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ALINEA is a simple, efficient, and easily implemented ramp metering strategy. Virtual reference feedback tuning (VRFT) is
most suitable for many practical systems since it is a “one-shot” data-driven control design methodology. This paper presents an
application of VRFT to a ramp metering problem of freeway traffic system. When there is not enough prior knowledge of the
controlled system to select a proper parameter of ALINEA, the VRFT approach is used to optimize the ALINEA’s parameter by
only using a batch of input and output data collected from the freeway traffic system. The extensive simulations are built on both
the macroscopic MATLAB platform and the microscopic PARAMICS platform to show the effectiveness and applicability of the
proposed data-driven controller tuning approach.

1. Introduction

Freeway traffic control has become an important area in
the field of traffic engineering and intelligent transportation
systems due to the rapid expansion in worldwide develop-
ment of freeway infrastructure and traffic demand.The frequ-
ent occurrence of congestions on freeway during rush hours,
which may be caused by traffic demand being greater than
capacity, traffic accidents, road works or weather, and so
forth, leads to travel time delay, inefficient utilization of the
freeway infrastructure, and decreasing traffic safety. Thus,
freeway traffic control methods should be developed to pre-
vent traffic jam and utilize the freeway infrastructure effici-
ently. In general, there are three typical freeway traffic con-
trol methods, ramp metering, mainline speed control, and
corridor control.

Among these methods, ramp metering is the most pop-
ular one [1, 2]. Ramp metering is implemented by means
of traffic lights, which is used to meter the number of
entering vehicles and prevent traffic volume from exceeding
freeway capacity. Ramp metering, when properly applied,
is an effective way to ease freeway congestion and improve
the efficiency of freeway utilization. From the viewpoint of

system control, it is a typical set-point problem andnumerous
model based control methods have been exploited, such as
numerical methods [1, 3], linearization method [4], one-step
ahead prediction, and multiple prediction adaptive control
[5]. However, as the freeway traffic system is expanded to
be larger and larger, its accurate mathematical model may
be difficult to be built. Therefore, it is desirable to develop
a control method that is less dependent on the model
accuracy.

In the field of control theory, several control methods
for systems with exogenous disturbances and/or model
uncertainties have been explored extensively. In [6], a new
model transformation of discrete-time fuzzy systems with
time-varying delays is analyzed and applied to dynamic
output feedback controller design. In [7], a dissipativity based
sliding mode control (SMC) is proposed for continuous-
time switched stochastic systems with an external distur-
bance/ uncertainty. In [8], a sliding mode control (SMC)
is proposed for Markovian jump singular time-delay sys-
tems. In [9], a stable robust model predictive controller
with hard input constraints is designed for a multivari-
able system whose model is inaccurate. In [10], a fuzzy
sliding model control method is presented for a class of
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nonlinear systems with structured and unstructured uncer-
tainties. Although the robust performance to disturbances
can be achieved with these control methods, the nominal
model or system structure is still required for the controller
design.

More recently, several data-driven control methods,
which focus on designing controller merely using measured
input and output data of a plant, are found in the data-
driven control field, such as PID control [11], model-free
adaptive control [12–14], iterative learning control [15–19],
unfalsified control [20], virtual reference feedback tuning
[21–24], and iterative feedback tuning [25–27]. Note that
ALINEA—a simple, efficient, and easily implemented ramp
metering strategy—is a typical PI-type feedback regulator
based on mainstream measurements of occupancy down-
streamof the ramp [28, 29]. Apparently, it is also a data-driven
control strategy in nature without including any modeling
information of the freeway system, but only depending on
the input and output measurements. However, it is worth
pointing out that successful implementation of ALINEA
depends on four parameters [30]: the update cycle and the
feedback gain of ALINEA controller, the feedback gain, the
location, and the predefined optimal occupancy of freeway
downstream of the merge. In fact, it is difficult to select
an optimal feedback gain by trial-and-error method for a
practical freeway traffic system if there is not enough prior
knowledge of the controlled system.

