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Abstract—We now apply the model predictive control (MPC) a traffic scenario taken from real data. The use of real data

of speed limits that we have presented in previous publications results in a better assessment of the improvement that can be
[1], [2] to a calibrated METANET model of a 19 km stretch achieved in practice

of the real-world freeway Al in The Netherlands. This freeway
regularly suffers from shock waves originating mainly from on- Dynamic speed limits can be used for several purposes,

ramps, and speed limits are now used to suppress these shocksych as: homogenization, prevention of breakdown, reotucti

waves. First, we calibrate and validate the extended METANET - . . -
model with data from the Al freeway, and we use the Delft of pollution and noise, increased safety, reduction of the

OD method to estimate the origin-destination patterns that are number of InCIdents, etc. In this pap_er we consider the uaff'
needed for the simulation of the destination oriented traffic. breakdown prevention approach, which focuses on prevgntin
Next, we verify from data whether the necessary conditions for too high densities so as to improve traffic flow.

applying speed limits against shock waves are satisfied. We show

that the MPC controller performs well even under the assumption B, Coordination and prediction

that the traffic demand is not known on the on-ramps and is

known for only a few kilometers upstream and downstream of In practice, dynamic traffic management often operates
the controlled stretch. This approach results in an improvement pased on local data only. However, considering the effect
of the total time spent in the network with about 15 %. of the measures on the network level has in general many
advantages compared to local control. Hence, a network-wid
coordination of the control measures based on global data
A. Shock waves is certainly useful. The coordination of the control signal
obtained by reformulating the control design problem over a

Shock waves on freeways are often created at bottlenecien time horizon as an optimization problem that yields th

and can remain existent for a long time and propagate Ugptimal speed limit settings (see Section II-B1).

stream many kilometers from the location of their creation. _. . . :
) . Since we want to determine control signal settings that are
Besides the fact that shock waves can trigger a new shock:. . .
ptimal for a given freeway network and since the effect of a

- : 0
wave and/or cause traffic jams, they are potentially unsade a_. .

: y P y iven control measure on more distant parts of the network

might only be visible or measurable after some time, an

lead to increased travel times. 9

In previous publications [1], [2] we have presented a sy@rccuratepredictionof the future evolution of the traffic flows
thetic case study, where we applied a methodology callgflthe network is necessary. In particular, prediction iede
model predictive control (MPC) to control speed limits iler  for two reasons: first, if the formation or the arrival of a sko
to suppress or to eliminate shock waves on the freeway. Thave in the controlled area can be predicted, then prewentiv
results of the synthetic study are very promising: the tt® measures can be taken. Second, the positive effect of speed
that vehicles spend in the link (TTS) was reduced by 15-20 %mits on the traffic flow can not be observed instantanequsly

but there were some assumptions made about modeling @adhe prediction should be made at least up to the point where
traffic scenario (traffic demand) that were not yet validatefle improvement can be observed.

with real data. In this paper we apply the same methodology_ . - N _
to control speed limits, but we also verify the traffic cortit Besides prediction and coordination the speed limit contro

S . ré)blem has some other characteristics that impose specific
necessary for speed limit control against shock waves &

calibrate/validate the model based on real data from therDutreqUIrementS to the control strategy:

Al freeway. Furthermore, we demonstrate the approach withe There is a direct relation between the outflow of a

I. INTRODUCTION
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e ‘ ‘ ‘ time, every vehicle that enters the freeway upstream of the
20007 EE TR 2 AN 1 congested area will have to pass through the jammed area,
which increases the travel time. Furthermore, these moving
jams may cause unsafe situations. Lighthill and Whitham [5]
introduced the term shock wave for waves that are formed
by several waves running together. At the shock wave fairly
large reductions in velocity occur very quickly. In this pap

we will use the term “shock wave” for any wave (the moving
congested areas) and not distinguish between waves ankl shoc
waves, because in practice any wave is undesired.

1800+ ,

1600 !

