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Abstract

We present a model predictive control (MPC) approach to agdtyncoordinate variable
speed limits for highway traffic. A safety constraint is farated that prevents drivers
from encountering speed limit drops larger than, say, 10hkisvincorporated in the
controller. The control objective is to minimize the totahé that vehicles spend in
the network. This approach results in dynamic speed lirhigs teduce or eliminate
shock waves. For the prediction of the evolution of the taflfows in the network,
which is needed for MPC, we use an adapted version of the METANIBdel that
takes the variable speed limits into account. The perfoomani the discrete-valued
and safety constrained controllers is compared with thiopaance of the continuous-
valued unconstrained controller. It is found that both t/pé& controllers result in a
network with less congestion, a higher outflow, and a low&l ttme spent. For our
benchmark problem, the performance of the discrete coetraith safety constraints
is comparable to the continuous controller without corstsa

Keywords

variable speed limits, coordinated control, safe speedtdjnshock wave reduction,
model predictive control
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1 Introduction

As the number of vehicles and the need for transportatiom,goities around the
world face considerable traffic congestion problems: atnewery weekday morning
and evening during rush hours the saturation point of thevays and the main roads
in and around the city is attained. Traffic jams do not onlyseaconsiderable costs
due to unproductive time losses, but they also augment tbsilmbty of accidents, and
they have a negative impact on the environment and on thé&yuoélife. On the short
term the most effective measures in the battle againstdredingestion seem to be a
selective construction of new roads and a better controtadfic by dynamic traffic
management measures. We will concentrate on the lattesrogtn practice, dynamic
traffic management usually operates based on local dataldalyever, considering the
effect of the measures on the network level has in generay mdvantages compared
to local control. So, a network-widsordinationof control measures, based on global
data is necessary. Since the effect of a control measure omargiant locations might
only be visible after some time,@edictionof the network evolution is also necessary
to achieve optimal network control. The approach presentéus paper contains both
elements: network-wide coordination and prediction. Iis fraper we consider a spe-
cial case of traffic control measures: variable speed litniteduce or eliminate shock
waves. Also in this case prediction and coordination is sgasy for an effective con-
trol strategy. Prediction is needed for two reasons: fifshd formation or the arrival
of a shock wave in the controlled area can be predicted, thereptive measures can
be taken. Second, the positive effect of speed limits onrtféd flow can not be ob-
served instantaneousiygo the prediction should be made at least up to the point where
the improvement can be observed. Besides prediction andication the speed limit
control problem has other characteristics imposes cer&gjnirements to the control
strategy.

1. Thereis adirect relation between the outflow of a netwarkthe total time spent
(TTS) in the network, assuming that the traffic demand is fixapageorgiou Pa-
pageorgiou et al. (1998) showed that in a traffic network areiase of outflow of
5% may result in an decrease of the total time spent in theorktef 20 %. This
effect can be explained by the fact that the number of vehicléhe network is
equal to the accumulated net inflow of the network (where t@itenflow is the
difference between the inflow and the outflow). But the outflevoiver when
the traffic is congestédso the queue grows faster, and consequently congestion
will last longer, and the outflow will be low for a longer timehé time that the
qgueue needs to dissolve). This is why one should try to ptewepostpone a
breakdown as much as possible. We can conclude that anyotaorgthod that
resolves (reduces) congestion will at best achieve a flowaugment of approx-
imately 5-10 %, but this improvement can decrease the TTi8fegntly. This
also means that the control strategy requires great poaciand since there are
always (unpredictable) disturbances present in a traftwaerk feedback control

Iwe will see that the speed limits have to slow down a part otiuéic first in order to dissolve the
shock wave.

2The congestion after a breakdown usually has an outflow ghérily 5-10%!) lower than the
available capacity; this is the so called capacity-drompheenon.

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 1



is required.

2. The speed limit signs used in practice display speeddimiincrements of e.g.
10 or 20 km/h. Therefore, the controller should producerdisevalued control
signals.

3. For safety it is often required that the driver should natainter a decrease in
the speed limit larger than a prespecified amount. The diertshould be able
to take this kind of constraints into account.

