Delft University of Technology

Delft Center for Systems and Control

Technical report 18-026

Feed-forward ALINEA: A ramp metering
control algorithm for nearby and distant
bottlenecks*

J.R.D. Frejo and B. De Schutter

If you want to cite this report, please use the following reference instead:
J.R.D. Frejo and B. De Schutter, “Feed-forward ALINEA: A ramp metering control
algorithm for nearby and distant bottlenecks,” IEEE Transactions on Intelligent Trans-
portation Systems, vol. 20, no. 7, pp. 2448-2458, July 2019. doi:10.1109/TITS.2018.
2866121

Delft Center for Systems and Control
Delft University of Technology
Mekelweg 2, 2628 CD Delft

The Netherlands

phone: +31-15-278.24.73 (secretary)
URL: https://www.dcsc.tudelft.nl

* This report can also be downloaded via https://pub.bartdeschutter.org/abs/18_026.html


https://doi.org/10.1109/TITS.2018.2866121
https://doi.org/10.1109/TITS.2018.2866121
https://www.dcsc.tudelft.nl
https://pub.bartdeschutter.org/abs/18_026.html

Feed-Forward ALINEA: A ramp metering control
algorithm for nearby and distant bottlenecks

José Ramoén D. Frejo, and Bart De Schutter, Senior Member, IEEE

Abstract—This paper proposes a new ramp metering control
algorithm, Feed-Forward ALINEA (FF-ALINEA), for bottle-
necks located both nearby on an on-ramp and further away from
it (i.e. more than just a few hundred meters). The formulation of
the controller is based on a feed-forward modification of the well-
known control algorithm for ramp metering, ALINEA. The feed-
forward structure allows to anticipate the future evolution of the
bottleneck density in order to avoid or reduce traffic breakdowns.

The proposed controller is tested, using the macroscopic traffic
flow model METANET, for 9 scenarios and the results are
compared with the ones obtained with ALINEA, PI-ALINEA,
and with the optimal solution.

The simulations show that FF-ALINEA is able to approach
the optimal behavior, thereby outperforming ALINEA and PI-
ALINEA. Moreover, results indicate that FF-ALINEA is quite
robust in cases where different demands are considered, there is
a limited number of available detectors, or there are errors in
the estimation of the capacity and/or the critical density of the
bottleneck.

Index Terms—Ramp Metering, ALINEA, PI-ALINEA, FF-
ALINEA, Feed-forward control, Freeway traffic control.

I. INTRODUCTION

RAFFIC jams on freeways cause many social and eco-
nomic problems in daily life, such a waste of fuel and
time, an increase in pollution, and greater accident risk. Much
research has been focused on solving these problems without
constructing new infrastructure, because that choice is not
always a viable option or it cannot be afforded. Ramp metering
is the most successfully implemented and widely used freeway
control measure among the most promising dynamic traffic
control measures (such as variable speed limits [1], reversible
lanes [2], route guidance [3], ...). Ramp metering has already
been successfully implemented in practice in France, United
States, Germany, Australia, and several countries [4], [5].
Over a period of more than 30 years, a wide range of
local and coordinated ramp metering algorithms have been
proposed. Literature reviews about the most relevant of these
control algorithms for ramp metering can be found in [6] (for
algorithms proposed before 2002) and [7] (for more recent
advancements). Among all these algorithms, ALINEA [8] is
the most widely deployed ramp metering strategy. ALINEA is
based on a feedback structure and is derived by use of classical
automatic control methods. ALINEA is a simple, robust, and
easy-to-implement strategy for ramp metering.
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ALINEA is effective and efficient in handling merging
congestion [4], [9]. However, as stated in some references such
as [10], [11] and as it can be observed in the numerical results
for the case study in Section IV, ALINEA is not effective (i.e.
performs quite suboptimally) if the bottleneck is located far
away from the on-ramp (more than just a few hundred meters).

In order to deal with this problem, PI-ALINEA was pro-
posed in [12] and integrated with the control of variable speed
limits in [13]. PI-ALINEA improves the performance given by
ALINEA for a distant bottleneck. However, the obtained be-
havior can still be substantially improved, especially in terms
of robustness. Moreover, PI-ALINEA has two parameters that
have to be calibrated, which complicates the implementation
compared with ALINEA, which only has one parameter.
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Fig. 1. Freeway stretch with one bottleneck due to a decrease in the number
of lanes. In the stretch, there are flow and speed detectors (D;) located at
the segments in grey (upstream of the bottleneck), there is also one detector
located at the bottleneck measuring density, Dy, ;(k) and D, ;(k) are the
mainline and on-ramp demands, and S, ;(k) are off-ramp split ratios.

This paper proposes a feed-forward controller (FF-
ALINEA) based on ALINEA in order to improve the per-
formance when the main congestion is created on a down-
stream bottleneck located far away from the on-ramp while
keeping the performance for nearby locations. The paper is
organized as follows: Section II introduces the previously
proposed algorithms ALINEA and PI-ALINEA. Section III
proposes, explains, motivates and analyzes the FF-ALINEA
controller. Section IV-A shows the model used for simulation
(METANET), the scenarios that have been considered, the
characteristic of the optimization overtaken, and the simulation
results obtained for these scenarios. Finally, the conclusions
are presented in Section V.



II. ALINEA AND PI-ALINEA
A. ALINEA

The feedback control law applied by ALINEA for a ramp
metering installation located at segment ¢ at time step k is:

ri(k+1) = ri(k) + Ka(p — po(k)) Q)

where r(k) is the ramp metering rate applied over [(k —
1)T¢, kT¢], T¢ is the length of the control time step interval, p
is the desired set-point, py, (k) is the lane-averaged mainstream
density measurement collected during the control time interval
[(k —1)T., kT.] at a bottleneck downstream of the controlled
on-ramp, and K, is a positive parameter.