In [30], an iterative feedback tuning (IFT) method is pro-
posed to optimize the parameter of the ALINEA controller.
The parameter of ALINEA controller is tuned iteratively only
by using the input and output (I/O) data without any infor-
mation of the plant model. However, IFT requires many
experiments on the plant for data collection and suffers
from local minima problems if it is not suitably initialized
[24]. In contrast, VRFT [21–24] is a “one-shot” data-driven
controller tuning method: one collects a batch of data from
the plant and the procedure returns a controller, without
requiring iterations and/or further accesses to the plant for
experiments. VRFT formulates the controller tuning problem
as a controller parameter identification problem by intro-
ducing virtual reference signal. VRFT is suitable for many
practical applications since the minimization is conducted in
one shot.

In this paper, VRFT method is applied to optimize the
parameter of the ALINEA controller in the presence of the
modeling uncertainties and exogenous disturbances, as an
alternative to the difficult task of fine-tuningALINEA in real-
world testing. The ALINEA’s parameter is tuned directly by
using the measured input and output (I/O) data without any
prior knowledge of the freeway traffic system. The effective-
ness of the proposed data-driven controller tuning method
is verified by simulations built on macroscopic MALAB and
microscopic PARAMICS platforms.

Thepaper is organized as follows. Section 2 is the problem
formulation, where a discretized macroscopic traffic mode is
introduced. Section 3 describesVRFT approach forALINEA.
Simulation results withMATLAB and PARAMICS platforms
are provided in Section 4. Finally, Section 5 concludes this
paper.
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Figure 1: A freeway segment subdivided into sections.

2. Problem Formulation

2.1. Macroscopic Traffic Model. The space and time dis-
cretized traffic flow model used in this section was proposed
by Papageorgiou in 1989. It divides a freeway into several
segments, and each segment contains one on-ramp and one
off-ramp only, as shown in Figure 1.

The mathematical formulation of discretized traffic flow
model is given as follows:

𝜌
𝑖 (𝑘 + 1) = 𝜌𝑖 (𝑘) +

𝑇

𝐿
𝑖

[𝑞
𝑖−1 (𝑘) − 𝑞𝑖 (𝑘) + 𝑟𝑖 (𝑘) − 𝑠𝑖 (𝑘)] ,

(1)

𝑞
𝑖 (𝑘) = 𝜌𝑖 (𝑘) V𝑖 (𝑘) , (2)

V
𝑖 (𝑘 + 1) = V𝑖 (𝑘) +

𝑇

𝜏
[𝑉 (𝜌
𝑖 (𝑘)) − V𝑖 (𝑘)]

+
𝑇

𝐿
𝑖

V
𝑖 (𝑘) [V𝑖−1 (𝑘) − V𝑖 (𝑘)]

−
𝛾𝑇

𝜏𝐿
𝑖

[𝜌
𝑖+1 (𝑘) − 𝜌𝑖 (𝑘)]

[𝜌
𝑖 (𝑘) + 𝜅]

,

(3)

𝑉 (𝜌
𝑖 (𝑘)) = Vfree(1 − [

𝜌
𝑖 (𝑘)

𝜌jam
]

𝑙

)

𝑚

, (4)

where 𝑇 is the sample time interval in hour. 𝑘 is the 𝑘th time
interval, 𝑖 ∈ {1, . . . , 𝑁} is the 𝑖th section of a freeway, and𝑁 is
the total section number.Model variables are listed as follows:

𝜌
𝑖
(𝑘): density in section 𝑖 at time 𝑘𝑇 (veh/lane/km);

V
𝑖
(𝑘): spacemean speed in section 𝑖 at time 𝑘𝑇 (km/h);
𝑞
𝑖
(𝑘): trafficflow leaving section 𝑖 and entering section
𝑖 + 1 at time 𝑘𝑇 (veh/h);
𝑟
𝑖
(𝑘): on-ramp traffic volume for section 𝑖 at time 𝑘𝑇

(veh/h);
𝑠
𝑖
(𝑘): off-ramp traffic volume for section 𝑖 at time

kT (veh/h), which is regarded as an unknown distur-
bance;
𝐿
𝑖
: length of freeway in section 𝑖 (km);

Vfree (km/h) and 𝜌jam (veh/lane/km): the free speed
and the maximum possible density per lane, respec-
tively. They are two important parameters in traffic
flow model, since their accuracy affects the accuracy
of traffic flow model;
𝜏, 𝛾, 𝜅, 𝑙, and 𝑚: constant parameters which reflect
particular characteristics of a given traffic system and
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depend upon the freeway geometry, vehicle charac-
teristics, drivers’ behaviors, and so forth.

