/oc®! = lecalT | with the factore'*® € Z+. The reference outflow
trajectory is updated every time stgp’ (-) with the sampling time step™ = T
seconds, with™f € Z*. It also holds thafl™*! = eriTe, with et ¢ Z+, |t
follows thatk = (k' — 1)elocal 1 = (k¢ — 1)e* + 1 = (k™' — 1)e™ + 1, and that

k¢ = (k*f — 1)evrf + 1. Figure 6.2 provides an overview of the timing used in this
paper.

It must be noted that a measurement that is available at teps:geflects the traffic
state at the beginning of the time peribdit is thus not possible to change the control
action at time stefg. Hence, at time step the control signal for the next time step
k + 1 will be determined. So, in this paper the control action atetistepk'e*®! is
determined based on the data available at time @tefy! — 1)l = k.

6.2.2 Network coordination layer: LML-U approach

The task of the network coordination layer — i.e., the togetayf the proposed frame-
work — is to determine the reference outflows that optimizertetwork throughput.
Recall that the coordination layer sampling tiffis! (s) is in the range of one to sev-
eral minutes. Hence, in order to satisfy real-time feaisyjbihe coordination layer has
to be able to compute the reference outflow trajectoriesimvihe to several minutes.

To this end, the recently developed linear model prediatetrol strategy using the
link transmission model for urban traffic networks (LML-$)a¢hosen in the coordina-
tion layer [van de Weg et al., 2016]. This approach has thamdge that it considers
all relevant first-order traffic dynamics — i.e., upstreard downstream propagating
waves — using only two traffic states. Compared to segmesgebanodels, such as the
CTM, this is more efficient from a computational point of viéllhe approach requires
a prediction of the traffic demand, turn-fractions, and nmaxn network outflows. Its
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output consists of the optimized fractions of green timalusethe traffic streams in
the network. The remainder of this section first discussegtadiction model used in
more detail, next the optimization problem is introducedj éinally the approach to
compute the reference outflow trajectories from the opttnen output is presented.

The prediction model

The prediction model used in the LML-U control strategy is tiTM. The main ele-
ments used here are links — indicated with index-) — and origins — indicated with
index:® (-). The traffic dynamics of origins and links are updatechggivo traffic
states; the cumulative link inflod (k) (veh) and outflowV3" (k°) (veh), and the
cumulative origin ianowNZ%’i“(kC) (veh) origin outflowNZ%’i“(kC) (veh). Every out-
flow is controlled using a control parametgf (k°) for links andbSy © (k°) for origins
that expresses the effective fraction of green time usemhgltine time steg°. Note
that this optimization approach is presented in more det&in de Weg et al. [2016].
The interested reader is referred to [Yperman, 2007] for eerdetailed description of
the LTM.

The cumulative link outflow is updated using the followingiatjon:
NS (ES 4+ 1) = NS () + ¢ TF (k) (6.1)

whereg;* (veh/h) is the saturation rate. The cumulative link inflowriedeled as the
sum of the outflows of upstream link$ < IZ.LL’“S and originsi® ¢ Iﬁ’us multiplied
with the turn-fractions);. ;. (k) given as:

NP +1) = NE(E)+ Y (njLﬂ-L(kc)bff(krc)qfﬁtTc)+... (6.2)

-1, L,us
J EIZ_L

3 (mo,iL<kc>b§§70<kc>q:3pw),

¥e) O,us
) eIiL

where the sefiLL’us is the set of links directly upstream of link and the sef ;" is
the set of origins directly upstream of link. The fraction,. ;. (k) indicates the turn
fraction form link ;" to link <", and the fractiomo .(k¢) (-) indicates the turn fraction
form origin© to link i".

In order to model free-flow dynamics, the cumulative linkftmw is bound from above,
so that vehicles cannot travel through the link faster thanfitee flow travel timef*
(s). This can be written as a constraint on the cumulativbayugiven as:

N;Ut(kc + 1) S ’}/Z-C]:freeN;E(kC o k;::ifree + 2) + (1 o ’}/Z.Cﬁfree)N;E(kC o k;::ifree + 1) )
(6.3)

In (6.3) the number of time steps;™ = [tfi*/T¢] (-), and the fractiom ;" =
k;l.CL’free — thee /T (-) are used to linearly interpolate the cumulative curveetsiled in
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[van de Weg et al., 2016]. The mathematical operatprounds the argument of the
function to the nearest integer that it higher than the arqtrof the function. In order
to satisfy CFL conditions it should hold tha§™ > 2.

Similarly, upstream propagating waves caused by spilllaaekncluded by bounding
the cumulative link inflow from above so that a vehicle caryaeriter a linktsto™ (s)
seconds after the vehiclg!** (veh) has exited the link given as:

NI (K 4 1) < ASOR NG (ke — kSN 4 2) 4+ (6.4)
(1 _ ’}/.CﬁShOCk)Nﬁut(k?C _ k:ﬁShOCk + 1) + n?ﬁax ’

7

with the number of time stepls;™** = [#:hock /7] (-), and the fractiony;™* =
kGO — gspock /e (). It should hold that;** > 2 in order to guarantee CFL
conditions.

Outflow limitations at the network are modeled as externstudbances — i.e., inputs
that cannot be affected by the control signal. So, when aiBnkt an exit of the
network, an extra constraint is added:

NE (R 4 1) < NE™ (k) + g (k)T (6.5)

out,max

whereg;; (k) (veh/h) is the maximum outflow that can exit the link at timepst
ke.

Origins are modeled as vertical queues via the followingestgdate equations and
constraints:

Ni™(k° + 1) = No™ (k) + di (k)T (6.6)
NP (K + 1) = N (k) + ¢5aPTbin° (k°) (6.7)
N (k¢ +1) < No™(k* +1). (6.8)

cap

with ¢;" (veh/h) the origin capacity.

The final constraints concern the effective fractioffi$/°) andbfg O (k°) of green-time
which should be betweehand1. Additionally, if there is a conflict between links at
an intersection — i.e{;% "} € et — the sum of the effective green fractions
bt (k) + beiE (k©) should be less thah — 6;c.. The tuning parametefcon (-) is used
to prevent infeasible reference outflows which can occumnaelearance time has to
be respected when switching linkto j~. This results in the following constraints:

0 < O(k) <1, (6.9)
0 <o (k) <1, (6.10)
0 < b5 (k) 4 bSE (k) < 1= feon . (6.11)

The optimization problem

The objective of the linear optimization problem is to mimmthe total time spent
(TTS) JTTS (vehh) used by all the vehicles in the network over a predictioniZom
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NP (-) subject to the linear model and constraints presenteébdrprevious section.
The TTS can be expressed as the total number of vehicles inetveork at every
time stepk® multiplied with the sampling tim@™ and summed over the time steps
k¢ = (k*f — 1)eerel 11, .., (k™ — 1)esrf + NP + 1 given as:

(kreffl)ec’ref+Np+l

JITS — > TC{ > (N;f(k:C) - N;’Lut(kC)) +... (6.12)

kc:(kreffl)ec,ref+1 iLEIL

> (e - g ),

i0ez0

Here,Z" (-) represents the set of all links afifl (-) represents the set of all origins.

As in [van de Weg et al., 2016], minimizing the TTS can be wrntas the following
linear optimization problem:
r(nir%) ZBu(k*) + Z(Az (k™) + Cd(k™)) (6.13)
ﬂ kl‘e
Subject toh/ g (k) < Vined

Here, the matricesl, B, andC as detailed in [van de Weg et al., 2016] describe the
traffic dynamics, so that a prediction of the traffic state™!), as defined by equations
6.1, 6.2, 6.6, and 6.7, can be computed by multiplicatiorhefdontrol vecto (k™)

by B, the initial traffic state:(k*") by A, and a prediction of the disturbancég")

— i.e., inputs that cannot be controlled —®y The matrix}/™ ¢ and vector/ " as
detailed in [van de Weg et al., 2016] contain the inequabiystraints of equations 6.3,
6.4, 6.5, 6.8, 6.9, 6.10, and 6.11. Multiplication of theteed” by the predicted state
gives the TTS.

The vectoru (k™) contains the effective fractions of green tig (k) and b5 (k)
used by the links and origins in the network at the time steps (k*f — 1)ecref +
1, ..., (ke — 1)ecret 4 NP

u((k,ref _ 1)€c,ref + 1)

a(kh) = (6.14)

u((kref _ 1)€c,ref + Np)

The disturbance vectal(k™f) contains the traffic demandgk©) at time steps:® =
(kret — 1)ecrel 41, .. (k' — 1)eoref + NP:
d((/{?ref _ 1)€C,ref + 1)
d(k™) = : . (6.15)
d((kref _ 1)€C,ref + Np)

The control vectow(k°) and disturbance vectal(k°) at a time steg* are defined as
follows:

u(kc):[bﬁﬂ(kc) LU (Re) BTO(R) L bZ%’O(kC)]T, (6.16)
d(ke) = [din(ke) ... d% (k)] (6.17)

wheren' (-) indicates the number of links and (-) the number of origins.
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The reference trajectory

The outcome of the optimization problem (6.13) is the veatdk™) (-). As noted
before, this signal cannot be directly applied to the loo&risection controllers due
to the aggregated nature of the traffic flow model that is ueddrimulate the linear
optimization problem. Instead, a reference trajectoryesveéd from the optimized
signala* (k™).

A prediction of the traffic states(k*!) can be obtained as follows:
(k) = Az(k*") + Ba* (k™) + Cd(k™") . (6.18)

The prediction of the state(k™') consists of the traffic stateg(k°) at time steps
ke = (k™ — 1)eoret + 2. (k' — 1)l + NP is given as:

T = [SL’((/{Zref o 1)€c,ref 4 2) o .T}((]{]ref . 1)€c,ref + NP + 1)]T ) (619)

In its turn, the state (k) consists of the states of the link§ (k) and originszl; (k¢)
at time stepk©:

p(kS) = [2b(ke) .. ab (k) 2O(ke) ... 2% (k)] . (6.20)

The state of linkl; (k) and originz®, (k°) a time stepk© are defined as follows:

L /1.c out [ 7.c out ( 7.c ¢,shock in(1.c in(1.c c,free T
Tl (k) = [NE (k) NEt e — KT NB() L NIGR — K]
(6.21)
ou c in/g.c T
a (k) = [N (k) N™(k)] . (6.22)

Now, a reference cumulative outflow trajectdvﬁ“t’ref(kc), defined as:

NZ%Ut((kref _ 1)€c,ref +1

Nﬁut ( (k,ref _ 1)€c,ref +92

NUret (grefy = , (6.23)

Ni(iut((kref o 1)€C,ref 4+ NP + 1)

can be derived fronz(k°) for every linki € Zeontrolled for al| the time steps where
k¢ = (k,ref _ 1)€c,ref + 1’ o (k,ref _ 1)€c,ref + NP.