B. PI-ALINEA

PI-ALINEA is a feedback ramp metering strategy similar
to ALINEA but using a proportional-integral (PI) controller
structure:

ri(k+1) =
ri(k) + Kr (p = po(k)) — Kp(pu(k) — puo(k — 1))

where Kr and Kp are positive parameters.

2)

C. Selection of the set point:

Both ALINEA and PI-ALINEA use a density set-point that
is typically set equal to the critical density of the bottleneck
(p = pu,c). The value of this critical density can be easily
estimated from real data by analyzing the flow/density mea-
surements provided by a detector at the bottleneck.

D. Limitations of ALINEA and PI-ALINEA

The main limitation of ALINEA and PI-ALINEA, when
applied to distant bottlenecks, is that the feedback is only
based on the density of the bottleneck (and its previous values)
while any change of the control action will need a certain
amount of time to influence the bottleneck density.

As a consequence, if the bottleneck is in the same segment
as the on-ramp, or nearby, the time needed to influence the
bottleneck is short and, therefore, ALINEA is usually able
to reduce the density of the bottleneck in time. However,
if the bottleneck is far away from the on-ramp, the effects

Dm,i (k)
qi(k) | e Dri(k)
v (k) Traffic Br (k)
pc . r(k) system pB(k) pc
ALINEA > » —

of ramp metering will need a longer time in order to affect
the bottleneck. When the bottleneck density is then actually
affected by a ramp metering action, it may be too late because,
e.g., the density of the bottleneck may be already too high
(over the critical density) and so a significant reduction of the
capacity is already delaying traffic flows.

On the other hand, PI-ALINEA is able to anticipate the
activation of ramp metering due to the integral term. However,
if the bottleneck density is increased faster (or slower) than
for the nominal case (used for the identification of the control
parameters), the activation of the ramp metering will occur
sooner (or later) than the optimal activation time. This will
cause that the traffic jam is not avoided (late activation) or that
ramp metering is unnecessarily activated (early activation).

ITII. FEED-FORWARD ALINEA (FF-ALINEA)
A. Control structure

The goal of this paper is to propose a modification of
ALINEA that is able to anticipate the future evolution of
the bottleneck density in order to avoid or reduce traffic
breakdowns in cases where the on-ramp is far away from the
bottleneck (such as, e.g., the freeway stretch shown in Figure
1). This can be achieved by the use of the ‘“Feed-Forward
ALINEA (FF-ALINEA)” control structure shown in Fig. 2.

As can be seen in the figure, FF-ALINEA makes use of
the available measurements of speeds and flows upstream the
bottleneck (g;(k), v;(k)) in order to adjust the time-varying
density set point p(k) (which, in case of ALINEA and PI-
ALINEA, is constant and usually equal the critical density)
for each control time step k:

ri(k+1) = ri(k) + Krr(p(k) — pp(k)) 3

where Kyp is a positive parameter. The computation of the
time-varying density set-point (k) is justified and explained
in the following subsections.

B. Simplified modeling

In order to define a convenient equation for p(k), a sim-
plified model to predict the evolution of bottleneck density
is used (because the goal is to propose an easy-to-implement
linear controller, similar to ALINEA).
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FF-ALINEA

Fig. 2. Control structure for ALINEA (left) and FF-ALINEA (right), where p(k) is a time-varying density set-point used by FF-ALINEA.



Firstly, the conservation of vehicles is used to predict the
value of the density of the bottleneck after a given period of
time T (for the sake of simplicity, in this subsection it is
assumed that 7y is a multiple integer of the simulation time
step 1'):

pu(k + Ta/T) = pu(k) + %(Qib(k) — Qob(k)) 4

where Qi (k) is the flow over all lanes (veh/h) entering the
bottleneck during the considered period T'a, Ay is the number
of lanes of the bottleneck, Ly, is the length of the section of
the bottleneck where the congestion is created (decreasing the
corresponding outflow due to the capacity drop), and Qo1 (k)
is the flow leaving the bottleneck during T .

Subsequently, the previous equation is simplified using the
following assumptions:

o The traffic upstream of the bottleneck (i.e. within L) is
assumed to be uncongested, implying that the speed of
flow propagation equals the vehicle propagation speed.

o The period of time 7Ty will be chosen such as all the
vehicles located at time step k& within certain distance
L upstream of the bottleneck, and not more, are able to
reach the bottleneck.

o It is assumed that the vehicles entering the bottleneck
between time step k and time step k + T /T have been
traveling during this period at a mean speed 0 (k) before
they reach the bottleneck.

o The flow leaving the bottleneck is bounded by the current
capacity C}, of the bottleneck.

With these assumptions, (4) can be rewritten as:

L

po(k+Ta/T) > pu(k) + Mo Luoa (k)

(Qin(k) — Cy) (5)

C. Modification of the density set-point

The goal of a controller designed to maximize the outflow of
a bottleneck (and, therefore, to locally minimize travel times)
is to keep the density of the bottleneck around or below the
critical density (i.e. py,(k +Ta/T) < ppc) [6].

Consequently, and considering equation (5), the following
bound can be considered within the formulation of the con-
troller:

L

+ m(@ib(k) - Cy) (6)

Pbc > polk)

This is equivalent to:

L
AbLya (k)
Therefore, since the goal of the controller is to respect inequal-

ity (7), the time-varying density set-point also has to respect
its corresponding constraint:

po(k) < ppc— (Qin(k) — Cy) (7

L
— A Qi (k) —
Mo Ly a (k) (Quw (k)
ALINEA and PI-ALINEA (for which p(k) is set equal to

pc) do not respect this constraint in cases where the arriving
flow is larger than the capacity of the bottleneck.

p(k) < ppc — Ch) (8

On the other hand, FF-ALINEA modifies the set-point in
real time as follows in order to respect inequality (8):

L
o(k) = ppc —max | —————
p( ) Phb, ()\bvaA(k)

where 04 (k) and Qi (k) have to be estimated for each time
step based on real-time data (see Section III-E below).