The control strategy presented in this paper addresses tb&ses. In literature ba-
sically two views on the use of speed limits can be found. Tis# é@émphasizes the
homogenization effect Alessandri et al. (1998, 1999); Fatabet al. (2001); Hoogen
and Smulders (1994); Smulders (1990, 1996), whereas tlomdaes more focused on
the prevention of traffic breakdown by flow reduction accast@d by speed limits.
Chien et al. (1997); Lenz et al. (1999, 2001). The idea of hamamtion is that speed
limits reduce the speed differences between vehicles, bghadn higher (and safer)
flow can be achieved. The homogenization approach typices speed limits that
are close to the critical speed (i.e. the speed that comelspim the maximal flow; see
Figure 1).
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Figure 1: A typical example of the fundamental diagram. The citical speed is
the speed that corresponds to maximum flow. The slope of the lenconnecting the
origin and a point on the fundamental diagram represents thespeed corresponding
to that point.

The traffic breakdown prevention approach focuses more ewvepting too high
densities, and it also allows lower than critical speedtBmf he results in Hoogen and
Smulders (1994) indicate that the effect of homogenizadimmotorway performance
is small; however, a positive safety effect can be expecdtedhe authors’ best knowl-
edge there are currently no published results availablexpérements in connection
with using speed limits to prevent traffic breakdown. Cursgrine Dutch Ministry
of Transport, Public Works and Water Management is pregamexperiment in the
DYVERS project where the reduction of congestion by enfoiathmic speed limits
is studied.
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Several control methodologies are used in literature todicdntrol law for speed
control, such as multi-layer control Papageorgiou (1988ling-mode control Lenz
et al. (1999, 2001), or optimal control Alessandri et al.9891999). In Febbraro et al.
(2001) the optimal control is approximated by a neural nekwo a rolling horizon
framework.

Most of the models used in literature represent the speeitsliny a factor that
downscales the fundamental diagram Alessandri et al. (19880); Lenz et al. (1999).
This can give too optimistic results (see Section 3.2.2)] Hrerefore we use the
METANET model which we extend with an equation that modeéseffect of a speed
limit. We also introduce an equation to express the diffeedan the drivers’ anticipation
to increasing or decreasing downstream densities.

In a previous paper Breton et al. (2002) we demonstrated tleeteeness of
continuous-valued speed limits against shock waves. Her®gus on discrete-valued
speed limits and the constraints following from the safetystderations.

The organization of the paper is as follows. In Section 2 ttodlem and the basic
idea of the solution of moving jams is described. In Sectigdhe8basic ingredients of
model predictive control are introduced, and the predictimdel including the exten-
sions is presented. The proposed control method is apmliadenchmark problem in
Section 4. Finally the conclusions and topics for futureaesh are stated in Section 5.

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 3



2 Problem description

It is well known (see, e.g., Kerner and Rehborn (1996)) thatestype of traffic jams
move upstream with approximately 15 km/h. These jams camirestationary for a
long time, so every vehicle that enters the motorway upstre&the jammed area will
have to pass through the jammed area, which increases tre tirae. Besides the
increased travel time another disadvantage of the movimg ja that they are poten-
tially unsafe. Lighthill and Whitham Lighthill and Whitham$%5) introduced the term
shock wave for waves that are formed by several waves runiagegher. At the shock
wave fairly large reductions in velocity occur very quickly this paper we will use
the term “shock wave” for any wave (the moving jammed areag)nt distinguish be-
tween waves and shock waves, because in practice any wandasited. To suppress
shock waves speed limits can be used in the following way. ddmessections upstream
of a shock wave speed limits are imposed and consequentipftoes of the jammed
area is reduced. When the inflow of the jammed area is smaberith outflow, the
jam will eventually dissolve. In other words, the speed {gnareate a low density wave
(with a density lower than it would be in the uncontrollecuation) that propagates
downstream. This low density wave meets the shock wave amgeansates its high
density, which reduces or eliminates the shock wave. A pairdriticism could be
that the approach reduces the shock wave, but at the costatfray new shock waves
upstream of the sections controlled by speed limits. Howaef/éhe speed limits are
optimized properly, they will never create a shock wave gnas rise to higher delays
than in the uncontrolled case. This can be explained in ternstable, metastable,
and unstable traffic flow states observed by Kerner and Rhéfemmer and Rehborn
(1996). Stable means that any (no matter how large) distedowill vanish without in-
tervention. Metastable means that small disturbancewvanilsh, but large disturbances
will create a shock wave. Unstable means that any (no mattersimall) disturbance
will trigger a shock wave. For the application of speed Isv@gainst shock waves, the
metastable state is a necessary condition, because iratiie state there is not much to
control and in the unstable state any speed limit changanitithte a new shock wave.
In the metastable state the speed limits have the posgitoliimit the flow without
creating large disturbances. In the following sections wmanstrate how the proper
speed limits can be found.