"6

Pe

14001

lcar

flow (veh/h)
2R
o N
o o
(=) o
~ .0

8001 /

critical density

6001 /

4001/, Based on previous experiments [1], [2] the following qual-

itative description can be given of how the MPC control of

; 2 25 5 o o oo speed limits resolves shock waves. On some sections upstrea

density (veh/km/lane) of a shock wave speed limits are imposed with a value
Figure 1. A typical example of the fundamental diagram, whigiresents that is low enough to ensure that the inflow of the jammed
the rela_tion between density e_m_d flow for a given freewayisacﬂ'h_e slope  grea is smaller than its outflow. Consequently, the density i
of the line connecting the origin and a point on the fundareriagram the jammed area will decrease and the jam will eventually
represents the speed corresponding to that point. Theariépeed is the
speed that corresponds to capacity flow. dissolve. The speed limits create a low-density wave (with
. . a density that is lower than it would be in the uncontrolled
network and the total t_|me spent (.TT.S) in the netWor!%ituation) that propagates downstream. This low-densiyew
assuming that the trafflp demand is f|xed. Papageorgi eets the shock wave and compensates its high density, which
[3] sfomwed that in a_trafflc network an increase of OUtﬂ% educes or eliminates the shock wave. A point of criticism
of 5% may result in an decrease of the TTS of 20 Could be that this approach reduces the shock wave, but at

Tfh|s f]ffelCt gantrl? € exFIalnlf d by thel Zacttr':hat the nulmtbﬁ{e cost of creating new shock waves upstream of the sections
ot venicles In the network 1S equal fo the a.ccumuae(gontrolled by speed limits. However, as the speed limits are
net inflow of the network. But the congestion after

. % timized properly, they will never create a shock wave that
breakdown usually _has an OUtﬂ.OW th"."t IS about 5-10 ﬁ?/es rise to higher delays than in the uncontrolled case.
lower than the available capacity (this is the so-calle

capacity drop phenomenpiso the queue grows faster, || A yopeL-BASED PREDICTIVE CONTROL APPROACH
and consequently congestion will last longer, and the

outflow will be low for a longer time (the time that theA. Prediction model
queue needs to dissolve). So we can conclude that an
control method that resolves (or reduces) congestion Wiﬂ
at best achieve a flow improvement of approximatelg/
5-10%, but this improvement can decrease the T

yl'he model-based predictive control procedure considered i
is paper requires a prediction of the network evolutiam, f
ich we use a slightly modified version of the (destination-

significantly. Furthermore, since this flow improvement i rient_ed) METANET model [6], [7]. Below we .Wi” briefly
relatively small, and since there are always disturbanc gscnbed the (extended) METANET model, limiting ourselve

present in the traffic flowfeedback controls required, to only those parts of the model that are relevant for the case

i.e., the result of any control action is monitored anatudy of Section Iil below.
fed back into the controller. In this way imprecisions 1) Original METANET modelThe METANET model rep-
of control and traffic disturbances can be observed anesents a network as a directed graph with the links corre-
appropriate control actions can be taken. sponding to freeway stretches. Each freeway link has unifor
« The speed limit signs used in practice display spe@tharacteristics, i.e., no on-ramps or off-ramps and no majo
limits in increments of, e.g., 10 or 20 km/h. Therefore, thehanges in geometry. Where major changes occur in the
controller should produce discrete-valued control signalcharacteristics of the link or in the road geometry (e.g., an
« For safety it is often required that the driver should nain-ramp or an off-ramp), a node is placed. Each limk
encounter a decrease in the speed limit larger thanisadivided into N,, segments of lengttL,, (see Figure 2).
prespecified amount. The controller should be able to tak@ch segmeni of link m is characterized by theartial
this kind of constraints into account. traffic densityp,, ; ;(k) (veh/lane/km), expressing the portion
f traffic heading t tinatiof themean ;
The MPC control strategy we use addresses these issues.?kmﬁ])’canza?h e?lo:/)v ?]Zi( k'? g/jéhb/)r/])’ \?vh eer?ak: ?r?giizgé(l:r)\ e
time instantt = kT, and T is the simulation time step
(typically ' = 10s). Furthermore, theotal densityp,, ; is
It is well known [4] that some types of traffic jams movedefined as:
upstream with approximately 15km/h. These moving jams pm.i(k) = Z Pm.ii(k)
are called waves. As they can remain existent for a long G€Tm

C. Speed limits against shock waves
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where J,,, is the set of destinations reachable from link

We have
qm,i<k) = pm,z(k) Um,i(k> )\m 3 (1)

where )\, denotes the number of lanes of segment The
principle of conservation of vehicles yields:

Pmig(k+1) = pmij(k)+ (2)
T
7\ (Ymsi—1,5 (k) @m,im1(k) = Ym,ij (k) qm.i(K))

where vy, ; (k) = pm.i;(k)/pm,i(k). The mean speed de-

pends on the previous mean speed plus a relaxation ter

convection term, and an anticipation term:
T
Vi (k4 1) = v () + = (V (o (k) = v (k) )+

r Um,i(k) (Um,i—l(k) - Um,i(k))_

Lm
T pmiv1(k) — pm,i(k)

7_Lm p7n,1(k) + K , (3)

wherer, n andx are model parameters, and

1 ml k m
V(Pm,i(k)) = Ufree,m €XP |:_ <p ; ( )) :| ) (4)
Gm Pcrit,m

with a,, a model parametey,.. .., the free-flow speed, and

Perit,m the critical density.

Origins are modeled with a destination dependent queue

model. The evolution of queue length,(k) at origin o is
described by

Wo,j (k + 1) = wo,j(k) + T('}/o,j(k) do(k) — Yo,j (k) q(,(k))7

where d, (k) is the traffic demand at origim, v, ;(k) th
fraction of the demand traveling to destinatignand ¢, (k
the outflow of origino, which is given by

wok Pmax — Pu, k
(k) D), o= L)

e
)

= min |d,(k) + , (5

— Perit,pu

where @, is the on-ramp capacity (veh/h) under free-flow

conditions, ppax IS the maximum densityy the index of
the link to which the on-ramp is connected, and(k) =

Z]ef(, i woj( ), where J, , is the set of destinations reach-

able from origino.

The coupling equations that connect links are as follows. A

In the METANET model, a freeway link is divided integsnents.

Qn.j(k Z QN (K) YN, .5 (K)
pel,
qm, O Z Qm] ﬁnm ( )
JE€EIm
’Ym,O,j(k) = 6n,j,m(kj) Qn,j(k')/%n,o(k)

for all m € O,,, j € J,, where@,, ;(k) is the total flow with
destinationj flow that enters node at timek, I,, is the set of
links that enter node, O,, is the set of links leaving node,
Bn.;,m (k) 1s the split rate (the fraction of the total flow through
noden with destination; that leaves via linkn), andg,, o (k)

is the flow that leaves node via link m. When noden has
more than one leaving link, the virtual downstream density
Pm,N.,+1(k) of entering linkm is given by

> ueo, Pia(k)
2 peo, Pur(F)

2) Extensions:Since the original METANET model does
not describe the effect of speed limits, we modify the equmati

Pm N, +1(k) =

n4‘or the desired speed (4) to incorporate speed limits. The

econd extension regards the modeling of a mainstreammorigi
which has a different nature than an on-ramp origin. The
third extension describes the different effects of a pasitr
negative downstream density gradient on the speed (cf. the
anticipation term in[(3)). Finally, the fourth extensionnde
to be able to use the available speed and flow data to express
incoming shock waves. For a more extensive motivation of
extensions 1 to 3 we refer to [1], [2].

1) To model the effects of the speed limits, we assume that

V(pmﬂ(k)) = min <(1 + a)vctrl,m,i(k),

1<M¢M)])v(@
G pcrlt,m
where vet1,m i (k) is the speed limit of segmerit link
m, at timek, and(1+«) expresses the non-compliance,
i.e., the factor that the desired speed is higher than the
displayed speed limit.
2) A mainstream origin link is modeled by

w, (k)
T ) qlim,p,l(k)] )

Ufree,m €XP |:—

Go(k) = min [do(k) +

where giim ;.1 (k) is the maximal inflow determined by
the speed limit or the traffic situation in the first segment
of link u (see[2]).

3) In (3),7nis a global parameter and has the same value for
all segments. However, here we take different values for
1m,i(k), depending on whether the downstream density
is higher or lower than the density in the actual segment:

node provides the incoming links with a downstream density,

and the leaving links with an inflow and a upstream speed.