Since the sampling time of the prediction model is a multipleghe measurements
sampling time — i.e[* = T —, the signawi‘;ut’ref(kfef) has to be resampled. The
reference outflowV;"""* (k) at an arbitrary time step € (k™ —1)ef +1,..., (k™ +
Nreereh)eref 41 js given as follows:

~

N'ciut,ref(k:) _ (1 - ,yref(]%))NSJut,ref(]%c(]%)) + vref(z:N;ut,ref(%c(%) + 1) ) (624)

Here, the time stepc(k) is given as:

ke(k) = |k/T], (6.25)
and the fraction/™ (k) is the residual of a time step thaexceeds:“(k):
k— ke(k)

7Ik) = — (6.26)
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6.2.3 Local intersection layer: greedy reference tracking

The task of the local intersection layer is to actuate atyetiere stepk'*® and at
every intersection the stage that leads to the smallesterefe tracking error. The
reference tracking error of a stage is defined as a measute @rtor between the
reference outflow trajectories and the potential outflowthefdifferent streams at an
intersection when actuating that stage.

The stage selection is done in a decentralized way, whicbssiple because the time
step7'°<?! is chosen to be short —i.e., in the range of several secorasdHo fixed
stage sequence is assumed. The tracking strategy is cafledyg since it selects the
stage that minimizes the reference tracking error for atdiae horizon7%!. An
alternative would be to implement a strategy that minimitestracking error over
a longer time horizon. However, this would require predigtthe outflow of many
different stage sequences, and it would require takingastmunt the impact of the
selected stage sequences of upstream and downstrearedtitars as well, leading to
a complex optimization problem.

The greedy policy is computed for every intersection sépirdy carrying out the
following steps:

1. predict for every stage the potential cumulative outfldve\eery link in the in-
tersection when actuating the stage (see Section 6.2.3);

2. compute for every stage the resulting reference traakiray (see Section 6.2.3);

3. actuate the stage that is expected to realize the smiadfestnce tracking error
(see Section 6.2.3).

Potential cumulative outflow prediction

The first step is to predict, for every intersectiiff” and stagg;ice (k'°*') € P5iE,
with P58 the set of stages at the intersection, the potential cuielautflows

NP (K|, paweer (K1) (veh) of the linksi™ € ZU3., directly upstream of the in-
tersection using:

NP (k4 1|k, piner (K1) = min {N;’L“t’p(/%\k, pyinter (K°)) 4 ¢S24 Ty (), . ..
N (4 1), ... (6.27)

NioLut,Sp(]% + 1)} \V/’LL c :Zz.l'(ijnster )

for the time stepg = k + 1,..., k + €°@ 4 1. In this equation, the maximum link
outflow N;’Lut’f‘"ee(k + 1) (veh) in freeflow conditions is computed using

NGOk + 1) = A5 NI (k — k5 +2) + (1 — yI)NE(k — k5~ +1).  (6.28)
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Itis assumed thaf'o! < ¢fi*vi € 705, , so that the outflomNi"Lut’free(k) depends on
historical control decisions at the upstream intersestmmy. The maximum possible
cumulative outflow under spillback from a downstream liftk e Z2° is computed
using

N;Ut’Sp(k + 1) — NioLut,p(k) 4 ’VJS»EOCkN;)ﬁIt(k} o /{Z;EOCI{ + 2) 4. (629)
(1 o ’}/]S-EOCk)NQﬁIt(k? o k;{lock + 1) + n;nLax . N;?p(kj) )

It is assumed thaf'>«! < ¢hockyil € 708, so that the maximum outflow ;™ (k)
depends on historical control decisions at the downstresensections only.

The cumulative link ianowsNZ.if’p(lﬂk, panter (K1) (veh) of the linksZ}?,, directly
downstream of the intersection when actuating the stage(k'°*') for the time steps
k=k+1,...,k+é°? + 1 are updated using:

NPk + 1k, pamer (KO) = > (k) (NP (k + 1]k, panees (1)) ..

iL USs
Joe sinter

— NP (|, pinser (K1) Vi € TR, . (6.30)

When clearance times have to be respected when switchimgsi@gep,in.: (£ —1)
to stagep;me (k'°), the corresponding values bf.(k) in (6.27) are set to for the
first 75> seconds.

Reference tracking error

Now that the predictions of the link outflows are availableewlactuating the differ-
ent stages, the expected reference tracking efer (p;me (k'°®)) can be computed
using:

éiinter (piinter (klocal )) — ’yeé?mter (pzlnter (klocal )) + (1 - ’7 )el;mer (pzlnter (klocal )) . (6 31)

It is defined as the weighted average of the effQr., (pjie: (k') — which is the
square of the area between the reference outflow and thef@ediutflow — computed
using:

k+Elocal+1 2
Ehmier (i (K1) = Y~ ) <N°“t el N;“tvp(k)> . (6.32)

k=k+2 iLeZVS

sinter

and of the erroe},... (psme (k'°*)) — which is the error between the total intersection
reference outflow and total predicted intersection outl#aw., (pjine: (k') — com-
puted using:

k+Elocal+1

é];nter (piinter(klocal)) - Z < Z N;ut’ref(]%) _ Z N;Ut’p(]%)> ’ .

k=k+2 ZLEIUS ’LLEIUS

sinter sinter

(6.33)

The parametef* is introduced to balance the current reference trackints@wl the
final reference tracking costs.
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Stage actuation

The final step is the actuation of the stqg@er(kloca‘) that leads to the smallest ex-
pected reference tracking error using:

p;—kinter (klocal) — al"g mln éiinter (pl'inter (klocal)) . (6 34)

stages
piinter Epiinter

Numerical example

To clarify the reference tracking approach we have inclutiedollowing simple nu-
merical example. Assume that we have a network consistitg@tonflicting links
that can realize a flow equal to the saturation rate of 100¢hwehen given green. It

is also assumed thdt°:®! = 5 s, and that the reference outflows for time step 1 to 12
are computed by the network coordination layer as 600 and/800h respectively, as
shown in Figure 6.3. The inter-stage clearance time whetcbing from stage 1 to

2 and vice versa is assumed to be 2 seconds. Assume that atieverstep we can
choose between actuating stage 1 — i.e., giving green tdlliakd red to link 2 — or
actuating stage 2 —i.e., giving red to link 1 and green to Aink

) Link 1
| | /
= [ AT oo T T
21- | - ref |
= I = I N
“ | | — = =N
) = e I

12 3 45 6 7 8 9 101112
Time step (-)

Link 2

2 T

I I —N" ||

= | | _ _ _qout ||
R [ Ny
| | 1

“ /:/%
oL R S

12 3 45 6 7 8 9 101112
Time step (-)

Figure 6.3: Small example of reference outflows and realmeflows.

At time stepk = 1 the error is determined over time stéps- 3 to k = 7. For stage
1, the total error computed using (6.31) is 0.85 while therdior stage 2 is 1.82 given
that+° = 0.3. Because the error of stage 1 is smaller it will be at#tva Next, at
time stepk = 6, the error when actuating stage 1 is 2.28 while the error¢arading
stage 2 is 1.82. Hence, stage 2 will be activated. Note thiererror calculation the
inter-stage clearance time between stage 1 and stage 2israied for.
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6.3 Simulation experiments

Simulation experiments are carried out to show that the tideeandividual intersec-
tion layer does not lead to significant performance degrawdlaand that the proposed
framework is able to efficiently distribute the queues ohernietwork in the presence
of spillback. Additionally, the impact of the mismatch be®wn the prediction and the
process model is studied which is influenced by the seleateceps model and the
chosen controller sampling times.

First simulations are carried out with the LTM as the proaesslel, so that the mis-
match between the process and prediction model is small. Mpadson is made —
in terms of TTS reduction and realized traffic states — witloatioller that directly

applies the reference outflows of the coordination layeh&rhodel — which is only
possible when using a macroscopic process model — givintpthest possible TTS.
This shows the TTS increase caused by the individual intécselayer. Next, the

performance is compared with a greedy feedback policy thitnizes the signal tim-
ings of the local intersections. This provides insight itite ability of the proposed
framework to distribute queues more efficiently over themoek in the presence of
spillback. Next, the microscopic model Vissim 5.30 is usedlae process model,
which introduces a larger mismatch.

In both simulations, the controller sampling timgs<*! and 7" are varied and the
impact on the TTS and reference tracking error is analyzeslekpected that a smaller
sampling timer°<?! leads to a lower TTS and a lower reference tracking errogbse

it allows more frequent switching of the stages. Similatlig expected that choosing a
smaller sampling tim&™ reduces the reference tracking error but does not neclgssari
reduce the TTS.

6.3.1 Simulation set-up

The simulation set-up is shown in Figure 6.1. Every seconeksurements are ob-
tained from the process model — i.e., the LTM in Section 6.8/ Vissim in Sec-
tion 6.3.3. The local control layer is updated ev@iy<® seconds and the network
coordination layer updates the reference trajectoriesyél&’ seconds. Figure 6.2
shows the network used in the simulations. It consists @ethintersections; (1) top
left, (2) top right, and (3) bottom right. The link lengthsandicated in the figure,
where it must be noted that link 16 is 800 meters. It can alsselea that a bottleneck
is located at the downstream end of link 7. This bottlenecised to mimic a situation
where downstream of the controlled network congestion iiirgpback towards the
controlled network. Alternatively, the bottleneck cannesgent a situation where the
controlled network outflow is limited by a perimeter contebfategy. A simulation
period of 2500 seconds is considered. The demand patteristhpplied to the net-
work consists of a high demand for the first 1800 seconds gieasely 900, 1100,
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Figure 6.2: Schematic overview of the network used for timeutations, including the link lengths,
location of the bottlenecks, and the turn-fractions.

and 1800 veh/h at links 1, 8, and 12. From time 1800 to 2500mskcthe demand is
decreased to respectively 300, 250, and 200 veh/h at linRsdnd 12. This implies
that in the high demand situation 600 veh/h want to go frorkslis to 7 and links 17
to 18, 500 veh/h from link 6 to link 19, and 600 veh/h from |in& tb link 19. The
bottleneck at link 7 is activated from time 100 seconds witlapacity of 600 veh/h.

It is assumed that no measurement noise is present and énatisno uncertainty in

the disturbance predictions. In this way, controlled ekpents can be carried out that
allow studying the controller behavior in detail. It musti&ed that there is a mis-
match between the process model and the prediction modsédawy the difference

in the local control signals and the MPC output.