(Qun(k) —cb>,o) ©)

D. FF-ALINEA

Using (3) and (9), the control law for the implementation
of FF-ALINEA is obtained:

rilk+1) = ri(k)+

(10)
L
Krr (Pb,c — max [ A

m(@ib(k) - Cy), 0] - Pb(k‘)>

where Ly, and A;, are based on the network topology, La
is chosen based on the available detectors upstream of the
bottleneck, Qip(k) and ¥4 (k) have to be estimated on-line
using measurements available from detectors located upstream
of the bottleneck (see the following subsection), py, ¢, C, and
Krr have to be estimated off-line (or in an adaptive way),
and pp(k) has to be measured (or estimated) every control
time step.

E. Entering flow and mean speed estimation

The implementation of (10) requires the online estimation
of Qib(k) and 4 (k). The method used for this estimation can
be adapted according to the number of detectors available and
the topology of the network.

We could consider 4 different cases:

o If we have measurements available in many detectors
upstream the bottleneck, an easy and accurate way to
estimate Qip(k) and 4 (k) is to use the weighted sum-
mation of all the flows and speeds:

Qu) = Zicoa O -
a(k) = ZeDAL(’:(k)L)

where ¢; is the flow measured at detector ¢, L; is the
distance between detector ¢ and detector ¢ + 1, A is the
stretch of the freeway between the first detector and the
bottleneck, D 4 is the set of detectors in freeway stretch
A, and L, is the length of this stretch.

o If there is only one detector available upstream the bot-
tleneck, Qi (k) and 04 (k) can be estimated by taking the
temporal mean of the measurements during the last period
T (using the current value of the speed measurements
in order to predict Ta):

TA = LA/Um(k’) (12)
[Ta/T]
. B vm(k—1)
,UA(k) - i TA/T
[Ta/T]
. o qm(k B l)
le(k) - Z TA/T

=0



where ¢, (k) and v, (k) are flow and speed measure-
ments on time step k for the available detector and L
is the distance between this detector and the bottleneck.

o If there are no speed measurements available (or if the
estimation of 04 (k) is avoided in order to simplify the
controller formulation), the free-flow speed can be used
for the estimation (04 (k) = vf).

o If there are on-ramps or off-ramps between the first

considered detector and the bottleneck, the flows enter-
ing/leaving the freeway by the ramps have to be taken
into account during the estimation of Q;p (k).
For example, if there were one off-ramp just upstream of
the bottleneck (but downstream of the detectors used for
the estimation of Qi (k)), the estimated flow would have
to be adapted using the following equation:

EiGDA (qi(k)Li)
L

where (k) is the split ratio of the off-ramp at time step
k, which has to be measured or estimated online.

Qin(k) = (1= (k) (13)

E. Theoretical behavior of FF-ALINEA

In order to theoretically compare the behavior of FF-
ALINEA with ALINEA and PI-ALINEA, this subsection
analyzes the behavior of the density set-point for the 4
cases arising when comparing the bottleneck density with the
critical density and the entering flow with the capacity of the
bottleneck. It has to be pointed out that these 4 cases just
analyze the response of FF-ALINEA (proposed in Sections
III-D and HI-E above) without affecting its formulation.

o Case 1: p,(k) < pc and Qip(k) < Cy(k). Under these
conditions, the FF-ALINEA set-point is constant and
equal to the critical density and, therefore, the behavior
of FF-ALINEA is the same as that of ALINEA (both
ALINEA and FF-ALINEA keep the ramp open under
these conditions). In fact, if the estimated flow entering
the bottleneck during the period T is lower than its
capacity and the bottleneck is not congested, there is no
need to apply any traffic control action.

o Case 2: p,(k) < pc and Qip(k) > Cp(k). In this case,
the new set-point p(k) used by FF-ALINEA is lower than
the critical density. The new value of the set-point allows
to activate ramp metering before the bottleneck reaches
congestion.

On the other hand, ALINEA has to wait until the bottle-
neck density has reached a value larger than the critical
density causing an unavoidable capacity drop that cannot
be compensated until the activation ramp metering affects
the bottleneck.

Under these conditions, PI-ALINEA is also able to acti-
vate ramp metering before the bottleneck reaches conges-
tion using the integral term of the controller. However,
its behavior highly depends on how fast the bottleneck
density is increasing (i.e. it will depend on the scenario).

o Case 3: p,(k) > p. and Qip(k) < Cp. Again, the new
set-point p(k) used by FF-ALINEA is equal to the one
used by ALINEA.

Ideally, the value of the set-point (k) should to be
higher than the critical density if the bottleneck density
is going to decrease during the following minutes due to
low flows arriving to the bottleneck. However, this case
is not considered within FF-ALINEA for two reasons.
Firstly, without using a calibrated macroscopic model, it
is more difficult to predict the evolution of the density of
a congested bottleneck compared to an uncongested one
(because the capacity drop of a bottleneck is time-varying
during congestion). Moreover, it is less important, in
terms of Total Time Spent (TTS) reductions, to anticipate
the activation of ramp metering compared to anticipate
the deactivation of the ramp metering because a late
activation of ramp metering can create or increase a new
traffic jam that remains during a certain period of time
while a late deactivation of ramp metering only delays
the disappearance of an already existing traffic jam).
Case 4: py(k) > p. and Qip(k) > Cp. Under these
conditions, the new set-point p(k) is lower than the
critical density. Therefore, the proposed ramp metering
rate using FF-ALINEA is lower than the one given by
ALINEA (or equal if the ramp metering rates of both FF-
ALINEA and ALINEA are saturated). This lower ramp
metering rate allows to partially compensate the density
increase that will be caused by the high flows.