More specifically, the flow that enters nodeis distributed
among the leaving links according to

if prniv1(k) > pm.i(k)

Mow If pm,i+1(k) < sz(k)

Nim.i (k) _ { 77high



4) For the (virtual) downstream density of the last segmewntereO,;, is the set of indices of all origins, ang,e.q is the
before the destination we assume that the destinationsist of pairs of indice$m, i) of the links and segments where

in free-flow: _ speed control is applied. This objective function contaéns
_ ) pmNa (k) 0 o, (K) < paitm  term for the TTS (on the freeway and in the origin queues),
Pm,Npn+1(k+1) = : . - e =)
Perit,m if pm.N,, (k) > pait,m and a term that penalizes abrupt variations in the speed limi

control signal. The nonnegative parametgf..q expresses the

When the free-flow assumption does not hold ("erelative importance of each term.

va(k+1) < Verit,m) , and the speed; (k) and flowg, (k) . .
of destinationd is available, the following equations are 3) Constraints:in general, for the safe operation of a speed
used in addition to (1) (3): control system, it is required that the maximum decrease in
g n (k1) = speed limits that a driver can encountef, {,qig) iS limited.
new,m, Nm There are three situations where a driver can encounter a

qa(k +1) if vg(k 4+ 1) < Verit,m different speed limit value: (1) when the speed limit change
andgq(k +1) < gmn,, (k+1) in a given segment (and there are more speed limit signs on
dm.v,, (k+1) otherwise the same segment), (2) when a driver enters a new segment,
(3) when the driver enters a new segment and the speed limit
Unew,m, Ny, (K +1) = changes. The resulting maximum speed difference contrain
WO g N, (k+1)if va(k+1) < verit,m and  are
qd(k + 1) < Qm,Nm(k + 1) vctrl,m,i(l - 1) - Uctrl,m,i( maxdiff

)

Um,N,, (k' + 1) OtherWiSe Uctrl,m,z'(l) - Uctrl,m,i—i—l(l)

whereguew m.n,, (k) @aNdvpew m N, (k) are respectively Verrtm,i(l = 1) = veurtm,i+1(0)

the outflow and the speed of the last segment of link for the appropriate indices., i, and forl € [k, ..., k+N.—1].

that are used in (1), (2). In addition to the above safety constraints the speed liatis
often subject to a minimum valu€.;;1min:

<w
S Umaxdiff
<w

maxdiff

B. Model Predictive Control Verrtm.i(1) > Venrlmin

1) Approach: We use a model predictive control (MPC)or | e [k,...,k + N, — 1]. In practice, the variable speed
scheme to solve the problem of optimal coordination of spegghit signs display speed limits in increments of, e.g., 10 o
limits. In MPC, at each time step the optimal control signal 20 km/h. Therefore, the controller should produce diserete

is computed (by numerical optimization) over a predictiopalued control signals. This is expressed by the constraint
horizonNV,,. A control horizonV, (< N,) is selected to reduce v ) eV
ctrl,m,i m,i

the number of variables and to improve the stability of the
system: after the control horizon has been passed, theotonfor | € [k, ... .k + N. — 1], where),, ; is the set of possible
signal is usually taken to be constant. From the resultintiscrete speed limit values.

optimal control signal only the first samptet 1 is applied to

the process. In the next time stép- 1, a hew optimization is I1l. CASE STUDY

performed (with a prediction horizon that is shifted onedim
step further) and of the resulting control signal again dhky
first sample is applied, and so on. This scheme, called llin The freeway stretch under consideration is part of the
horizon, allows for updating the state (from measurements) A1 freeway in The Netherlands. It has a length of 19km
even for updating the model in every iteration step. Updgtifsee Figureé 3), one mainstream origin and one mainstream
the state results in a controller that has a low sensitiaty Hestination, six on-ramps, six off-ramps, and two lanestier
prediction errors, and updating the model results in an@adap whole stretch. The inductive loop-detectors measure geera
control system, which could be useful in situations wheee thpeed and flow (over 1 min), and are located at approximately
model significantly changes, such as in case of incidents &fery 500 m, except on one location where their distance is
changing weather conditions. For more information on MPGpproximately at 200m. Near the downstream end of the
we rgfer the interested reader to [8], [9] and the referencggetch there is a bridge of 1 km. The on-ramps and off-ramps
therein. are not equipped with loop detectors, except for O1, D1, 02

2) Objective function:We consider the objective function and D2, which connect the Al stretch to another freeway.

k+Np—1 _ _
J(k)y=T Z { Z P (D) L A + Z wo(l)} + B. Traffic scenario

=k X (m.i)elan 0€0an Figure 4 shows a typical traffic scenario. Low-speed regions
k+N.—1

A. Network description

Vetrtm.i (1) = Vetrtm.i (1 — 1)\ 2 can be seen at and upstream of the main on-ramps at 96.2 km
Ospeed Z Z ( ) > and 90.3km. The shock waves are created at the on-ramps and

Ufree,m

=k (m,i)€lspeed propagate backwards with a speed of approximately 20 km/h.
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OD relations are estimated with the Delft OD method (se
[10]) that uses statistical techniques to extract time ddpat
OD relationships based on detector data.
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Figure 4. A typical traffic scenario on the Al. The shock wawesally start
For the calibration (parameter identification) we condtruet on-ramps and propagate backwards through the link.

a nonlinear least-squares minimization problem in which we

(numerically) minimize ) ) )
shock wave will equal the maximal flow and there will

be no possibility to improve the flow any further.