4 TRAIL Research School, Delft, November 2002



3 Approach

3.1 Model Predictive Control

We use a model predictive control (MPC) scheme to solve thel@no of optimal co-
ordination of speed limits. In MPC, at each time stefhe optimal control signal is
computed (by numerical optimization) over a predictionizam /V,,. A control horizon
N. (< N,) is selected to reduce the number of variables and to impfeestability
of the system. After the control horizon has been passedaheat signal is usually
taken to be constant. In addition, a rolling horizon strategised, which means that at
each time step only the first sample of the optimal contralaligs applied to the sys-
tem; afterwards the time axis is shifted one sample stepntheiel is updated, and the
procedure is restarted. The rolling horizon approach teguhn on-line predictive and
adaptive control scheme that allows us to take changes isyftem or in the system
parameters into account by regularly updating the moddie@tt/stem or the predicted
demands as new measurements from the traffic sensors beesaitable. For more
information on MPC see Camacho and Bordons (1995); Maciejof26iK2) and the
references therein.

3.2 Prediction model

The MPC procedure includes a prediction of the network eiaruas a function of

the current state and a given control input. For this préthcive use a slightly modi-

fied version of the (destination-independent) METANET nidwsialos et al. (1999);

Papageorgiou et al. (1990b). The modifications are intreddor better modeling of

shock waves and the effect of speed limits. Note that the M#€oach is generic and
will find the optimal speed limits independent from the mattal is used (e.g. the way
that speed limits enter the model), so the modifications at@ecessary for the effec-
tivity of MPC. For the sake of brevity, we describe only thosetp of the model that
are relevant for interpreting and understanding the sitimaesults of our benchmark
network (see Section 4).

3.2.1 Original METANET model

The METANET model represents a network as a directed graghtive links corre-
sponding to highway stretches. Each motorway link has umiicharacteristics, i.e., no
on-ramps or off-ramps and no major changes in geometry. lach is divided into
N,, segments of length,,, (see Figure 2). Each segmeémf link m is characterized by
thetraffic densityp,, ;(k) (veh/lane/km), thenean speed,, ;(k) (km/h), and theraffic
volumeor flow ¢,, ;(k) (veh/h), where: indicates the time instamt= k7", and7 is the
time step used for the simulation of the traffic flow (typigall = 10 s).

The following equations describe the evolution of the nekwaver time. The out-
flow of each segment is equal to the density multiplied by theamspeed and the
number of lanes on that segment (denoted K.

Gmi(k) = pmi(k) Vimi(k) A (1)

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 5



traffic flow

-y

highway linkm

. segmentl © ... ; segment ; . ;segmenng
Figure 2: In the METANET model a motorway link is divided into segments.

The density of a segment equals the previous density plusflbe from the upstream
segment, minus the outflow of the segment itself (consematf vehicles):

pm,i(k + 1) = pm,i(k> + Lo\, (Qm,ifluf) - Qm,z(k» .