(a) TTS vs Tref (b) TTS vs Tloc (c) TTS vs Tref (d) TTS vs Tloc
260 260 285 285
~ ~~ ~~ '/ ~~
= = = = '
= 250 = 250 = 280 1\ /1 E 280
) ) o . / - 5}
>z K N z N N N
n " - %) 175} o\, o A e b
= 240 [ = 240 B 2751 - R = 275 e
= B = R B
230 230 270 270
100 200 300 400 500 5 10 15 100 200 300 400 500 6 8 10 12
(e) Tracking error vs Tref (f) Tracking error vs Tloc (g) Tracking error vs Tref (h) Tracking error vs Tloc
7 1
\ /l / '
1 ; 1 _ 1.5 ‘ . 1.5 |
= A ) s = Lo = \
) R P ) . ) 0] . .
2 r,/_r_,‘/'ll\/ >z ‘\,/ Z '/ . = N7 SN
E 0.5 '/"l- é 05 ’// g L e § L T
& EETUPURIRIR PRIy 5 T s // A
0 0 - 0.5} 0.5
100 200 300 400 500 5 10 15 100 200 300 400 500 6 8 10 12
Tref (s Tloc (s Tref (s
ref (5) oc (s) ref (5) (1) Mean local prediction error vs Tloc
0.5
‘)
————— LML-U + GRT, max = 04
---------- LML-U + GRT, mean § 0.3 N
LML-U + GRT, min i T
LML-U e
—<&— GCP Results with LTM Results with VISSIM 01
8 10 12
Tloc (s)

Figure 6.3: Simulation results for different set-ups. Tie teft columns represent the results obtained with the Lifé,two right columns represent results obtained with
Vissim. The first row shows the impact of the controller sanptimes7™* and7'°<®! on the TTS. The second row shows the impact of the samplingstiom the mean
reference tracking error. Plot (I) shows the impact of thasiing time7"'°® on the mean local prediction error. This result is not showrritie LTM because the prediction

error is negligible, since the process and prediction nodet identical. The max, mean, and min lines indicate themmax, mean, and minimum realized TTS of the
non-shown parameter (e.g°¢®! in plot (a)).
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6.3.2 Simulation set 1. macroscopic simulation using the LW

The first set of evaluations is carried out using the LTM aspitoeess model. These
evaluations are carried out in order to gain insight intoghantitative controller per-

formance. The LTM is used, because it enables a direct imgrimtion of the refer-

ence outflows obtained from the network coordination layer thus allows studying

the reference tracking error incurred in the individuaémection control layer. The
mean reference tracking error is defined as the average abswute difference be-
tween the reference outflows computed with the network dnatin layer and the

realized outflows.

Simulation set 1: set-up

The LTM is implemented as the process model with a sampling step of 1 second.
Clearance times are not considered in this simulation set tlae tuning parameters
0;con are set td). This implies that the control strategies can actuate aaxyesat any
time steploc!,

Three different control strategies are compared:

1. LML-U + GRT : this is the control strategy proposed in this paper.

2. LML-U : this is the LML-U strategy of the top layer with the optimizgreen-
fractions directly applied to the network. Note that thiplementation is not
deployable, since these green-fractions can be simultastyenonzero for con-
flicting directions in a time interval. Comparing with thisrdrol policy gives an
idea of the best possible TTS that can be obtained.

3. GCP: this is a greedy control policy (GCP) that tries to actubtedtage at every
time stepZ'°< that will maximize the throughput of every individual insec-
tion. This is realized by predicting for every stage the pt& intersection
outflow using the approach detailed in Section 6.2.3 andh#iciyithe stage that
will lead to the highest outflow. A comparison with this algiom provides in-
sight into the added value of the network coordination layfethe LML-U +
GRT policy.

In the various simulations, the local control strategy simgptime 7'°<?! is varied
from 1 to 15 seconds. The coordination layer sampling tiftfé is varied from 10
to 590 seconds. In this way the impact of the controller patans on the controller
performance can be studied. The prediction model used iodbelination layer uses
a sampling time step of 10 seconds and a prediction horiz6A@&econds. The factor
~¢is setto 0.3.
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Simulation set 1: results

Several simulations were carried out with the differenttoalrstrategies. The quanti-
tative results are presented in the left two columns of FEduB. First, the impact of
changing the controller timingg™! and7'<*! on the different controllers is discussed.
After that, the performance of the different controllers@npared.

Figure 6.3 (a) and (e) show the impactdtf on the TTS and on the mean reference
tracking error. For every sampling timi&*' there are multiple results, since the simu-
lations were repeated for different valuesidfe®'. Figure 6.3 (a) shows the impact of
the coordination layer sampling time on the TTS. It can besoled from this figure
that for low sampling times the TTS fluctuates considerailiien7™<! increases the
fluctuations decrease, and for higher valueg'tf the TTS starts increasing again,
which is mainly caused by the timE*f being close to the prediction horizon of 600
seconds. Figure 6.3 (e) shows the impact of the samplingTiitieon the mean ref-
erence tracking error. This plot shows a slight increaseérréference tracking error
when increasing the timg*f, although this result does not seem to be significant.

Figure 6.3 (b) and (f) show the impact6f°<®! on the TTS and on the mean reference
tracking error. Figure 6.3 (b) shows that an increasé'iff! results in an increase in
the TTS. Similarly, Figure 6.3 (f) shows that an increasg'iti*' results in an increase
in the reference tracking error. These results are bestigqul by the fact that a
smaller sampling tim@™"><2! results in the possibility of more rapid stage switching,
which allows for better tracking of the reference outflowecdories.

Figure 6.3 (a) and (b) also show the realized TTS of the LMLAd &CP strategies.
Figure 6.3 (a) shows that the LML-U strategy can realize thvest TTS. It also shows
that it is not sensitive to changes in the tifff&" until approximately 400 seconds. Af-
ter that, the TTS increases due to the tilfigd getting close to the prediction horizon.
The lowest TTS realized with the LML-U strategy is 234.33 ¥eh Figure 6.3 (b)
shows that the TTS increases when increasing the sampiieg/tP<®!. The best per-
formance realized by the LML-U + GRT strategy is 234.56 -hefor 7'°<?! being 1
second. When setting'°* to a more realistic value of 5 seconds, the lowest TTS is
235.45 vekh . In the case of the GCP, the lowest TTS realized is 238.16wveh

These evaluations show that a sampling tif#i¢ in the range of 300 to 400 seconds is
preferred for the performance. However, idedlly' is chosen small, so that the con-
trol strategy can quickly respond to disturbances. In otdeeduce the sampling time
T, it is suggested to study the use of an observer in futur@areseThe evaluations
also show that the performance loss incurred by the swigcbirthe stages is limited
when the mismatch between the process and prediction n®dgiall. Additionally,

it is shown that a smaller local sampling tirfi&<®! results in better performance due
to the ability to track the reference outflows more accuyatel
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6.3.3 Simulation set 2: microscopic simulation using Visan

The second set of simulations is carried out with a microscsimulation model. This
allows us to study the performance when applied to a more Eagrocess model.
The quantitative performance is studied by comparing tiérobstrategy to two other
control strategies and studying the impact of changes inctmgroller parameters.
Additionally, the qualitative performance is studied.

Simulation set 2: set-up

In this simulation set, Vissim 5.30 is used as the traffic floadel, with a sampling
time step of 0.2 seconds. Measurements are gathered artd 8éstlab R2016a every
second. The rest of the set-up is similar to that discuss&eation 6.3.2.

The same network model as in Figure 6.2 is used. However, dhenpeters used
in the prediction model are different when compared to theupaters discussed in
Section 6.3.2. The link parameters are shown in Table 6.%. oflgin capacities are
estimated ag;"” =2000 veh/hg™ =2000 veh/hg{5” =2000 veh/h.

In the various simulations, the local control strategy smggtime 7'°¢?! was varied
from 5 to 12 seconds. The coordination layer sampling tifife was given values of
30, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540, and 59(decdn this way,
the impact of the controller parameters on the controllefgpmance can be studied.
The prediction model used in the coordination layer usesrgbag time step of 10
seconds and a prediction horizon of 600 seconds. The fattaas set ta).3. The
clearance time between two conflicting links was set to 2 sg@soand the parameters
f,con Were set tol.4 - 1072,

Simulation set 2: quantitative results

The quantitative results are presented in the right tworokiof Figure 6.3. First,
the impact of the controller sampling tim&%f and7"'°<?! is discussed. After that the
performance is compared to the GCP.

Figure 6.3 (c) shows the impact @t on the TTS. It can be observed that the TTS
is lowest for sampling time%™' in the range of 200 to 300 seconds. This is in accor-
dance with the results obtained with the LTM. The reasonasttie reference outflows
are determined for average dynamics. When using small vaifi&™!, the frequent
updates of the MPC signal do not allow a good representafitimecaverage dynam-
ics. For high sampling timeg™!, the impact of the mismatch between the process and
prediction model becomes larger, as is also shown in Fig3régp.



Table 6.1: Link parameters used in the prediction model.

0.7

Link ¢free(s)  ¢shock(s)  nmax(veh) ¢'(veh/h)| Link ¢fee(s) shock(s) nmaX(veh) ¢**(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
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Figure 6.3 (d) shows the impact @f°°®! on the TTS. It can be observed that there
is no clear connection between the sampling tifff&*' and the TTS. When studying
Figure 6.3 (h), it is also clear that there is no strong cotioedetween the sampling
time 7' and the reference tracking error. This is best explainechbyntismatch
between the LTM and Vissim when predicting the intersectatflows with a time
horizon in the range of 10 seconds. Figure 6.3 (I) shows thganof 7' on the
prediction error of the bottom layer.

When examining the realized TTS in Figure 6.3 (d), it can bengbat the LML-U
+ GRT strategy can realize a TTS of 270.17 yetvhile the GCP can realize a TTS
of 279.35 vekh . The reason for this, as discussed in the next subsecsidnai the
approach proposed in this paper distributes the queuedimweretwork better. Also,
when studying Figure 6.3 (I) it can be observed that the meeal Iprediction error
of the GCP is consistently higher. The reason for this is thatpredictions in the
intersection layer are especially off when queues spilklhaaipstream intersections.
This affects the GCP more, because that strategy causesmuretspillback.