In other words, FF-ALINEA estimates that the already
congested bottleneck is going to get more congested in
the future and, consequently, FF-ALINEA decreases the
ramp metering rate (with respect to the one obtained with
ALINEA).

G. Advantages and Disadvantages of the controller

The main advantages of FF-ALINEA compared with
ALINEA and PI-ALINEA are:

o The controller is able to activate ramp metering before

the bottleneck is congested if the flow arriving at the
bottleneck is higher than the capacity of the bottleneck.
In many scenarios, this anticipation will allow to avoid
or reduce the congestion created at the bottleneck and,
therefore, to substantially decrease the TTS.

The controller is able to activate ramp metering before the
bottleneck is congested if the capacity of the bottleneck
is suddenly decreased (e.g., due to a lane closure caused
by an accident). Again, this will allow to avoid or
reduce congestion created at the bottleneck created by
the incident.

As for ALINEA, only one control parameter has to be
calibrated. The rest of the constant parameters can be
easily found or chosen by considering the topology of
the network (Ap, Ly, La).

The main disadvantages are:
o Tuning FF-ALINEA is more complex than for ALINEA

because for ALINEA only two parameters (py, . and K )
have to be estimated. On the other hand, fine-tuning of
PI-ALINEA is similarly hard as or even harder than for
FF-ALINEA:



— The critical density (py) has to be estimated for
both controllers.

— C} (needed for FF-ALINEA) can be easily is es-
timated based on bottleneck detector data (such as
pb,c)-

— L, and Ly (needed for FF-ALINEA) can be found
easily by just inspecting the network topology.

- Qin(k) and 04 (k) (needed for FF-ALINEA) can be
easily estimated on-line by just having one detector
upstream of the bottleneck (where the estimation is
improved if more detectors are available).

— On the other hand, only one control parameter (Kr)
has to be tuned for FF-ALINEA while two control
parameters (Kr and Kp) have to tuned for PI-
ALINEA.

o For real implementations of ALINEA and PI-ALINEA,
at least 3 detectors are needed: one occupancy detector
at the bottleneck and two detectors on the on-ramp (due
to the limitation for the maximum number of vehicles
waiting on the on-ramp queue). On the other hand, FF-
ALINEA needs to use data from at least 4 detectors (the
previous ones plus one flow detector upstream of the on-
ramp). The higher the number of additional detectors
(for flow and speed), which are currently installed in
many segments of congested freeways, the better the
performance that is obtained (as can be seen in Section
IV-E).

IV. SIMULATION RESULTS
A. Considered scenarios

A hypothetical 12 km long freeway stretch, shown in Fig.
3, is used in order to simulate the proposed FF-ALINEA
controller and to compare its performance with ALINEA, PI-
ALINEA and the optimal solution:

La
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Fig. 3. Freeway stretch considered.

The freeway has N = 12 segments with A; = 3 lanes and
with a length of L; = 1 km for each segment, one controlled
on-ramp at the beginning of segment 4 and one lane drop
in segment 11 (i.e. segment 11 has only 2 lanes). Because
of the lane drop, segment 11 is a bottleneck that will create
congestion if the demands are high enough.

In order to simulate the considered freeway stretch, the
METANET model [14] has been used. All the METANET

parameters are considered to be the same for all the segments.
The simulation time chosen is three hours corresponding to
180 controller sample steps (1. = 60 s) and 1080 simulation
steps (1" = 10 s). The on-ramp has a capacity of C; 4 = 2000
veh/h, the free-flow speed vf is 110 km/h, the critical density
pc 18 32 veh/(km-lane), the maximum density pp, is 180
veh/(km-lane), and the time constant 7 is 18 s. The rest of
the model parameters can be seen in Table 1. As proposed
in [15], the model takes different values for p; (ug and pi,)
depending on the downstream density.

TABLE I
METANET PARAMETERS

M Hr ¢ | K 4
40 km?/h | 80 km?/h | 0.1 | 40 | 0.01

The ramp metering installation, the only traffic control
measure within the freeway stretch, is located 7 kilometers
upstream the bottleneck. Therefore, any change of the control
action will need at least 7/vf = 3.82 minutes to influence the
bottleneck density (assuming that the vehicles are driving at
the free-flow speed). If the speeds are lower than the free-flow
speed, ramp metering will need more time to influence the
bottleneck (e.g., if the vehicles have a mean speed of 40 km/h
between segments 4 and 11, a change in the ramp metering
rate will only affect the bottleneck after 10.5 minutes).

Mainline and on-ramp demands
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Fig. 4. Mainline and on-ramp demands

Five different mainline demands (shown in Fig. 4) and two
maximum values for the number of vehicles waiting on the
queue (Wmax) are considered. Combining the demands and
the queue restrictions as shown in Table II, nine scenarios,
with different levels of congestion, are considered. The on-
ramp demand used is the same for the 9 scenarios and it
is also shown in Fig. 4. Since the demand D3 does not
create congestion, only one scenario has been considered for
D3 because a queue constraint does not modify the obtained
behavior.



TABLE 11
CONSIDERED SCENARIOS

Scenario 1 2 3 4 5 6 7 8 9
Demand | D D1 Do Do D3 Dy Dy D5 Ds
Wmax - 200 - 200 - - 200 - 200

For the implementation of FF-ALINEA, it has been consid-
ered that there are flow and speed detectors available for all the
segments between the on-ramp and the bottleneck (segments
4 to 11).