The mean speed equals the previous mean speed plus a @labeain that expresses
that the drivers try to achieve a desired sp&ég), a convection term that expresses the
speed increase (or decrease) caused by the inflow of vehaeldsan anticipation term
that expresses the speed decrease (increase) as drivereergp a density increase
(decrease) downstream:

k4 1) = a8+ = (V (pra()) — ) )+

T
L—Um,z'(k‘) ("Um,z'—l(k’) - Um,i(k?))—
vT pm,i—i-l(k) - pm,i(k) )
7L, pmi(k) + K ’
wherer, v andx are model parameters, and with
1 i () \™
V(pm,z(k)) - Ufree,m €xXp |:__ (p 7 ( >> :| 3 (3)
Qm Perit,m

with a,, a model parameter, and where the free-flow spged,, is the average speed
that drivers assume if traffic is flowing freely, and the catidensityp.,i ., is the den-
sity at which the traffic flow becomes unstable. Origins aredeted with a simple
queue model. The length of the queug k) equals the previous queue length plus the
demand d, (k), minus the outflow, (k):

wo(k + 1) = wo(k) + T (do(k) — go(k)) -

The outflow depends on the traffic conditions on the motorwald/the capacity of the
origin. The flowg, (k) is the minimum of the demand and the maximal flow that can
enter the motorway given the mainstream conditions:

. w0<k> Pmax — Ppu 1<k)
Go(k) = min |d,(k) + , Qo :
( ) ( ) T Pmax — Perit,u

) (4)

where(), is the on-ramp capacity (veh/h) under free-flow conditigng, is the maxi-
mum density, ang. the index of the link to which the on-ramp is connected.

3Just as in Kotsialos et al. (1999, 2001); Papageorgiou ¢1990a) we assume that the demand is
independent of any control actions taken in the network.
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3.2.2 Extensions

Since the original METANET model does not describe the ¢ftdéspeed limits, we
have slightly modified the equation for the desired speetb(B)corporate speed limits.
The second extension regards the modeling of the differahirae of a mainstream
origin as opposed to an on-ramp origin. The third extensimmsiders the different
effect of the downstream density gradient on the speedHefanticipation term in (2))
when this gradient is positive or negative. In some pulibcetthe effect of the speed
limit is expressed by scaling down the desired speed-dedsigram Alessandri et al.
(1998, 1999); Lenz et al. (1999). This changes the wholedspeasity diagram, also
for the states where the speed would otherwise be lower tianalue of the speed
limit. This means, e.g., that if the free flow speed is 120 kamid the displayed speed
limit is 100 km/h then the speed and flow of the traffic are redueven when the
vehicles are traveling at 80 km/h. Furthermore, scalingrdtive desired speed also
reduces the capacity, while there is no reason to assumea sed limitabovethe
critical speed (speeds where the flow has not reached cap&t)twould reduce the
capacity of the road. These assumptions are rather urtreadisd they exaggerate the
effect of speed limits. However, to get a more realistic mddethe effects of the
speed limits, we assume that the desired speed is the minwhuhe following two
guantities: the desired speed based on the experiencetlydans the desired speed
caused by the speed limit displayed on the variable messggé\dMS):

V(pm,i(k)) = min (Uctrl,m,i(k’)» Vree,m €XP [—i (M)"’m] ) ,

Qo pcrit,m

wherev.1..i(k) is the speed limit imposed on segmeriink m, at timek. To express
the different nature of a mainstream origin linkcompared to a regular on-ramp (the
gueue at a mainstream origin is in fact an abstraction of #otians upstream of the
origin of the part of the motorway network that we are modgliwe use a modified
version of (4) with another flow constraint, because the witd a segment (and thus
the outflow of the mainstream origin) can be limited by anwacsipeed limit or by the
actual speed on the first segment (when either of them is ltha@rthe speed at critical
density). Hence, we assume that the maximal flow equals thetfflat follows from
the speed-flow relationship from (1) and (3) with the speaghetp the speed limit or
the actual speed on the first segment whichever is smalleif. &is the origin of link
1, then we have

QO(k) = min [dO(k) + T’ QIim,;L,l(k’)] )

where giim .1 (k) is the maximal inflow determined by the limiting speed in thstfi

segment of linku:
1
Vlim k? ap
At Vtim, a1 (K) Perit, {—au In (lﬂ—d))]

Vfree,m

q]im’u’l(k) - if Ulim,u,l(k) < V(pcrit,u)