Equations (1)–(4) constitute the macroscopic traffic
model. Equation (1) is thewell-known conservation equation,
(2) is the flow equation, (3) is the empirical dynamic speed
equation, and (4) represents the density-dependent equilib-
rium speed.

2.2. Boundary Conditions. We assume that the traffic flow
rate entering section 1 during the time period 𝑘𝑇 and (𝑘+1)𝑇
is 𝑞
0
(𝑘) and the mean speed of the traffic entering section 1 is

equal to the mean speed of section 1; that is, V
0
(𝑘) = V

1
(𝑘).

We also assume that the mean speed and traffic density of
the traffic exiting section𝑁 + 1 are equal to those of section
𝑁; that is, V

𝑁+1
(𝑘) = V

𝑁
(𝑘), 𝜌

𝑁+1
(𝑘) = 𝜌

𝑁
(𝑘). Boundary

conditions can be summarized as follows:

𝜌
0 (𝑘) =

𝑞
0 (𝑘)

V
1 (𝑘)
,

V
0 (𝑘) = V

1 (𝑘) ,

𝜌
𝑁+1 (𝑘) = 𝜌𝑁 (𝑘) ,

V
𝑁+1 (𝑘) = V

𝑁 (𝑘) , ∀𝑘.

(5)

2.3. Control Objective. For the traffic system, the control
objective is to seek an appropriate on-ramp traffic volume
𝑟
𝑖
(𝑘) such that the traffic density 𝜌

𝑖
(𝑘) tracks the desired

traffic density 𝜌
𝑑
. It is worth to point out that the off-

ramp traffic volume 𝑠
𝑖
(𝑘) is an uncontrollable variable and

is regarded as exogenous disturbance here. Obviously, even
though the freeway model is known, it is difficult to design a
proper control law using the traditional model-based control
approaches such as optimal control and adaptive control
because of the strong nonlinearity and uncertainties in the
freeway traffic flow model.

For the simplicity of formulation, the section index 𝑖 is
omitted in the following equations.

3. Virtual Reference Feedback Tuning for
ALINEA Controller

3.1. ALINEA Controller. Reactive ramp metering strategies
are employed at a tactical level, that is, in the aim of keeping
the freeway traffic conditions close to prespecified set values,
based on real-time measurements. The occupancy strategy
is based on the same philosophy as the demand-capacity
strategy, but it relies on occupancy-based estimation of the
freeway flow measurement upstream of the ramp, which
may, under certain conditions, reduce the corresponding
implementation cost. Since the concept of occupancy and
traffic density is similar and has a linear proportion between
them, in this paper, we use the traffic density instead of the
occupancy to design the ALINEA controller as follows [30]:

𝑟 (𝑘) = 𝑟 (𝑘 − 1) + Θ [𝜌𝑑 − 𝜌 (𝑘)] , (6)

where 𝜌
𝑑
is the desired traffic density and Θ is the feedback

gain of ALINEA controller.
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Figure 2: The closed-loop freeway traffic system.

3.2. VRFT Approach. Consider the freeway traffic system.
As shown in Figure 2, it is a classical one-degree-of-freedom
control system, where 𝑃 is the freeway traffic system and
C is the ALINEA controller. 𝜌

𝑑
, 𝜌, 𝑟, 𝑑, and 𝑒 are the refe-

rence traffic density, the traffic density, the ramp metering
volume, disturbance, and the difference between 𝜌

𝑑
and 𝜌,

respectively. The closed-loop freeway traffic system is
described as

𝜌 (𝑘) = 𝑃 (𝑧) 𝑟 (𝑘) ,

𝑟 (𝑘) = C (𝑧, Θ) (𝜌𝑑 − 𝜌 (𝑘)) ,
(7)

where 𝑧 is the one-step ahead shift operator and Θ is the
controller parameter.