The critical density of the bottleneck (used by ALINEA, PI-
ALINEA and FF-ALINEA) and the capacity of the bottleneck
(used by FF-ALINEA) have been estimated using the flows
and densities obtained by simulating METANET for Scenario
1 without any activation of ramp metering. As in previous
references [11], [12], the obtained critical density and capacity
(pe,p = 36,78 veh/(km-lane) and C}, = 4782 veh/h) are larger
than the one given by the METANET fundamental diagram
(32 veh/(km-lane) and 4270 veh/h).

In order to ensure that the controllers respect the queue
constraint (wy(k) < wmax V k), the following equation has
been used after any controller time step for ALINEA, PI-
ALINEA and FF-ALINEA.

r(k) = (14)
Do) walb)omes it (D, (k) — r(k)C,) > W 0a®)
r(k) otherwise

The optimal solution for each scenario is computed in order
to have a estimation of the highest TTS reduction that can be
achieved for each scenario. The computation of the optimal
ramp metering solution has been analyzed in many previous
references either using a rolling prediction horizon [1], [15]
or optimizing over the entire simulation horizon [16]. In this
work, we use the second choice because we will not compute
any optimization on-line so the computation load is not a key
factor.

The optimal solution between time steps k, and k. for
a given demand can be found by solving the optimization
problem with cost function J, which is used to measure the
performance of the system with respect to the Ramp Metering
sequence. The cost function contains one term for the TTS,
another term that limits (using a soft constraint in order
to make the optimization faster) the maximum value of the
queues, and a third term penalizing the ramp metering rate
variations:

k=ke
J=3 |1 wik) + > k) Lk )+ (15)
k=k, €O el

w(max(w4(k) — Wax, O))2 + e(r(k‘) —r(k— 1))21

where O is the set of all the segments with a queue (on-ramp
and mainline origin), v and e are tuning parameters, and [
is the set of all the segments. For this work, 1) and e have
been set equal to 1. If lower values of € are used, the TTS is
slightly reduced but higher oscillations appear.

In this work, the optimizations have been computed con-
tinuously using the gradient-based optimization algorithms
RPROP [16], [17] and Sequential Quadratic Programming
(SQP) [18]. It has to be pointed out that, in general, it is
necessary to run the algorithm many times (with different
initial points) in order to avoid ending up in local minima
(because the problem is highly non-convex). More concretely,
15 initial points have been used for each computation of the
optimal solution, 110 initial points for the computation of the
optimal values of K and Kpp for each scenario, and 900
initial points for the computation of Kg and K, for each
scenario.

B. Numerical results

In this subsection, FF-ALINEA is tested for the 9 scenarios
considered in subsection IV-A. and the results are compared
with the ones obtained with ALINEA and PI-ALINEA and
with the optimal solution for each scenario.

The values of the controller parameters (K%, Kip, K%, and
Kf;) have been found by minimizing the cost function ((15))
for the corresponding scenario 4. For the estimation of Qj, (k)
and 04 (k), the flows and speeds from segments 4 to 11 have
been taken as measurements for equation (11). The obtained
numerical results are shown in Table III.

Analyzing the results, it can be seen that the proposed
controller (FF-ALINEA) is able to approach the optimal
performance for the entire set of considered scenarios. In
fact, the highest difference between the TTS reduction of FF-
ALINEA and the optimal TTS reduction occurs for Scenario
2 (with a TTS reduction of 44.3% for the optimal case and
41.7% for FF-ALINEA). As a result, the mean TTS reduction
for the 9 scenarios using FF-ALINEA is also quite close the
optimal one (31.1% versus 31.8%).

PI-ALINEA is also able to substantially improve the be-
havior of the traffic system with a 28.2% mean TTS reduction
for the 9 scenarios. However, even taking account that PI-
ALINEA has two parameters that have been optimized for
each scenario (allowing to better adapt the controller perfor-
mance to each scenario), the performance is worse than using
FF-ALINEA.

Finally, it can be seen that ALINEA performance is far
away from the other controllers (with a mean TTS reduction of
14.3%). In the worst case, for Scenario 3, ALINEA is almost
not able to improve traffic behavior (with a TTS reduction
of 0.04%), while the other controllers have a huge impact on
traffic behavior (49.2%, 52.3%, and 52.8% for PI-ALINEA,
FF-ALINEA, and the optimal solution, respectively).

C. Graphical results

The graphical results for a representative scenario with
an intermediate mainline demand (D1) and without queue
constraints (Scenario 1) can be seen in Fig. 5, 6, 7, and 8.

In Fig. 5, the speed contour plots obtained using each
controller are shown. It can be seen that ALINEA is able to
reduce the traffic jam, but it is not able to totally eliminate the
congestion. On the other hand, PI-ALINEA, and FF-ALINEA
are able to avoid traffic breakdown. The oscillating behavior
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Fig. 5. Contour plots for the speeds obtained for Scenario 1

obtained for the no-control case is related with shock wave
phenomena, also observed in real field data, which implies
that a bottleneck can create oscillations in speeds and flows
(which create shock waves upstream of the bottleneck).

The limited reduction of the traffic jam obtained with
ALINEA can be explained by analyzing the ramp metering
rates shown in Fig. 6. As can be seen in the figure, the ramp
metering installation is closed later using ALINEA because
the controller is not able to anticipate the congestion of the
bottleneck. Once ramp metering is applied (at minute 46), it is
already too late to totally eliminate congestion but, obviously,
a reduction is obtained compared to the no-control case.