Qcap,u if vlim,,u,l(k:) 2 V(pcrit,u)i

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 7



where vy, 1 (k) = min(vewn .1 (k), v,1(k)) is the speed that limits the flow, and
Geappy = AuV (Perit,p) Perit, 1S the capacity flow. Since the effect of a higher down-
stream density is usually stronger than the effect of a ladasvynstream density, we
distinguish between these two cases. The sensitivity opleed to the downstream
density is expressed by parameterin (2) v is a global parameter and has the same
value for all segments. However, here we take differentesforv,, ;(k) depending

on whether the downstream density is higher or lower tharddresity in the actual
segment:

igh  If Pm.i > o
Vma(k) = Vhigh | Pmi+1(k) > pm.i(k)
Vow |f pm,iJrl(k') < pm,z<k)

In addition, when there is no entering link (but a mainstreaigin) we assume that the
speed of the (virtual) entering link equals the speed of tisesegment:

Ump(k) = UmJ(k’) . (5)

This is a good approximation of the speed behavior when thaerenough (e.g., three
or more) uncontrolled upstream segments.

3.3 Objective function

We consider the following objective function:

k+Np—1
Jk)y=T > { > iDL + Y wo(l) }+
1=k (m,i)€l 0€0,1
k+Ne—1

aSpeedZ Z (Uctrl,m,i(l) — Uctrl,mﬂ'(l — 1) ) 2 ,

(%
l=k (mvi)ejspccd free7m

where I,; and O,; are the sets of indices of all pairs of segments and links dnd o
all origins respectively, and,,..q is the set of pairs of indice@n, i) of the links and
segments where speed control is applied. This objectivetifum contains a term for
the TTS, and a term that penalizes abrupt variations in teedimit control signal.
The variation term is weighted by the nonnegative weighapaterag,ceq.

3.4 Constraints

In general, for the safe operation of a speed control systesrequired that the max-
imum decrease of speed limits that a driver can encountgt ) is limited. There
are three situations where a driver can encounter a diffepred limit value: (1) when
the speed limit changes on a given segment (and there arespeed limit signs on the
same segment), (2) when a driver enters a new segment, (3) tivbelriver enters a
new segment and the speed limit changes. The maximum spiée@idce constraints
in the three situations are formulated as follows:

Vetrlm,i(l — 1) = Vetrim i (1) <Umaxaig  foOrall (m,i,7) such that

8 TRAIL Research School, Delft, November 2002



(m, i) € Ispeea @and
lelk,....,k+ N.—1],
Vetrlm,i (1) — Vetrtm,it1(1) <Umaxaie  foOrall (m,i,7) such that
(m, i) € Ispeea @and
(m,i+1) € Iyeea and
lelk,....k+N,—1],
Vetrlm,i (! — 1) = Uetrtm.it1({) <Umaxaie  forall (m,4,1) such that
(m, i) € Ispeea @and
(m,i+1) € Ispeea @nd
lelk,....k+N,—1].

In addition to the safety constraints the speed limits ateno§ubject to a minimum
Val U€Uctrimin-

Vetrl,m,i Z Uctrlmin for a" (m7 Z) € ]speed-

3.5 Tuning of NV, and N,

In conventional MPC heuristic tuning rules have been dexesdoto select appropri-
ate values forV, and N, (see Maciejowski (2002)). However, these rules cannot be
straightforwardly applied the traffic flow control framewa@resented above.

For the prediction horizotV,, should be larger than the maximum travel time between
the control inputs and the exit (under presence of a shoclewaecause the vehicles
that are influenced by the current control measure have onsffact on the network
performance when they exit the network. Furthermore, arobattion may affect the
network state (by improved flows, etc.) even when the actwdiected vehicles have
already exited the network. On the other hand, should not be too large because
of the computational complexity of the MPC optimization Iplem. So based on this
heuristic reasoning we seledt, to be about the typical travel time in the network when
a shock wave is present. For the control horiZgnwe select a value that represents a
trade-off between the computational effort and the peréoroe.

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 9



4 A benchmark problem

In order to illustrate the control framework presented a&bae will now apply it to
benchmark set-up consisting of a motorway link equippet wariable speed signs.