Simulation set 2: qualitative results

Figure 6.4 shows the number of vehicles over time in seviera for the two different
control strategies —i.e., the LML-U + GRT in the left colunamd the GCP in the right
column. Figure 6.5 shows the outflows of the network exits timee. The simulation
results with7'°c@! = 9 seconds and™ = 300 are used for the comparison. The
vertical lines are used to indicate the time instants 300, 460, and 1800 seconds
respectively. Below, the behavior is discussed using thigaees.

e Figure 6.4 (a) and (b) show that from time 80 to 300 the flow thiobottleneck
exceeds the bottleneck capacity and a queue starts builghinig link 7. This
occurs when using either of the two policies.

e Figure 6.4 (c) and (d) show that at time 300 (indicated withftrst vertical line)
the spillback reaches links 5 and 17 and both controllersargtore as much
traffic in these links in order to prevent blocking links 6 a&i

e Around time 460 (indicated with the second vertical linelllspck cannot be
avoided any more. The LML-U + GRT controller reduces the outfof link
5 so that queues built up in links 5, 4, 2, and 9. In contrash&a, tthe GCP
controller gives green to both links 5 and 17. This causdkbspk towards links
4 and 16, which causes blocking of links 6 and 18.

e Next, around time 650 (indicated with the third verticaE)rihe LML-U + GRT
blocks the outflow from link 17 in order to prevent spillbacklinks 8 and 1.
As shown in Figure 6.4 (c), the number of vehicles in link 5rdases while
the number of vehicles in link 17 increases. It is interestion see that links
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Results: LML-U + GRT Results: GCP
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Figure 6.4: Number of vehicles in the links 7, 5, 17, 9, and @rdime for the LML-U + GRT strategy
in the left column and the GCP strategy in the right columre Vértical lines indicate the time instants
300, 460, 650, and 1800 seconds.

2 and 9 do not seem that full around time 650. This is due to hloelswave
dynamics that cause a delay in the time when an outflow ineragink 5 leads
to increased outflows at upstream links 2 and 9. Hence, oolynak time 800
seconds do the queues in links 2 and 9 become more or lesssigti The GCP
controller does not have such a global view of the networkheaueue on link
2 grows, resulting in spillback to link 1 and an outflow redowstat link 11, as
can be observed in Figure 6.5 (c).

e At time 1800 (indicated with the righter most vertical linthle demands de-
crease. Due to this, the outflow of link 5 can be reduced withieggering
spillback to links 1 and 8 so that the queues on link 12, 14,ab@l, 17 can be
reduced.
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Figure 6.5: Outflow of links 7, 11, 15, and 19 over time for thdll-U + GRT strategy and the GCP
strategy. The vertical lines indicate the time instants, 3@, 650, and 1800 seconds.

6.4 Discussion

Several assumptions were made to simplify the problem addcein this paper. This
allowed us to combine optimization of the traffic flows at tlegwork level with local
signal controllers. This section discusses the implicatd these assumptions and
suggestions for relaxing them. It also discusses the stigfadf the framework.

It was assumed that no minimum and maximum green times, nanmiax or fixed
cycle time, no off-set, and no fixed stage sequences had torsdered. Including
these properties may affect the control performance, sinceduces the control free-
dom. In order to correctly take these properties into actdba network coordination
layer may need to be adjusted to reflect the impact of therdiftesignal controller
properties on the link outflows. Also, the logic of the loaatiersection control layer
may need to be adopted to ensure that maximum green timds, tayes, and fixed
stage sequences are realized. Depending on the problemtiypenay be achieved
by using heuristic approaches or optimization-basedeg@s. Hence, relaxing these
assumptions may require some theoretical extensions afitiocacl numerical evalu-
ations.

Apart from that, an idealized set-up was assumed in whichaisenand no uncer-

tainties were considered, and in which normal vehiculdfitrases the network. The

impact of uncertainties on the controller performance megufurther investigation

and, when needed, robust control strategies should beagmak(e.g., see Tettamanti
et al. [2014], Ukkusuri et al. [2010]). Different traffic tgp may be included by using a
multi-modal LTM, and public transport priority may be indied as constraints within

the optimization problem.
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The approach was designed for sub-networks consistingegé(al) tens of intersec-
tions at maximum, and was tested on a small network congisfithree intersections.
When applying the framework to larger networks, the comiptaime required by
the network coordination layer increases. The size of thenagation vector is given
as(n"+n°)NP (-) and the number of constraints is given(@s" +3n° +n +nm) NP
(-), with n¥ () the number of exits, ana" (-) the number of conflicts between links.

6.5 Conclusions and recommendations

This paper proposes a hierarchical control framework fordmated intersection con-
trol. The top layer — the network coordination layer — use®fiicient, linear MPC
strategy for the optimization of network throughput. Thepui of the network co-
ordination layer consists of reference outflow trajec®ifier the controlled links at
intersections. The bottom layer consists of the individaedrsection controllers that
actuate the stage that minimizes the current referendeigaerror. Simulations were
carried out to test the impact of the controller timings amdampare the performance
for the different timings. Simulations using the LTM as thegess model indicated
that the best performance can be obtained when using a ntedaraund 200 to 300
seconds) sampling time for the network coordination laylervas also shown that
a smaller sampling time of the bottom layer leads to imprgvedormance. It was
found that the policy proposed in this paper can realize a thagis only 0.5% worse
than the best possible performance when directly apphyjhegstgnal of the network
coordination layer. It was also shown that the controller catperform a greedy con-
trol policy that tries to maximize the individual intersiect throughput. Simulations
using microscopic simulation revealed that the contraitetyy is capable of efficiently
distributing the traffic over the network in spillback cotidins, even when a large mis-
match between the prediction and process model is present.

Further research can investigate the application of th@dveork to an intersection
signal program where fixed stage sequences and minimum grnees are included.
Additionally, the application to a network that consisthieterogeneous vehicle types
— e.g. vehicles, public transport, and bicycles — may beistudrinally, further re-
search can be carried out into the design of an observer sthithaampling time of
the network coordination layer can be reduced.
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Chapter 7

Conclusion and recommendations

This dissertation addressed the challenge of developiraesit network-wide traffic
control algorithms. The proposed algorithms are inspingdecent technological in-
novations and scientific insights as discussed in detaiertién 7.1. Because of the
complexity of the traffic control problem for entire urbamgi@ns, this dissertation fo-
cused on developing control algorithms for medium-to4esgale networks consisting
of tens of intersections or tens of kilometers of freewaycti®a 7.2 presents, among
others, recommendations for generalizing the results tioeetrban regions and rec-
ommendations for further improving the proposed algorghr$ection 7.3 presents
recommendations for applying the concepts in practice.

7.1 Summary and conclusions

This dissertation proposestveral computationally efficient network-wide traffic con
trol algorithms for throughput improvement of medium-&ogke scale freeway or urban
traffic networkghat:

e coordinate the control actions of (different types of) atbus at different loca-
tions in the network,

e take the impact of the control actions on the network-widégueance over a
time horizon into account.

Improving the network-wide throughput by coordinating toatrol actions of the ac-
tuators in a network is a complex problem. This complexitgasised by the large
number of decision variables which is challenging from a patational point of view

but it is also challenging from a theoretical point of viewedio the many problem
characteristics that need to be accounted for.

177
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The proposed algorithms are designed to exploit recenht#obical innovations and
scientific insights. The most relevant technological irat@ns for the algorithms pro-
posed in this dissertation is the proliferation of in-védi@chnology enabling cooper-
ative systems. This may provide more accurate traffic estomaby using floating car
data (FCD), new data types, such as the planned route ofdlo@diwehicles, and more
accurate actuation possibilities by considering the iiggial vehicle as the controlled
element. The most relevant insight for the design of freetnadfic control algorithms
in this dissertation is the application of shock wave theorglescribe the effect of
variable speed limits (VSLSs) on the traffic flow. The most val® insight for the de-
sign of urban traffic control algorithms in this dissertatis the application of the link
transmission model (LTM) to describe the urban traffic dyitam

This dissertation consists of two parts in which new aldoni$ are proposed based
on these innovations and insights. The first part of thisedtation proposed two al-
gorithms for the control of the speed of freeway traffic anddatrol on-ramp flows.
The second part of this dissertation proposed three afgosifor the control of urban
traffic networks using intersection control and route gowa

Evaluations using simulation were carried out to study thiéty of the algorithms
to improve the balance between computation time and pedoca, and to study the
gualitative behavior of the different controllers. In tie@rainder, we take a closer look
at the specific conclusions per thesis chapter.

Chapter 2 proposed aooperative speed control algorithm to resolve jam wawes
order to improve the freeway throughput. The algorithm ukesndividual vehicles
as detectors and actuators assuming a 100% penetraticancateork as follows. The
individual vehicles detect based on their (historical)espdata whether they are driv-
ing in a jam or not, this is called the detection mode. Thealekisend their detection
mode, speed and position data to the roadside. The roagsitirsthen uses this data
to determine the location of the jam head and the requiredndyistrategies — called
driving modes — of the vehicles on different segments of teeviay. The roadside
system then sends a generalized message to the vehicleatingibetween which lo-
cation which driving mode is active. Finally, vehicles astjtheir speed accordingly
either by following in-vehicle instructions, or by diregiihfluencing the speed of the
vehicle. This set-up was chosen, since, it does not reqoistore privacy sensitive
GPS position and speed data at the roadside, nor is it reftoraddress individual
vehicles using a unique ID. Evaluations using simulatioovgtd that the algorithm
can improve the freeway throughput by resolving a jam wand,can stabilize traffic.
In the idealized case of a one-lane freeway this led to a tiota spent (TTS) reduc-
tion of 7.3% and in a more realistic case consisting of a tarelfreeway this lead
to an average TTS reduction of 17.3% compared to the no@ardse. It was also
shown that the algorithm can realize a similar qualitatigbdvior when compared to
the SPECIALIST algorithm. This is an important observatgince the SPECIALIST
algorithm has been proven in the field.

This chapter shows that an efficient algorithm for the cdrdfdraffic flows using co-
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operative systems can be developed. An advantage of thethigas that it requires a
negligible amount of computation time which is importanvem the large amount of
decision variables involved when controlling the speedlidha vehicles on a freeway.
This chapter did not indicate whether the use of these tdobies will also lead to a
performance gain in practice when compared to existinggtfucture-based technolo-
gies. In order to conclude this, it is required to adapt tlgo@dhm to be applicable
to more realistic situations with lower penetration rates] noisy measurement data,
and to assess the performance using extensive simulatidiestaccordingly. The al-
gorithm is designed to resolve a jam wave on a homogeneaislsof freeway and is
not specifically designed to account for overtaking. Hemcklitional research is re-
quired to study the application of the algorithm to more gehsituations that include
not only jam waves but also other congestion types, to stoeynpact of overtaking
on the algorithm, and to study the application of the al¢ponito more general road
lay-outs that include, among others, merges, divergesamps, and off-ramps.