On the other hand, it can also be seen in Fig. 6 that PI-
ALINEA and FF-ALINEA anticipate the activation of ramp
metering:

o FF-ALINEA anticipates the activation of ramp metering
because, at minute 37, the flow between segments 4 and
11 is already larger than the capacity so the system can
estimate that the bottleneck will be congested during the
following minutes if no measures are applied. In fact,

100

TABLE III
TTS FOR DIFFERENT CONTROLLERS AND SCENARIOS

ALINEA

150

Time (minutes)

FF-ALINEA starts to influence on-ramp flow at minute
39 (only one minute later than the optimal solution) and,
during the remainder of the simulation, the ramp metering
rates obtained with FF-ALINEA are similar to the optimal
ones, but with a higher oscillation. These oscillations of
the ramp metering rate do not have negative effects re-
lated with traffic safety or congestion. Nevertheless, these
oscillations can be reduced, if desired, by decreasing
parameter Kyp, entailing a slightly worse performance
in terms of TTS reduction.”

PI-ALINEA is also able to anticipate the traffic jam, but
its behavior is quite scenario-dependent. In the figure, it
can be seen that the ramp metering rate starts to decrease
from 1 sooner than needed (according to the optimal
solution). However, the first time that ramp metering is
affecting the system (because for high values of r(k),
all the ramp flow can enter the freeway so the ramp
metering rate is not influencing the system behavior) is at
minute 38 (like the optimal solution). However, because
of the activation of ramp metering is mainly based on the

PI-ALINEA FF-ALINEA

2290.7 (-19.9 %)
22582 (-21.1 %)
3818.5 (-0.04 %)
3655.7 (- 4.3 %)
1215.6 ( 0.0 %)
1728.7 (-29.9 %)
2086.4 (-15.4 %)
1922.6 (-22.8 %)
2114.1 (-15.1 %)

15063 (473 %)
1673.9 (-41.5 %)
1940.1 (-49.2 %)
2956.1 (-22.6 %)
1215.6 ( 0.0 %)
1673.4 (-32.1 %)
2026.1 (-17.8 %)
1839.2 (-26.1 %)
2067.8 (-17.0 %)

14581 (-49.0 %)
1666.8 (-41.7 %)
1821.3 (-52.3 %)
2890.2 (-24.3 %)
1215.6 ( 0.0 %)
1604.0 (-34.9 %)
2033.7 (-17.5 %)
1606.6 (-35.5 %)
1889.3 (-24.1 %)

Scenario | Uncontrolled Optimal
1 2860.7 1455.2 (-49.1 %)
2 2860.7 1594.4 (-44.3 %)
3 3820.1 1804.7 (-52.8 %)
4 3820.1 2846.0 (-25.5 %)
5 1215.6 1215.6 ( 0.0 %)
6 2464.8 1591.9 (-35.4 %)
7 2464.7 1989.4 (-19.3 %)
8 2490.4 1600.8 (-35.7 %)
9 2490.4 1845.8 (-25.9 %)
Mean -31.8 %

-14.3 %

-28.2 %

-31.1 %
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Fig. 6. Ramp metering rates for Scenario 1

increase of the bottleneck density, and not on bottleneck
density itself, ramp metering will not be activated in
advance if, e.g., the bottleneck density increases slower
than in this scenario.

The ramp queues created using each controller can be seen
in Fig. 7. Again, it can be seen that the behavior obtained with
FF-ALINEA is quite close to the optimal one while ALINEA
creates quite long (and suboptimal) queues. The queue lengths
created by PI-ALINEA are also close to the optimal ones but
with higher values than the ones obtained with FF-ALINEA
and with the optimal solution.

Finally, in Fig. 8 the bottleneck densities (i.e. the densities of
segment 11) are shown. It can be seen that the optimal solution
keeps the density of the bottleneck around the critical density
of 36.78 veh/(km-lane). This behavior is again approached by
FF-ALINEA and PI-ALINEA but with a higher accuracy using
for FF-ALINEA.

D. Cross-validation

In real applications, the values of the controller parameters
will be usually computed for one case (generally, the typical
demand) and applied to different scenarios. Therefore, it is

Ramp queues

®

o

S
T

——No Control
——Optimal
ALINEA
e EE-ALINEA|
=== PI-ALINEA

~

o

]
T

Queues (veh)
N w B (o)) (2]
o o o o o
o o o o o
T T T T T

[N

o

=]
T

80 100 120 140 160 180
Time (minutes)

Fig. 7. Ramp queues for Scenario 1

important that the controllers tuned for one scenario, also
perform properly in other circumstances. In other words, it
is necessary to have a robust controller, especially against
different demand profiles.

This section analyzes the robustness, against different main-
line demands and ramp queue constraints, of the considered
controllers (ALINEA, PI-ALINEA and FF-ALINEA) by a
cross-validation (i.e. by analyzing the TTS reduction for
scenario j when using the parameters computed for scenario
7).

The optimal value of the controller parameters (K3, Kpp,
K%, and KY) that minimize the summation of the cost
functions (15) for the 9 scenarios have been also computed
and included in the comparison (in the second-to-last column
of the tables).

It can be seen that the behaviors of ALINEA and PI-
ALINEA are much more dependent on the value of the
parameters. In fact, as can be seen in Tables IV and V, there are
no values of the parameters that are able to perform properly
(in terms of TTS reduction) for the entire set of scenarios.