Nsamp

S (i) = @)+ (O (D) = TmaD)?

=1 (m,l) €l.n

with Ngamp iS the number of data samples,; is the set
of indices of all pairs of links and segment,, ;(I) and
¥m,i(1) denote the measured flow and speed dataa tuning
weight, and corresponds to the time instan& [Tg,mp Where
Tsamp is the sampling time. We choo88&,.,, andT" such that
Tsamp/T € N, and we compute the simulated valugs,;({)

andd,, ;(1) as

Toamp (141)—1

R T

Gm.i(l) = 7 > amalk)
samp k:TSi}mpl
T Teamp (41)—1

Omi(l) = S vmlk)
samp

Ts
k= ::z:up 1

D. Verification of the conditions for successful speed limit
control

In the synthetic study [1], [2] several assumptions were
made that need to be satisfied when applying speed limit
control to a real-world scenario:

The traffic situation downstream the controlled area
should be generally congestion-free, since otherwise any
improvement achieved by efficient control will cause a *
more severe congestion downstream. This condition is
verified by visual inspection of traffic data (speed and
flow) in figures similar to Figure 4.

Capacity drop (cf. Section I-B) should be observed in
the traffic data, and the traffic model used in the MPC

The capacity drop is estimated by comparing outflow of
a shock wave with the maximum flow of freely flowing
traffic. The time and location for the outflow of the shock
wave have to be such that there are no on-ramps or
off-ramps between the shock wave and the measurement
point, otherwise the entering or exiting traffic could bias
the estimation. Another condition is that the traffic should
be in free flow, to be sure that the flow drop is not caused
by a downstream bottleneck.

We explain the capacity drop estimation by an example.
In Figure[5 (which is a zoom-in of Figure 4) a shock
wave is shown, which starts at point A and is caused
by excessive on-ramp traffic just before 96.2km (see
Figures 4 and 3). There is an off-ramp just after 92.7 km,
and on-ramps before respectively 89.9km and 88.7 km,
which can be recognized by the sudden increase of the
flow at the detector locations after the on-ramps. Between
89.9km and 92.7 km there are no on-ramps or off-ramps
and this is the area that we consider in this example
for capacity drop estimatidn The area where the traffic

is in free flow again is around point B: the speed is
approximately 100 km/h and the flow around 3000 veh/h.
An example of the capacity flow is around point C, where
the flow is approximately 4200 veh/h. We can conclude
that there is a capacity drop of roughly 30 %.

The minimum value of the speed limit should result in a
flow that is lower than the outflow of a congested area
(a shock), otherwise the density will not decrease even
when the speed limit is set to its minimum value. This
condition is satisfied as the lowest speed limit is 50 km/h,

1t is interesting to note in Figufe 5 that after the shock whas passed

ContrO”_er Showd b? able to rePVOdUCE the capacity drotne on-ramp upstream of 88.7 km (which connects another &gethe flow
Otherwise, if there is no capacity drop, the outflow of theuddenly increases because of the additional vehicles tinenon-ramp.
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E. MPC results

Based on the theoretical results of Section I1I-D a reductio
of shock waves and an improvement of the total time spent
is expected, as the conditions for successful control with
speed limits are satisfied. This is confirmed by simulation
results, which show that the MPC approach for the chosen
scenario results in significantly less shock waves and gives
improvement of the TTS of up to 15 %.

IV. CONCLUSIONS

We have applied model predictive control to optimally
coordinate variable speed limits to suppress/eliminatecish
waves. The objective of the controller was to find the control
signals that minimize the total time that vehicles spenchin t
network. The control was applied to a calibrated model of a
19km stretch of the Al freeway in The Netherlands. Con-
straints were incorporated that prevent sudden drops @&dspe
limits and thus improve safety for the drivers. Furthermore
before applying speed limit control against shock waves, th
necessary conditions for successful control were verified.
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