Chapter 3 proposed arfficient optimization approach for integrated control GL\s
and ramp metering (RMjo improve the freeway throughput. The balance between
computation time and performance was improved by redutiagtimber of optimiza-
tion variables through parameterization of the VSL and Rihal. The parameterized
VSL signal consists of the speed with which the downstreathugostream boundaries
of a speed-limited area propagate. Itis assumed that thaegeepeed inside the speed-
limited area is equal to the effective speed of the imposeediimits. By changing
the speeds of the downstream and upstream boundaries qigbd-8mited area, the
density and flow inside and downstream of it can be influen€ad parameterization
reduces the number of variables from the number of varialdesage signs to just 2
per time-step. The number of RM control variables per RMaitation is reduced
from the number of controlled time-steps within the contratizon to 5. The first RM
decision variable is the time when a feedback RM strateggdas the well-known
ALINEA algorithm is switched on. The density set-point oististrategy is the second
decision variable. The third variable is the time when thepsént is adjusted to a new
set-point which is the fourth decision variable. The finatid®n variable is the time
when RM is switched off. This parameterization reduces tivalver of decision vari-
ables while still being able to switch between various RM@es$. Evaluations using
macroscopic simulation indicated that a better balancsd®t computation time and
performance was realized for a VSL-only and an integrated &1 RM set-up when
compared to a nominal model predictive control (MPC) aliponi. It was also shown
that the algorithm is capable of improving the throughputio different traffic situa-
tions, namely, when resolving a jam wave, and when prevginttleneck congestion.
The algorithm was also analyzed qualitatively, showingdifierences between using
VSL-only, RM-only and integrated VSL and RM.

This chapter showed that an efficient optimization apprdaclntegrated control of
VSLs and RM can be developed. The proposed parameterizadi®several advan-
tages. First, due to the reduction of the computation tinemébles the use of more
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complex prediction models or to control larger networkscddel, the imposed speed-
limited area is more insightful when compared to a nominal\#rategy which may
help to obtain trust of the authorities in the proposed stpat Two approaches to re-
duce the computation time even further may be to; 1) provabegstarting points for
the optimization problems — for instance, based on the SRHEHSIT control scheme
— or 2) by including an end-cost function that allows to rezltlee prediction horizon.
Additional research is required to apply the proposed eqgsain practice. One im-
portant area of investigation is the quality of traffic stagtimations and disturbance
predictions and the influence of that data on the performahtiee control algorithm.
Another relevant direction for further research is thegné¢ion with cooperative sys-
tems. For instance, this may require to translate the opéidhsignals to a control sig-
nal for individual vehicles, but it may also be needed to aaialy describe the impact
of in-vehicle measures — such as, in-vehicle VSLs — in thec(osropic) prediction
model.

Chapter 4 proposed aefficient MPC strategy for optimizing the traffic flows thaiss
intersectiondn order to improve the urban road network throughput. Theppsed
MPC strategy uses the LTM as the prediction model and agtgedhe traffic flow
dynamics to tens of seconds so that, instead of green-tthefactions of green-time
used by every stream are the optimization variables, whielcantinuous. The use
of the LTM as the prediction model has several advantagest, Bhe LTM describes
the link dynamics using just two traffic states, namely, thenalative inflow and out-
flow. This reduces the dimension of the corresponding ogtition problem when
compared to approaches that divide a link into segmentrisiethe LTM is capable
of describing downstream propagating waves caused by fveenty traffic, queuing
dynamics, and upstream propagating waves caused by spillbBhe downstream
propagating waves allow to coordinate the flows exchangeadas intersections in
free flow conditions. The queuing dynamics and upstreamagajing waves allow
to distribute the queues over the network in congested tondi It is shown using
macroscopic simulation that the use of the LTM leads to &ebbtlance between com-
putation time and realized throughput when compared toeatiMPC strategy based
on the cell transmission model. It is also shown that theusionh of upstream propa-
gating waves leads to better throughput when comparednearlMPC strategy based
on the store-and-forward model but also that this requireeroomputation time. The
strategy was able to optimize the flows in a large network isting of 96 controlled
elements in a maximum CPU time just under 1 minute.

This chapter showed that it is possible to optimize the flovesi urban network using a
computationally efficient algorithm that can consider dets@am and upstream propa-
gating waves and queuing dynamics. A major advantage whapaced to other com-
parable approaches is that it can distribute queues moceeetty over the network in
the oversaturated regime when considering aggregatdit tdghamics. However, it
is not straightforward to conclude whether this approach also help in practice.
The reason for this is that this would require to translagedptimized flows to signal
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timing plans. This is not a trivial problem because seveegrdes of freedom exist
when designing a signal plan; e.g. 1) the cycle length ofriter$ections; 2) the offset
between intersections; 3) the set of stages that are intludéne signal plan; and 4)
the order of the stages within each cycle. All these elemehtse signal plan may
influence the controller performance, and thus need to bgechproperly.

Chapter 5 proposed aefficient optimization strategy for the control of flows tbeiss
intersections and routing decisions order to improve the network throughput. The
inclusion of routing decisions results in the optimizatmwablem of Chapter 4 in a non-
linear prediction model and optimization problem. Theref@n efficient optimization
algorithm of the sequential linear programming (SLP) typaesed. Such an algorithm
uses the gradient of the objective function in an operatwmigtp Conventional solvers
use a numerical approximation of the gradient which is vengtconsuming for large
optimization problems. Therefore, an analytic approxioradf the gradient is derived
in this chapter. This gradient is obtained by predictingttiaéfic state using the non-
linear model for a given control signal. Next, the turn-fraos are estimated from the
predicted traffic states and a similar linear prediction ela$ used in Chapter 4 is
obtained. After that, the impact of changing the flows andingudecisions onto the
turn-fractions is estimated analytically and includedhia tinear model. Evaluations
using macroscopic simulation revealed that the algoritamrealize a better balance
between computation time and throughput when compareddiyiag a conventional
numerical optimization algorithm.

This chapter showed that the intersection flows and routaagstbns can be optimized
using an efficient algorithm. The realized computation tgmae is indeed promising,

but additional research is required before applying theetyy in practice. Similarly as

in the previous chapter, a translation of the optimized fltm&gnal timings is needed.
Additionally, it has to be determined what the compliancehe routing decisions

is and either the optimization approach has to consider tange, or the actuation

has to be adapted to ensure full compliance using for instémonetary) incentives.

Another direction for further research is to further extémelprocedure to approximate
the gradient.

Chapter 6 proposed dierarchical control framework for coordinating the sigriam-
ings of intersections order to improve the network throughput. The framework-co
sists of two layers. The top layer uses the MPC strategy [segan Chapter 4 to
optimize the aggregated flows at intersections. These floaysend to the bottom
layer as outflow references that consist of the individutdrsection controllers. The
task of the individual intersection controllers is to atcéuat every controller time step
of the bottom layer the stage — i.e., set of streams that cactie simultaneously
— that is expected to minimize the reference tracking erwwing the next time-step.
In this way, the top layer can use an efficient MPC strategyittridute the average
traffic flows over the network and the individual interseotmontrol problem is sim-
plified to a local problem that still leads to network-widafpemance improvements.
Evaluations using macroscopic simulation are carried @study the added value of
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the network coordination layer, and the impact of the timomgo the controller per-
formance. Evaluations using microscopic simulation rgkthe controllers ability to
improve the throughput by distributing the queues over ttgvark in a more realis-
tic set-up when compared to independently maximizing théaw of the individual
intersections.

This chapter showed that coordinating the flows exchangeudes intersections us-
ing the MPC approach proposed in Chapter 4 can improve thveonleiperformance,
even when considering signal timings. It cannot be conduaeether this will also
work well in practice for several reasons. First, the sigimng plan was simplified
when compared to a realistic signal timing plan. The apgraaay need to be ex-
tended or modified in order to apply it to more realistic sigimaing plans. Second,
more extensive evaluations are required that include, gnotimers, noise and uncer-
tainties, more realistic networks, and more stochastics.

7.2 Recommendations for further research

The algorithms proposed in this dissertation mainly adardshe challenge of real-
izing a better trade-off between computation time and perémce of network-wide

traffic control algorithms. This section details severalomendations for further
research. First, Section 7.2.1 presents additional relsearintegrate the proposed
sub-network controllers in an approach for an entire urlegion. Next, Section 7.2.2
presents recommendations to further improve the propdgedthms.

7.2.1 Coordinated control of urban regions

The algorithms proposed in this dissertation were desidgmeshedium-to-large scale
urban or freewaynetworks. This simplified the sub-network control probleontisat
a good trade-off between computation time and performana&de realized. Ad-
ditional research is required to study how the flows exchdrgtween different sub-
networks have to be managed in order to improve the perfazenahan entire urban
region which may span several hundreds of kilometers anddsseveral millions of
people.

More research is needed into the development and applicatiefficient control al-
gorithms that coordinate the flows exchanged between diftesub-networks. Simi-
larly as with the control algorithms proposed in this dissgon, a balance has to be
found between computation time and performance. Such aritdm would have
two functions, namely, optimizing the flows exchanged betweegions, and provid-
ing predictions of the inflows and desired outflows of theadight sub-networks. The
controller sampling time can be chosen relatively large, in the range of tens of
minutes. Below two promising research directions are dised.
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One promising approach is the use of the NFD within an MPC é&ark as done by
Hajiahmadi et al. [2013b], Haddad et al. [2012]. The advg@taf this approach is that
the complexity of the optimization problem can be reducesstically. However, also
several issues have to be investigated to analyze the ii@gsb applying the frame-
work. First, both the control strategies used in the sulvoeds, and by the regional
MPC strategy itself may affect the shape of the NFD. It mayrvestigated whether
this affects the controller performance, and when need#dstmay be included in
the controller design. See Zhou et al. [2016] for an exampkelderarchical control
framework using an MPC based on the NFD for the higher levélamMPC based
on the S-model to control the sub-networks. Second, the NRiesigned for urban
networks. However, also an efficient model for freeway neksas required that is
capable of predicting the flows in a large freeway networkgsiery little computa-
tion time. Third, an approach is needed to choose the swenleboundaries so that
optimal network performance can be achieved, see e.g. §JGanoliminis, 2012, Ma
et al., 2009, Etemadnia et al., 2014, Hisai and Usami, 2006].

Another promising approach is the use of a decentralizett@dnamework based on
distributed MPC. Frejo and Camacho [2012] have extenssiiglied the application
of distributed MPC to a freeway network, Tettamanti and ¥afg010] proposed a
distributed optimization algorithm for urban traffic cowitrin distributed MPC, every
sub-network is optimizing an objective function that exgs@s the local performance
and the impact of the realized outflows onto the rest of thevadt One of the chal-
lenges of this framework is to find an expression for the imgdd¢he sub-network
control actions onto the entire network performance.

7.2.2 Further improvements of proposed algorithms

The proposed algorithms may be improved in various waysogelarious directions
are detailed that discuss additional research to furtregdpp the algorithms, to make
even more use of in-vehicle technology enabling cooparatixstems, to study the
impact of noise and uncertainties, or to further generahegoroposed algorithms.