Moreover, for some scenarios, PI-ALINEA and ALINEA
increase the TTS if incorrect values of the parameters are
used. For example, for Scenario 5 (for which congestion is

TABLE IV
CROSS-VALIDATION: TTS REDUCTION WITH RESPECT TO THE NO-CONTROL CASE FOR ALINEA WITH K; OPTIMIZED FOR SCENARIO %

Ki= K= K3 = Ki= K{= K= K}= K{= K;= Mean for the

0.0612 0.0663 0.0005 00118 0.2837 1.1020 0.1636 0.2606 0.2837 10 values of Ka
Scenario 1 19.9% 18.3% —1.90% —3.5% 13.9% 8.7% 13.2% 14.2% 13.9% 10.8%
Scenario 2 9.8% 21.1% —1.41% —-0.6% 15.1% 13.2% 17.5% 15.1% 15.1% 11.6%
Scenario 3 —-1.9% —-1.9% 0.04% —-3.4% —0.6% -1.9% —1.3% —0.8% —0.6% —-1.4%
Scenario 4 0.8% 0.7% —0.04% 4.3% —0.7% —0.3% —0.6% —0.7% —0.7% 0.3%
Scenario 5 0.0% 0.0% 0.00% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Scenario 6 —-1.2% —1.4% 0.05% —2.8% 29.9% 12.7% —-1.2% 4.4% 29.9% 7.8%
Scenario 7 —0.8% —0.8% 0.05% 3.2% 5.8% 15.3% —0.0% 5.1% 5.8% 3.7%
Scenario 8 —7.0% —6.5% -0.07% -1.1% 14.7% 11.4% 22.8% 14.9% 14.7% 7.1%
Scenario 9 —2.1% —2.1% —0.06% 2.3% 14.7% 14.0% 2.3% 151% 14.7% 6.5%
Mean for the
9 scenarios 2.0% 3.0% —0.4% —0.2% 10.3% 8.1% 5.8% 7.5% 10.3%




TABLE V
CROSS-VALIDATION: TTS REDUCTION WITH RESPECT TO THE NO-CONTROL CASE FOR PI-ALINEA WITH K, AND Kp OPTIMIZED FOR SCENARIO %
KL= Ki= K3i= Ki= K&= KL= K= @ K}= @ Ki=
0.00050  7.3-10~%  0.00078 0.00009 0.00128 0.00069 2.06061 0.00229 0.00034 Mean for the
K} = K2 = K} = K) = K= K= Ky=  K)= Ky = 10 values of K,
0.033 0.021 0.044 0.027 0.078 0.046 9.344 0.051 0.032 and Kp
Scenario 1 47.3% 46.0% 46.7% 43.3% 37.2% 44.8% 16.1% 18.8% 46.1% 38.5%
Scenario 2 40.7% 41.5% 37.1% 35.6% 12.0% 30.4% 18.6% 18.2% 39.4% 30.4%
Scenario 3 2.6% 2.1% 49.2% 47.2% 41.5% 48.4% 8.6% 0.2% 48.2% 27.5%
Scenario 4 1.6% 0.1% 20.3% 22.6% 8.0% 19.7% 8.2%  —0.8% 20.2% 11.1%
Scenario 5 —0.5% —5.5% -23% —-11.1% -19.4% —6.3% 0.0% 0.0% —4.0% —-5.5%
Scenario 6 -0.2% 12.6% 1.0% 10.7% 321% 17.6% 5.4% 0.7% 11.4% 10.2%
Scenario 7 —0.4% 122%  —0.4% 11.3% 15.5% 17.8% 6.7% —0.7% 12.2% 8.3%
Scenario 8 21.2% 17.1% 16.8% 9.4% -9.2% 11.2% 26.2% 15.6% 17.1% 13.9%
Scenario 9 -72% —-103% —-174% —-172% —20.7% —18.9% 12.4% 17.0% —16.0% —8.7%
Mean for the
9 scenarios 11.7% 12.9% 16.8% 16.9% 10.8% 18.3% 11.4% 7.7% 19.4%
TABLE VI
CROSS-VALIDATION: TTS REDUCTION WITH RESPECT TO THE NO-CONTROL CASE FOR FF-ALINEA WITH KFF OPTIMIZED FOR SCENARIO ¢
K}}‘F = K%F = KI‘?ZF = Kép = KI‘?‘F = KBZF = KEF = KgF = Kip = Mean for the
0.234 0.278 0.120 0.134 0.329 0.397 0.403 0.266 0.279 10 values of Krp
Scenario 1 49.0% 48.9% 48.2% 47.3% 47.5% 47.4% 47.5% 48.2% 49.0% 48.1%
Scenario 2 41.3% 41.7% 39.9% 38.2% 35.7% 35.8% 38.0% 38.8% 41.4% 39.0%
Scenario 3 51.6% 50.4% 52.3% 51.1% 50.3% 50.2% 51.3% 51.3% 51.7% 51.1%
Scenario 4 24.0% 22.7% 23.7% 24.3% 22.7% 22.1% 22.8% 22.8% 22.7% 23.0%
Scenario 5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Scenario 6 33.8% 34.0% 33.4% 34.6% 34.9% 33.9% 32.3% 34.4% 34.6% 34.0%
Scenario 7 16.0% 17.1% 17.1% 17.3% 17.3% 17.5% 16.4% 16.7% 17.1% 16.9%
Scenario 8 34.2% 33.7% 34.5% 33.1% 33.6% 34.9% 35.5% 34.8% 34.8% 34.4%
Scenario 9 23.5% 24.1% 20.7% 21.7% 23.0% 24.0% 24.0% 24.1% 24.1% 23.3%
Mean for the
9 scenarios 30.4% 30.3% 30.0% 29.7% 29.4% 29.5% 29.7% 30.1% 30.6%
0r Bottleneck densities On the other hand, the results obtained for FF-ALINEA,
—go _Conltm' which can be seen in Table VI, show that FF-ALINEA is
70 Afr,'\‘n;\ quite robust for different traffic conditions: For the simulated
:’_“_”_’:‘_‘:EIF:_LI:\"\‘:: scenarios, the performance obtained with different values of
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Fig. 8. Density of segment 11 for Scenario 1

not reached, but the bottleneck density reaches values between
the FD critical density of 32 veh/(km-lane) and the estimated
critical density of 36.78 veh/(km-lane)), the TTS is increased
for most of the controller parameters using PI-ALINEA.