4.1 Set-up

The benchmark set-up consists of one origin, one freew#y éind one destination, as
in Figure 2 with N; = 12. The mainstream origi; has two lanes with a capacity
of 2000 veh/h each. The motorway lirlk follows with two lanes, and is 12 km long
consisting of twelve segments of 1 km each. Segments 1 uprtd $2are uncontrolled,
segments 6 up to 11 are equipped with a variable message bBigye wpeed limits can
be set. The choice for the five uncontrolled upstream segneas made to be sure
that boundary condition of equation (5) does not play a damtimole. LinkZ; ends in
destinationD;. We use the same network parameters as in Kotsialos et 81D =
10s,7 = 18 s,k = 40 veh/lane/kmp,,., = 180 veh/lane/kmp.,;; = 33.5 veh/lane/km,
ay, = 1.867 andvg... = 102 km/h.

Furthermore, we takeyg, = 65km?/h, 114, = 30km*/h, andasyeca = 2. For the
variable speed limits we have assumed that they can chamgevary minute, and that
they cannot be less than,..,;, = 50 km/h. This is imposed as a hard constraint in
the optimization problem. If there is a safety constraienth,,..qix = 10 km/h. The
input of the system is the traffic demand at the upstream etitedink and the (virtual)
downstream density at the downstream end of the link. THéctrdemand (inflow)
has a constant value of 3900 veh/h, close to capacity (400hweThe downstream
density equals the steady-state value of 28 veh/km, exoephé pulse that represents
the shock wave. The pulse was chosen large enough to causkmdyzagating wave
in the segments (see Figures 3 4).

75

70F
651
60r
551
501
451

density (veh/h)

401
35F
301
25r

20 L L L L L L L
0 10 20 30 40 50 60 70
time (min)

Figure 3: The downstream density scenario considered in thexperiments.

For the above scenario the tuning/8f and N, will be demonstrated, and the per-
formance (TTS) of the continuous and discrete-valued otswwith or without safety
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Figure 4: The shock wave propagates through the link in the no antrol case.

constraints are examined. In the discrete control casedhtat valuesu, ., ; are in
the set{50, 60, 70, 80, 90, 100, 110

The solution of the continuous-valued speed control prable calculated by
the Matlab implementation of the SQP (sequential quadmbgramming) algorithm
“fmincon”. The discrete-valued control signals the diserealued signal is a rounded
version of the continuous optimization result. Three défe types of discretization are
examined: The first (round) rounds the continuous contrinlesto the nearest discrete
value, the second (ceil) to the nearest discrete value shagher than the continuous
value, and the third (floor) to the nearest discrete valueisHawer than the continuous
value.

This method of obtaining discrete control signals is heigrlsut fast. It is also pos-
sible to use discrete optimization techniques such as tdnels, simulated annealing or
genetic algorithms, but since for this set-up and input ikerdtization method results
in comparable performance as the continuous version ittis@gessary to do so.

The rolling horizon strategy is now implemented as followdter the discretiza-
tion the first sample of the control signal is applied to thadfit system and then the
optimization—discretization steps are repeated. Notettha way of rounding is not
the same as rounding the continuous signal of the whole gredihorizon at once,
because here the different traffic behavior caused by tlweedization is already taken
into account in the next MPC iteration.

The improvements of the discrete-valued control are coatpbtr the improvement
achieved by the continuous valued control case withouttcaings, and the effect of
introducing the safety constraints is examined.

4.2 Results

The results of the simulations of the no control and the @bnirth continuous speed
limits without constraints are displayed in Figures 4 andrbthe controlled case the
shock wave disappears after approximately 2 hours, whitdenno control case the
shock wave travels through the whole link. The speed lintiésagtive in segments 6
up to 10, segment 11 has higher values than the critical speeds not effective as

Optimal Coordination of Variable Speed Limits to Suppreksck Waves 11



argued before (see Figure 6). The active speed limits stéirhit the flow att = 4 min
and create a low density wave traveling downstream (thelghpaln Figure 5). This
low density wave meets the shock wave traveling upstreanreahgtes its density just
enough to stop it. So, the tail of the shock wave has a fixeditmtavhile the head
dissolves into free flow traffic as in the uncontrolled sitoiat which means that the
shock wave eventually dissolves completely.

0
/
%
|
%
é/

/
\

S

r

.

0
¢

segment 12 o

time (min)

Figure 5: In the coordinated control case the shock wave diggpears after approx-
imately 2 hours (bottom).