Further improvement of the balance between computation tine and performance

There is room for further improving the balance between aataion time and per-

formance of the proposed algorithms. In fact, it is likelgttkhere will always be new
innovations and scientific insights to improve this balantke directions discussed
here are limited to extensions of the proposed algorithms.

The prediction horizon may be shortenedibgluding end-cost function& reduction

of the prediction horizon reduces the dimension of the ottion problem, and as
a consequence reduces the computation time. However,lsoisnereases the likeli-
hood that the optimized signal is myopic, i.e., it minimizlee short term but not the
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long term costs. Including end-cost functions is a prongsdirection to reduce the
prediction horizon while being able to take the long-terratsonto account. See e.g.
Jamshidnejad et al. [2016] who proposed an MPC strategyrfmrutraffic network
control that uses end-point penalties.

Another approach to reduce the computation time eweelop a procedure to choose
good starting point$or the optimization. This may especially help when muéiacal
minima exist. An example of such a starting point for the peeterized MPC strategy
proposed in Chapter 3 may be the use of the SPECIALIST costt@me. The MPC
can then further improve the shape of the imposed VSL arehaattoptimizes for
the details in the traffic flows, such as, on-ramp and off-raraffic. A risk of such a
strategy is that the local optima found in this way are noselto the global optimum
due to the selected control strategy.

Using in-vehicle technology enabling cooperative systems

In-vehicle technology enabling cooperative systems hagttential to improve de-
tection and actuation possibilities which may lead to mdfieient traffic control al-
gorithms. This dissertation presented an algorithm in @repthat is specifically de-
signed for an in-vehicle system. One of the issues of usiisgiéichnology to control
the traffic is that the number of actuators is very large. leoptimizing the desired
behavior of every vehicle in order to improve the networlotilghput results in a very
large optimization problem. An extension of the COSCAL wjaaithm to account for
on-ramp flows is presented in van de Weg et al. [20144a]. Itjpeeted that extending
the theory to more complex road lay-outs consisting of rpldton-ramps, off-ramps,
and lane-drops may be difficult to realize using an analypigreach as proposed in
van de Weg et al. [2014a].

A promising research direction is to develomalti-layer or hierarchical control strat-
egy for cooperative systemshe top layer optimizes the network performance based
on flows while the lower level controls the individual velgslto optimize the differ-
ent segments. This would require to develop traffic flow medeat provide a good
balance between computational complexity and accuracyaafetimg the in-vehicle
system.

In-vehicle technology and road-side technology will cesein the coming decades
One of the reasons for this is that not all vehicles will beipped with in-vehicle
technology enabling cooperative systems. Therefore, @msythat uses cooperative
systems should be able to work with a mix of infrastructuaedsl systems and in-
vehicle technology. Hence, it is recommended to developrilgns that are able of
utilizing both in-vehicle and infrastructure-based tedlogy. Note that Mahajan et al.
[2015] proposed an infrastructure-based variant of the CA&LSv1 algorithm called
COSCAL v2.
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Impact of noise and uncertainties

An ideal world was considered in this dissertation in whichnmeasurement noise or
disturbance prediction uncertainties were considereso Alase studies were designed
to study the balance between computation time and contqeddormance by using
simulation models that provided a small mismatch betweempthcess and prediction
models. Additional research is required when relaxingdfassumptions as explained
below.

The controller performance when subject to noise and uag#reshas to be investi-
gated. The first step would be to study the impact of measurenase or uncertain-
ties in the disturbance predictions or in the prediction eledn the controller perfor-
mance. It is well-known that the performance of control alfpmns that anticipate the
impact of local control action on the rest of the network mayalfected by prediction
uncertainties. Additional simulation studies are recomdael in which the impact of
these uncertainties is systematically investigated. Déipg on the outcome of these
evaluations, the following additional research may be ireguto limit the impact of
noise and uncertainties.

Observers and filters may need to be desigtedilter the measurement noise and
estimate the traffic state that is used by the control algmist Since traffic state esti-
mation is an intensively studied research area, off-trevehalgorithms may be used.
It is recommended to include observers and filters and etealhh@ impact of noise
and uncertainties on the controller performance using meakstic simulation exper-
iments. Additionally, new data types, such as, FCD, radaret®oth, or video data,
may be used to acquire better estimates of the traffic state.

Disturbance prediction algorithms may have to be develohed provide the sub-
network control algorithms with an estimate of the neawfetdisturbances, such as,
the traffic demand, the turn-fractions or the route choicerréhtly, such algorithms
base their predictions on historical and real-time indigctietector loop data. How-
ever, the (planned) routes of road-users may drasticalprone this estimation, al-
though it may also cause some interesting control problenaésaussed in Chapter 5.
Additionally, the inclusion of a sub-network coordinatiafgorithm may be used to
control the flows which may also influence the available prtgoin of the disturbances.

Robust control algorithms may need to be apptieat guarantee a certain performance
in uncertain traffic situations. These algorithms may begihesl to recover quickly
when an incident occurs — such as a crash or a bridge openingppeevent perfor-
mance degradation under uncertain conditions. A promisasgarch direction is the
use of robust MPC, see e.g. [Tettamanti et al., 2014]. Howevehallenge is that
accounting for uncertainty can be computationally complexsen [2016] took a step
in this direction by extending the linear MPC strategy pigobin Chapter 4 so that it
keeps additional storage space in the links in the overai@d traffic regime using a
computationally efficient optimization algorithm.
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Heterogeneous traffic

This dissertation focused on networks used by vehiculdiidraln practice, traffic
networks are used by heterogeneous traffic consisting afpngrathers, ‘standard’ ve-
hicles, trucks, bicycles, pedestrians, emergency vesjialed public transport. Further
research is recommended to study the application of theaadgorithms proposed
in this dissertation to a wider variety of traffic. One resbadirection is the use of
robust control algorithms as discussed above. Anotheeisisle of multi-mode traffic
flow models.

Various objective functions

This dissertation focused on the improvement of throughlpypractice, other perfor-
mance indicators have to be considered as well. Additiczsdarch is recommended
to extend the proposed algorithms to include other objedtwmctions. It may also
be the case that the objective function may vary between itfereht sub-networks,
since, the (different) authorities may have different objes. This requires additional
research as well.

Other types of actuators

This dissertation proposed algorithms f@riable speed limits, ramp metering, traffic
lights, and route guidanceOther types of actuators may also be included, especially
considering the fact that the proliferation of in-vehideshnologies enabling cooper-
ative systems allow more alternative types of traffic cdntneasures. This requires
first to study how these actuators affect the network flowd,salbsequently to include
them in an efficient control or optimization algorithm.

Integration with demand management measures

This dissertation focused on maximizing the use of the xgsnfrastructure. How-
ever, when there is simply too much traffic, inefficiencie g inevitable. Hence, it
is recommended to study the integration of traffic controhewges with demand man-
agement. Especially the interaction between demand maregeand traffic control
measures is an interesting research topic.

7.3 Towards application of concepts in practice

Several open questions need to be addressed before thesedoglgorithms can be
applied in practice. Some of these questions are relatetlitlying practical issues,
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such as the impact of noise and uncertainties on the perfarenaf the algorithms.
Other questions are related to preparing the algorithmspgtications in practice.
These questions are discussed below.

The impact of noise and uncertainties on the performance

As discussed above, noise and uncertainties affect therpgathce of the algorithms. It
is recommended to first systematically assess the qualibheafata available for traffic
state estimation and demand predictions. This may provisight into the certainty
with which the demand can be predicted. Next, it can be asddesvhat extend this
realistic data affects the controller performance. Basethese assessments it may
be recommended to develop better state estimation or depraddttion algorithms,
install better detectors, or to adjust the algorithms by imakhem robust or tune more
conservatively as also discussed in Section 7.2.2.

Assessment of the expected impact of control measures

Assessment of the expected impact of control measuresliseedo determine whether
it is beneficial to implement a measure at a site. This requoeevelop a framework
to quantify the potential gain at a specific site. This is ntaal task, since, it re-
quires a good data set, but also requires theoretical davelots. An example of such
an analysis is presented in van de Weg et al. [2014b]. Tharexaante data analysis
technique is proposed to assess the potential gain of aygyW SL measure to resolve
jam waves on the A13 freeway in the Netherlands.

Satisfying practical requirements

The algorithms may need to be adapted to satisfy all the rexpaints that are needed
for practical application. These requirements may be harewelated. For instance,
the algorithms need to be able to deal with communicatioaydebetween detectors,
the control system, and the actuators. Apart from that, ldp@ridhms may need to be

tailored to work on a specific site. For instance, the algarimay need to be adopted
to include a specific road lay-out, to account for priorithiges, such as emergency
vehicles or public transportation, and to account for vasitypes of road-users, such
as vehicles, pedestrians, and cyclist. Also, the compdiamith the measures may
need to be included in the algorithms, or new actuation aures may need to be
developed to guarantee a certain compliance rate.

Extensive evaluations

Itis recommended to carry out extensive simulations of the@sed algorithms before
implementation at a specific test site. These simulationgpcavide, among others,
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insight into the potential performance gains of the proposigorithms in practice,

insight into the algorithmic behavior, and insight into ihgact of changing the pa-
rameter values from which tuning guidelines for practiggplecation can be derived.
This requires to evaluate using simulations which are asecto the real set-up as
possible, i.e., the road lay-out and traffic situations &thbe similar.
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Summary

Traffic control algorithms are not always able to efficienttifize the network capacity
causing economical and societal costs. The main compigé&ictor of network-wide
traffic control is (simply) the size of the network, espdgialthen controlling the traffic
in an entire urban region — i.e. a densely populated areairigpgsveral millions of
people. Controlling the traffic in such a region requires ¢berdination of several
hundreds of actuators, such as variable speed limits (VSkag)p metering (RM),
traffic lights, and route guidance. This is a challengindopgm from a computational
point of view due to the large amount of decision variables diso from a theoretical
point of view due to the many problem characteristics thate be accounted for.

A promising approach to control the traffic in very large netks is to divide the net-
work into sub-networks. Aub-networks defined in this dissertation asreedium-to-
large scale networkonsisting of tens of kilometers of freeway or tens of ingetsns.
The sub-network controllers are used to optimize the perémice in the sub-networks
while a higher level controller optimizes the flows that akxelenged between the
sub-networks leading to network-wide performance impnoet. In this way, the
sub-network controllers can consider more detail whilertigdaer level controller can
consider more simplified or aggregated dynamics. This destsen focuses on the de-
sign of algorithms for sub-networks in the light of a mukisl or hierarchical system
as discussed above. Two types of sub-networks are condjdamely, freeway and
urban sub-networks.