The best mean TTS reduction for the 9 scenarios that can
be obtained using ALINEA and PI-ALINEA is 10.3% and
19.4%, respectively.

Kpr is always close the one obtained with the best value of
Krr. The biggest difference is for Scenario 2: 35.7% for K55
against 41.7% for K25. The best mean TTS reduction for the
9 scenarios using FF-ALINEA is 30.6%, slightly lower than
the optimal one (31.8%).

E. Robustness

Finally, this section analyses the robustness of FF-ALINEA
in other cases apart from demands and queue constraints. The
following cases have been considered:

o Case 1: The capacity is overestimated with 5% (4542.9
veh/h versus 4782 veh/h).

o Case 2: The capacity is underestimated with 5% (5021.1
veh/h versus 4782 veh/h).

o Case 3: The critical density is underestimated with 5%
(34.94 veh/(km-lane) versus 36.78 veh/(km-lane)).

o Case 4: The critical density is underestimated with 5%
(38.62 veh/(km-lane) versus 36.78 veh/(km-lane)).

o Case 5: 04 (k) is taken as the free-flow speed.

o Case 6: The flow Qi (k) is estimated by taking the mean



TABLE VII
ROBUSTNESS ANALYSIS: TTS REDUCTION WITH RESPECT TO THE NO-CONTROL CASE FOR EACH CASE
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Cy 1 Cv T pcd pc T (04 (k) = ve) 16) (7) + (@a (k) = vr)
Scenario 1 46.7% 43.8% 45.0% 48.3% 46.9% 47.5% 46.5%
Scenario 2 36.2% 30.7% 35.8% 38.9% 35.5% 38.3% 35.7%
Scenario 3 49.7% 47.6% 50.0% 51.1% 50.5% 50.6% 49.1%
Scenario 4 20.3% 18.8% 21.8% 22.4% 22.6% 20.7% 20.6%
Scenario 5 —2.4% 0.0% —0.2% 0.0% 0.0% 0.0% 0.0%
Scenario 6 32.3% 9.5% 31.6% 33.3% 31.9% 33.1% 33.5%
Scenario 7 15.3% 15.4% 16.8% 16.5% 15.4% 15.2% 15.4%
Scenario 8 30.4% 29.5% 30.2% 35.0% 33.7% 33.3% 32.3%
Scenario 9 12.6% 15.3% 17.0% 21.6% 21.8% 20.6% 21.3%
Mean for the 9 scenarios 26.8% 23.4% 27.6% 29.7% 28.7% 28.8% 28.3%
value of q4(k) during the last period Ta: The main advantage of FF-ALINEA, comparing to ALINEA
(La/(Toa(K))] and PI-ALINEA, is that the proposed controller is able to
) _ qa(k —1) activate ramp metering before the bottleneck is congested if
Q)= > T (16) P ot . ;
=0 A/(Toa(K)) the flow arriving to the bottleneck is higher than its capacity.

where 04 (k) is computed using the mean speed estima-
tion based on the 7 detectors available.

o Case 7: The mean speed 04 (k) is taken as the free-flow
speed and the flow Q;,(k) is estimated by taking the
mean value of g4(k):

@]
Qin(k) = ; m 17

For this section, FF-ALINEA is simulated using the op-
timal value of the controller parameter Kjp = 0.279. The
corresponding result can be seen in Table VII.

Cases 1, 2, 3 and 4 show that an error in the estimation of
the capacity and/or the critical density affects the performance
of FF-ALINEA but the resulting TTS reduction is of the same
order of magnitude.

In Case 7, the performance of FF-ALINEA using simpler
estimation methods for 0 (k) and Q;,(k) (with only one addi-
tional detector measuring the flow of segment 4) is computed.
In this case, the structure and external resources required by
FF-ALINEA are similar as those required by PI-ALINEA.
The differences between them are that FF-ALINEA uses one
additional flow detector, and that for FF-ALINEA one has to
estimate C},, La, Ly, ve(k) (which can be easily estimated
based on the network layout and the detector data), and KFF
(which does not need a calibrated model due to the inherently
robust behavior). On the other hand, for PI-ALINEA one has
to estimate K'r and K, (for which a calibrated model of the
network is necessary). However, for Case 7 the performance
obtained for FF-ALINEA is still much more optimal and
robust than using PI-ALINEA (i.e. mean TTS reduction of
28.3% versus 19.4%).

V. CONCLUSIONS

This paper has proposed a new ramp metering control
algorithm (FF-ALINEA) for bottlenecks located far away from
the on-ramp (i.e. more than just a few hundred meters). FF-
ALINEA is based on a feed-forward modification of ALINEA,
which allows to anticipate the future evolution of the bottle-
neck density in order to avoid or reduce traffic breakdowns.

In fact, in the scenarios simulated, FF-ALINEA has shown
a significant increase in the TTS reduction compared to
ALINEA and PI-ALINEA due to an earlier activation of ramp
metering, which allows to avoid the congestion created on the
bottleneck.

The simulation results have also shown that FF-ALINEA is
able to approach the optimal behavior and that FF-ALINEA is
quite robust if there is a limited number of available detectors
or there are errors in the estimation of the capacity and/or the
critical density of the bottleneck.

In a future work, FF-ALINEA will be tested for scenarios
where the capacity of a segment is suddenly decreased, cre-
ating a bottleneck due to an incident. Moreover, FF-ALINEA
will be integrated in the framework of a joint controller for
ramp metering and variable speed limits and tested extensively
in field implementations. Another interesting topic for future
work is to perform a stability analysis for ALINEA and FF-
ALINEA using a second-order traffic model.
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