The speed limits persist until the shock wave (to be pretisshigh density region)
is completely dissolved. The speed limits in Figure 6 sarhtrease aftet = 17 min
and return gradually to a high value that is not limiting tleflanymore.

The TTS was 1862.0 veh.hours in the no control case and 1488.00ours in the
controlled (continuous, unconstrained) case, which isrgrovement of 21.7 %.

The relative improvement of the performance as functioivpfind N, is shown in
Figure 7. The performance depends strongefnNgnbut for N, > 10 min (which is
somewhat larger than the maximum travel time from segmeatiéet exit as argued in
Section 3.5) the graphs become nearly flat. We chose forduahalysisV, = 11 and
N, = 8.

The result of the several types of discretization is showiahle 1. The perfor-
mance loss caused by the discretized speed limits is smé#ieifiround” and “ceil”
cases, but large for “floor”. The explanation of the perfoncedegradation in case of
“floor” is topic for future research. The inclusion of the sif constraints, the results
are comparable to Table 1, which are not shown here. Therpeaface improvement
for N, = 11, N, = 8 in the constrained case is 21.4 %, compared to 21.7 % in the un-
constrained case. Figure 8 shows the values of the optinealdsimits discrete (ceil)
case with safety constraints ang = 11, N, = 8.
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Figure 6: The speed for the continuous case without safety cstraints and NV, =
11, N. = 8 (top). For the purpose of visibility the direction of travel is opposite to
Figure 4.

Table 1: The relative improvement of the performance (Totale Spent) for several
combinations ofV, and N, and for the continuous-valued speed limits and the three
discrete-valued speed limits: round, ceil, and floor; witheafety constraints.

| Horizon | Relative improvement (%) |
N, | N, | continuous| round| ceil | floor
9 | 4 21.1 206 | 215 14
9 | 6 20.9 18.3 | 21.3| 5.8
9 8 21.1 159 | 21.6| 10.1
11| 4 21.5 20.1 | 21.5| 1.2
11| 6 21.6 21.0 | 21.7| 2.2
11| 8 21.7 215 | 21.7| 6.6
12| 4 21.6 18.8 | 21.6| -0.1
12| 6 21.7 215 | 21.7| 2.0
12| 8 21.7 215 | 21.7| 12.7
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Figure 7: The relative improvement of the performance (Total Time Spent) in
the continuous-valued, unconstrained case compared to th& control case as a
function of N, for several values of V.. The sensitivity to /V,, is much higher than
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Figure 8: The speed limits for the discrete (ceil) case with gaty constraints and
N, =11, N, = 8. For the purpose of visibility the direction of travel is opposite to
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5 Conclusions and future research

We have applied model predictive control to optimally cooade variable speed limits.
The purpose of the control was to find the control signals ithiaimize the total time
that vehicles spend in the network. We have applied the dpeel control framework
to a benchmark network consisting of a link of 12 km, wherenkdiare controlled
by speed limits. It was shown that coordinated control withtuous-valued speed
limits (base case) is effective against shock waves. Thiapeance loss caused by
discrete-valued speed limits and the inclusion of safetystraints was examined. The
performance of the discrete-valued, safety constraineg@dpimits was comparable
with the base case if the discrete-valued speed limits arergéed by “round” or “ceil”.
In all of these cases the coordination of speed limits elat@d the shock wave entering
from the downstream end of the link. The coordinated casdtsssin a network where
the outflow was sooner restored to capacity, and in a decadabe total time spent
with 21 %.

Topics for further research include: explanation of thefgrenance degradation in
case of “floor” discretization; comparison of the discret€® approach with other
existing approaches; further examination of the tradedettveen efficiency and opti-
mality for rounding versus full discrete optimization; silation other set-ups and sce-
narios; selecting other methods to model the effect of adspent; validating the new
modeling assumptions regarding the speed limits and thagrsiteam on-ramp; fur-
ther investigation of the effectiveness of MPC for optimabiination of speed limits
for a wider range of scenarios, networks, traffic flow modeld/ar model parameters;
explicit inclusion of modeling errors and disturbances.rtk@rmore, including extra
control measures in addition to speed limits (such as rantpnmg, dynamic lane as-
signment, route information, reversible lanes, etc.) $o al topic for future research.
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