Ideally, a freeway or urban traffic control algorithm is atdeautomatically select the
control signals that maximize the sub-network throughputifferent (traffic) situa-
tions. Although various optimization-based algorithmsgeéhbeen proposed to achieve
that goal, this type of algorithm has not been implementgaractice due to several
reasons, namely; 1) the computational complexity of thexpéation problem, 2) the
noise and uncertainties involved when estimating traffdtest and predicting distur-
bances, and 3) the not very insightful optimized controlass. In contrast to that,
mainly non-optimizing control algorithms of the feedbacklte feed-forward type are
implemented in practice. Advantages of these algorithreglzat they require little
computation time, that they do not rely on demand predisti@amd that they exploit
simple or insightful algorithmic formulations. Howevengly may not be able to opti-
mize the performance in all traffic situations.

Recent technological innovations and scientific insightsie opportunities for im-
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proving both freeway and urban traffic control algorithmecHinological innovations,
such as the proliferation of in-vehicle technology enaptinoperative systems, can be
used to provide better detection and actuation posséslitiat may be used to improve
the controller performance. Similarly, scientific insigimay be used to develop new
algorithms that make more efficient use of existing detectiod actuation possibili-
ties. In some cases, a combined approach may be followedichwiew algorithms
are developed that make efficient use of new detection an@dtmh possibilities.

Given the network-wide traffic control problem and the oppoities to improve traffic
control algorithms as discussed above, the main aim of tbsedation ishe design of
computationally efficient traffic control algorithms for th roughput improvement
of medium-to-large scale freeway or urban traffic networks hat:

e coordinate the control actions of (different types of) atbws at different loca-
tions in the network,

¢ take the impact of the control actions on the network-widdgueance over a
time horizon into account.

The main research objective is achieved by developing akakyorithms for the con-
trol of traffic in freeway networks (part 1) and urban traffietworks (part Il) as dis-
cussed below.

Part | — Freeway traffic control

Cooperative systems can be used to develop more efficienwtdnetraffic control algo-
rithms when compared to existing, purely infrastructuasdd systems. The reason for
this is that using in-vehicle technology may provide moreuaate and faster detection
and actuation possibilities. However, not many approatdrethe coordinated control
of individual vehicles to control the traffic flows on an eatfreeway stretch exist.

To this endChapter 2 proposes @ooperative speed control algorithm to resolve jam
wavesn order to improve the freeway throughput. The algorithnalletl COSCAL v1

— uses the individual vehicles as detectors and actuatsusrasg a 100% penetration
rate. The road-side system computes based on floating arf@D) which driv-
ing strategy vehicles on the freeway have to follow betweéickvlocations on the
freeway to resolve the jam wave and stabilize the traffic. Ukations using micro-
scopic simulation show that the algorithm is able to imprthes freeway throughput
by resolving a jam wave using a negligible amount of compataime. Hence, this
chapter shows that the it is possible to develop efficienralgns for the control of
traffic flows using cooperative systems.

The application of control strategies that optimize the #detween different network
elements — e.g. on-ramps, off-ramps, bottlenecks, and esgigm has the potential
to improve the freeway performance as well. One of the maues of this type of
algorithms is balancing the required computation time agrfiopmance of the control
strategy.
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Hence,Chapter 3 proposes a&omputationally efficient model-based predictive con-
trol (MPC) strategy for coordinating VSLs and RM instaltats in order to improve
the freeway throughputThe balance between computation time and performance is
improved by reducing the number of optimization variableetigh parameterization
of the VSL and RM signal. The parameterized VSL signal cassisthe speed with
which the downstream and upstream boundaries of a spedddiarea propagate. The
parameterized RM signal consists of the density set-poingsfeedback RM strategy
based on the ALINEA algorithm and the time when the settifgh@®feedback strat-
egy are changed. The approach is evaluated using macrossiapilation for two
different cases, namely, when resolving a jam wave, and ywheventing congestion
caused by a high on-ramp demand. It is shown that the propgd&&€tiapproach can
realize throughput improvements of 12% and 10% respegtwhlle realizing a better
balance between computation time and throughput comparadbn-parameterized
MPC strategy.

Part Il — Urban traffic control

Improving the throughput of urban traffic networks is a coaxpproblem due to,

among others, the discontinuous nature of the intersetibars, the large number of
actuators, and the characteristics of the urban trafficayce To the best knowledge
of the author, a computationally efficient optimizationaithm for the coordination

of intersection flows that can realize good performance imadfic regimes is currently

lacking.

Therefore,Chapter 4 proposes arefficient linear MPC strategy for optimizing the
traffic flows in order to improve the urban road network thropgt The proposed
MPC strategy uses the link transmission model (LTM) as thegligtion model and
aggregates the traffic flow dynamics to tens of seconds. Sead of green-times, the
fractions of green-time used by every stream are the opditioiz variables, which are
real-valued. It is shown using macroscopic simulation thatuse of the LTM leads to
a better balance between computation time and realizeddghput when compared to
a linear MPC strategy based on the cell transmission motie.also shown that the
inclusion of upstream propagating waves leads to betteutirput when compared
to a linear MPC strategy based on the store-and-forward hid@lso that the MPC
strategy requires more computation time.

The application of cooperative systems may lead to imprgextbrmance of urban

traffic control algorithms. However, it may also cause aernattion effect between
the chosen intersection control strategy, and the routeetud the road-users. Hence,
in order to maximize the network performance, a controltsa has to account for
the impact of the control signals onto the route choice artdrially control the route

choice itself. However, jointly optimizing the signal tings and route choice is a
computational complex problem.

Chapter 5 proposes aefficient optimization strategy for the control of flows andtr
ing decisions in order to improve the network throughptihe inclusion of routing
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decisions results in a non-linear prediction model andnogation problem. There-
fore, an efficient optimization algorithm of the sequenliaear programming (SLP)
type is used and an analytic procedure to approximate thdiegrain an operating
point is proposed. It is shown using macroscopic simulatithat the algorithm can
realize a better balance between computation time andghpaut when compared to
applying a conventional numerical optimization algorithm

The algorithms proposed in Chapter 4 and Chapter 5 both asthanthe traffic flows
at intersections are continuous. However, intersectiomsflare discontinuous so that
directly optimizing the signal timings leads to a discontns optimization problem.
Solving such a problem is not feasible in real-time when iggpio medium-to-large
scale networks. Hence, an alternative approach may be ci¢lealecan coordinate the
signal timings in a network without directly optimizing tegnal timings.

To this end,Chapter 6 proposes dierarchical control framework to coordinate the
signal timingsn order to improve the urban network throughput. The fraorveon-
sists of two layers. The top layer uses the MPC strategy [m&gan Chapter 4 to
optimize the aggregated flows at intersections. The bot&y®rlconsists of the indi-
vidual intersection controllers which actuate at everyetistep the stage that leads to
the best tracking of the optimized outflows. Evaluationsg$nacroscopic simulation
are carried out to study the added value of the network coatidin layer, and the
impact of the timing onto the controller performance. Ewailons using microscopic
simulation demonstrate the controllers ability to impreélve throughput by distribut-
ing the queues over the network when compared to maximiziagoutflow of the
individual intersections without coordination even wheibject to a larger mismatch
between prediction and process model.

In conclusion this dissertation proposed several computationally effichetwork-

wide traffic control algorithms for throughput improvemehimedium-to-large scale
freeway or urban traffic networks. These algorithms aregihes] to coordinate the
control actions of (different types of) actuators at difetr locations in the network
and to take the impact of the control actions on the netwddewperformance over
a time-horizon into account. This is realized by exploitiveyv features of in-vehicle
technology enabling cooperative systems to provide begtection and actuation pos-
sibilities and by using recent scientific insights to depeiwore efficient algorithms.

Various directions foffurther research are proposed.First, additional research is
required to integrate the proposed algorithms into a heereal of multi-layer frame-
work for the coordinated control of entire urban regioBgcondthe algorithms pro-
posed in this dissertation may be further improved, foranse, by further improving
the balance between computation time and performance,rthefuexploiting the po-
tential of in-vehicle technologies, or by studying the irapaf relaxing the assump-
tions used in this dissertatiomhird, recommendations for the application of concepts
in practice are presented.



Samenvatting

Verkeersregelalgoritmes zijn niet altijd in staat om deadieit van een verkeersnet-
werk volledig te benutten, wat economische en maatschigfgp&bsten tot gevolg
heeft. Een van de belangrijkste oorzaken hiervan is (siwgzgplde netwerk grootte. In
het bijzonder als het verkeer in een gehele stedelijke rediov.z. een dichtbevolkt ge-
bied waarin miljoenen mensen wonen — geregeld dient te woildi vereist namelijk
de coordinatie van honderden actuatoren, zoals variamatheidslimieten (VSLS),
toeritdoseringsinstallaties (TDIs), verkeerslichterdgnamische route informatie pa-
nelen. Dit is een uitdagend probleem vanuit een rekenkuodgpunt vanwege het
grote aantal beslisvariabelen, maar ook vanuit een theohebogpunt vanwege de
vele probleem-karakteristieken waarmee rekening gehrodast te worden.

Een veelbelovende aanpak om verkeer in zeer grote netwerkegelen is het opdelen
van het netwerk in deel-netwerken. In dit proefschrift is deel-netwerlgedefinieerd
als eermiddel- tot grootschalig netweltkestaande uit tientallen kilometers snelweg of
tientallen kruispunten. De deel-netwerk-regelingenroptiseren de prestatie van de
deel-netwerken, terwijl een regeling op een netwerk-breeelau de verkeersstromen
optimaliseert die tussen deel-netwerken worden uitgeldssodat de netwerk-brede
prestatie verbetert. Deze opzet zorgt ervoor dat de déelenle-regelingen meer de-
tails van het verkeersproces kunnen beschouwen terwijlet@ank-brede regeling
versimpelde of geaggregeerde verkeersdynamiek kan beseho Dit proefschrift
richt zich op het ontwerpen van algoritmes voor deel-netesmiin het licht van een
multi-level of hiérarchische regeling zoals hierbovesdigeven. Twee typen deel-
netwerken worden beschouwd, namelijk snelweg en stadroielerken.

De ideale snelweg- of stadsregeling kiest automatiscregjielsignalen die de prestatie
van het deel-netwerk optimaliseren in verschillende (gerk-)toestanden. Alhoewel
er in de literatuur verscheidene optimalisatie-gebasealgoritmes zijn beschreven
die dit als doel hebben, is dit type algoritme nog niet in dkpjk toegepast. Dit heeft
verschillende redenen, namelijk; 1) de complexiteit vah dimalisatieprobleem,
2) de meetruis en onzekerheden die de kwaliteit van schattivan de verkeers-
toestand en voorspellingen van verstoringen beinvioeded) het niet erg inzichte-
lijk gedrag van de geoptimaliseerde regelacties. In tegdimg) tot deze algoritmes
zijn dan ook voornamelijk niet optimaliserende feedbackeefd-forward algoritmes
geimplementeerd in de praktijk. De voordelen van dezerditges zijn dat ze maar
een beperkte rekentijd nodig hebben, dat ze niet vertrownpesen voorspelling van
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de verkeersvraag en dat ze een ‘simpel’ of inzichtelijk atgee benutten. Ze zijn
echter niet altijd in staat om de prestatie in alle verkeestianden te optimaliseren.

Recente technologische innovaties en wetenschappeatiehiten bieden kansen om
snelweg- en stadsverkeersregelingen te verbeteren. dlegische innovaties zoals
in-voertuig technologie die codperatieve systemen mjgelaken, kunnen worden
benut om betere detectie en actuatie mogelijkheden teerradie de prestatie van
verkeersregelalgoritmes kunnen verbeteren. Wetensehgegnzichten kunnen wor-
den gebruikt om nieuw algoritmes te ontwikkelen die effité gebruik maken van
bestaande detectie en actuatie mogelijkheden. Daarrsaimssommige gevallen een
gecombineerde aanpak mogelijk waarin nieuwe algoritmesl@oontwikkeld die ef-
ficient gebruik maken van nieuwe detectie en actuatie njageten.

Gegeven het netwerk-brede verkeersregelprobleem en deikanm verkeersregel-
algoritmes te verbeteren zoals hierboven besproken is dedt\vén dit proefschrift

om rekenkundig efficiénte regelalgoritmes te ontwerpen die de doorstroming van
middel- tot grootschalige snelweg- of stadsverkeersnetwen bevorderen welke

e de regelacties van (verschillende types) actuatoren ggriidlende plekken in
het netwerk coordineren,

¢ de invloed van de regelacties op de netwerk-brede prestagieeen tijdshorizon
in acht nemen.

Hiertoe worden verschillende algoritmes om het verkeenelvsegnetwerken (deel I)
en stadsnetwerken (deel II) te regelen ontwikkeld, zoasomider besproken.

Deel | — Snelwegverkeersregelingen

Cooperatieve systemen kunnen benut worden om snelwespmsriegelingen te ont-
wikkelen die efficiénter zijn dan systemen die volledig gsterd zijn op wegkant-

technologie. De reden hiervoor is dat het gebruik van caisye systemen nauw-
keurigere en snellere detectie en actuatie mogelijk maakbestaan echter nog niet
veel algoritmes die verkeersstroom op een stuk snelwederegi@or middel van het

coordineren van het gedrag van individuele voertuigen.

Hoofdstuk 2 presenteert daarom eeodperatief snelheidsregel-algoritme om filegol-
ven op te lossemodat de doorstroming van de snelweg als geheel verbetierlgo-
ritme — genaamd COSCAL v1 — gebruikt de individuele voeruigls detectoren en
actuatoren uitgaande van een penetratie graad van 100%wdd&antsysteem bere-
kent aan de hand van floating car data (FCD) welke rij-straé&gvoertuigen moeten
volgen tussen welke locaties om de file op te lossen en deemsdteoom te stabilise-
ren. Evaluaties uitgevoerd met microscopische simulatienl zien dat het algoritme
in staat is om de doorstroming te verbeteren door een filegolé lossen gebruikma-
kend van een minieme hoeveelheid rekentijd. Dit hoofdstakit dan ook aan de het
mogelijk is om efficiente algoritmes voor cooperatievstsynen te ontwikkelen om de
verkeersafwikkeling op de snelweg te verbeteren.
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Het optimaliseren van de verkeersstromen tussen versetidl netwerk elementen —
zoals op- en afritten, knelpunten, en stukken snelweg -t lokefrnaast ook potentie
om de doorstroming te verbeteren. Een van de belangrijkstadgmen van dit type

algoritmes is het vinden van een goede balans tussen beleogikentijd en prestatie.

Derhalve steltHoofdstuk 3 eenrekenkundig effiéinte, model-gebaseerd voorspel-
lende regeling (MPC) voor die de doorstroming verbetertrdd® regelsignalen van
VSLs en TDIs te @odineren.De balans tussen rekentijd en doorstroming is verbeterd
door het aantal beslisvariabelen te verminderen met belaripparameterisatie van
het VSL en TDI signaal. De aanpak is geévalueerd met beharpnvacroscopische
simulatie voor twee verschillende casussen, namelijk pktssen van een filegolf en
het voorkomen van file veroorzaakt door een te hoge verkesxg\wp de toerit. De
aanpak is in staat doorstromingsverbeteringen van raspeliik 12% en 10% te be-
halen en realiseert een betere balans tussen rekentijdoestiamming vergeleken met
een niet-geparameteriseerde MPC strategie.

Deel Il — Stadsverkeersregelingen

Het verbeteren van de doorstroming van een stadsverkéeeskes een complex pro-
bleem vanwege, onder andere de grote hoeveelheid actuaome complexe karak-
teristieken van de verkeersafwikkeling. Voor zover bekieipnde auteur van dit proef-

schrift bestaan er bijna geen aanpakken die met behulp varekenkundig efficient

optimalisatie algoritme de verkeersstromen in een stakisgesnetwerk coordineren
zodat er een goede doorstroming in alle verkeerstoestdwaeworden gerealiseerd.

Hoofdstuk 4 presenteert daarogen effigénte lineaire MPC strategie om de verkeers-
stromen te optimaliseren zodanig dat de doorstroming vanstgdsverkeersnetwerk
verbetert.De voorgestelde aanpak gebruikt het link transmissie m@d®) als voor-
spellingsmodel en aggregeert de verkeersdynamiek namalten seconden. De be-
slisvariabelen zijn hierdoor de percentages groentijdubeoor elke stroom welke
reéele waarden hebben. Evaluaties met behulp van magieshe simulaties laten
zien dat het gebruik van het LTM tot een betere balans tussamtijd en prestatie
leidt vergeleken met een lineaire MPC aanpak gebaseerdtagehéransmissie mo-
del. Daarnaast blijkt dat het meenemen van stroomopwaarpggerende golven in
het voorspel model tot een betere doorstroming maar eerrdogientijd, vergeleken
met een aanpak gebaseerd op het store-and-forward model.

Het gebruik van codperatieve systemen kan mogelijk detgiressan stadsverkeers-
regelingen verbeteren. Het kan echter ook een interadéeteferoorzaken tussen de
gekozen verkeersregeling en de routekeuze van de weggebiden verkeersregeling
die als doel heeft de doorstroming te maximaliseren dientodé rekening te houden
met de invloed van de verkeersregeling op de routekeuze et mogelijk zelfs de
routekeuze direct beinvioeden. Het gezamenlijk optiseaéin van de routekeuze en
de verkeersstromen leidt echter tot een rekenkundig congpiémalisatie probleem.

Hoofdstuk 5 presenteert daarom eefficiént optimalisatie algoritme om de verkeers-
stromen en routekeuzes zodanig te regelen dat de doorsigoran een stadsverkeer-
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netwerk verbetertHet toevoegen van routekeuze leidt tot een niet-lineaintgisatie
probleem. Er wordt daarom gebruik gemaakt van een efficiptitnalisatie algoritme
van het sequentieel lineair programmeer (SLP) type in coaild met een analytische
procedure om de gradiént van het optimalisatie probleebepalen. Evaluaties met
behulp van macroscopische simulatie laten zien dat hetitiig®in staat is een betere
balans tussen rekentijd en doorstroming te realiserenrgeligking tot een conventio-
neel numeriek optimalisatie algoritme.

De algoritmes gepresenteerd in Hoofdstuk 4 en Hoofdstuknbenebeiden aan dat
de verkeersstromen over kruispunten continu zijn. In d&tpkazijn deze echter dis-
continu zodat het direct optimaliseren van de groentijgandiscontinu optimalisatie-
probleem oplevert. Het oplossen van een dergelijk optsatéprobleem kost teveel
rekentijd voor praktische toepassing. Er is dan mogelijk een alternatieve aanpak
nodig om de kruispuntregelingen in een verkeersnetwerkaedineren zonder expli-
ciet de groentijden te optimaliseren.

Hoofdstuk 6 presenteert daarosen hérarchische regelaanpak om de groentijden te
coordinerenbestaande uit twee lagen. De bovenste laag gebruikt de Mtakauit
Hoofdstuk 4 om de geaggregeerde verkeersstromen in he¢retswoptimaliseren. De
onderste laag bestaat uit de individuele kruispuntregehrwelke op elke regel tijdstap
die richtingen groen geven die ervoor zorgen dat de geopsiesade verkeersstromen
berekend door de bovenste laag zo goed mogelijk benadeewoiEvaluaties met
behulp van macroscopische simulatie geven inzicht in dgetomegde waarde van de
bovenste laag die zorgt voor coordinatie tussen de kraigmen inzicht in de invioed
van de sample tijd keuze op de prestatie van de regeling.utvas met behulp van
microscopische simulatie laten zien dat de regeling eesréeioorstroming kan reali-
seren door de wachtrijen over het netwerk te verdelen ineligking tot een regeling
die de uitstroom van de individuele kruispunten optimaiseonder coordinatie, zelfs
als er een grotere fout tussen het voorspel- en procesmibdel z

Verscheidene rekenkundig efficiente algoritmes voor legbeteren van de doorstro-
ming van middel- tot grootschalige verkeersnetwerken aijtwikkeld in dit proef-
schrift. Deze algoritmes zijn ontworpen om de regelactas (verschillende types)
actuatoren op verschillende plekken in het netwerk tedioéren en de invloed van
de regelacties op de netwerk-brede prestatie over eehdijd®n in acht nemen. Dit
is gerealiseerd door gebruik te maken van recente wetepgelijte inzichten en de
nieuwe detectie- en actuatie-mogelijkheden die coomeasystemen bieden.

Dit proefschrift presenteert verschillende richtingeonmeervolg onderzoek Ten eer-
steis aanvullend onderzoek nodig om de gepresenteerde algwrie integreren in een
hiérarchisch of multi-level raamwerk voor het gecooesird regelen van stedelijke re-
gio’s. Ten tweedavorden er aanbevelingen gedaan om de balans tussen rdkeamtij
prestatie van de gepresenteerde algoritmes nog verderlietesen.Tot slotworden
er aanbevelingen gedaan voor aanvullend onderzoek daj reodm de concepten in
de praktijk toe te passen.
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Summary

Controlling road traffic networks is a complex problem. One of the
difficulties is the coordination of actuators, such as traffic lights,
variables speed limits, ramp metering and route guidance, with the
aim to improve the network performance over a near-future time
horizon. This dissertation develops algorithms that specifically balance
fast computation time and improved traffic network performance;

both for freeway traffic in part |, and for urban traffic in part Il.
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