The transfer function of the closed-loop system can be
rewritten as

𝑃 (𝑧)C (𝑧, Θ)
1 + 𝑃 (𝑧)C (𝑧, Θ)

. (8)

For an unknown freeway traffic system 𝑃(𝑧), the control
objective is to find an optimal controller parameter Θopt by
using a batch of the measured input/output data so that
the freeway traffic system behavior approximates as much as
possible to that of a given invertible reference model𝑀(𝑧),
where 𝑧 is the one-step ahead shift operator [21–24].This can
be achieved by minimizing the following model-reference
criterion:

𝐽 (Θ) =


(
𝑃 (𝑧)C (𝑧, Θ)
1 + 𝑃 (𝑧)C (𝑧, Θ)

−𝑀 (𝑧))𝑊 (𝑧)

2

2

, (9)

where𝑊(𝑧) is a weighting function.
It is difficult to calculate the derivative of the criterion

(9) with respect to controller parameter Θ if the freeway
traffic system 𝑃(𝑧) is unknown. To address this issue, one can
introduce a virtual reference density signal 𝜌vir(𝑘) such that

𝜌 (𝑘) = 𝑀 (𝑧) 𝜌vir (𝑘) , (10)

where 𝜌vir(𝑘) does not exist in reality and was not used in the
generation of 𝜌(𝑘).

Since 𝑀(𝑧) is a given invertible reference model, (10) is
rewritten as

𝜌vir (𝑘) = 𝑀(𝑧)
−1
𝜌 (𝑘) , (11)

where𝑀(𝑧)−1 is the inversion of𝑀(𝑧).
Equation (10) implies that 𝜌(𝑘) is the desired density

of the freeway system if the reference density signal is set
as 𝜌vir(𝑘) and the corresponding virtual tracking error is
𝑒vir(𝑘) = 𝜌vir(𝑘) − 𝜌(𝑘). On the other hand, even though the
freeway system is unknown, when the freeway traffic system
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Table 1: Initial values and parameters associated with the traffic model [18, 19].

Section 1 2 3 4 5 6 7 8 9 10 11 12
𝜌
𝑖
(0) 30 30 30 30 30 30 30 30 30 30 30 30

V
𝑖
(0) 50 50 50 50 50 50 50 50 50 50 50 50

Parameters Vfree 𝜌jam 𝑙 𝑚 𝜅 𝜏 𝑇 𝛾 𝑞
0
(𝑘) 𝑟

𝑖
(0) 𝛼

80 km/h 80 veh/lane/km 1.8 1.7 13 veh/km 0.01 h 0.00417 h 35 km2/h 1500 veh/h 0 veh/h 0.95

is fed by 𝑟(𝑘) (the actually measured rampmetering volume),
it generates 𝜌(𝑘) (the correspondingmeasured output signal).
Thus, if the reference signal is set to be the virtual reference
density signal 𝜌vir(𝑘) and the corresponding virtual tracking
error is 𝑒vir(𝑘), a good controller must generate the ramp
metering signal 𝑟(𝑘). Since both the signals 𝑒vir(𝑘) and 𝑟(𝑘)
are available, the control objective (9) can be transformed into
the following standard identification problem:

𝐽VRFT (Θ) =
𝐿 (𝑧) (C (𝑧, Θ) 𝑒vir − 𝑟)


2
, (12)

where 𝐿(𝑧) is a suitable filter.

Remark 1. For a practical control problem, the “ideal con-
troller” is usually a complex nonlinear system and it does not
belong to the given controller class. In [24], the filter 𝐿(𝑧) is
introduced to deal with this problem. Minimizing 𝐽VRFT(Θ)
with the filter will generate a “nearly minimizer” of 𝐽(Θ). It is
proved thatminimizing 𝐽VRFT(Θ) is equivalent tominimizing
the second-order expansion of 𝐽(Θ) in a constrained sense.

The procedure of VRFT for ALINEA controller is sum-
marized as follows:

(1) collect a batch of input/output data collected from
the plant, expressed as {(𝑟(𝑘), 𝜌(𝑘))

𝑘=1:𝑁
}, where 𝑁

denotes the number of the input/output data pairs;
(2) calculate the virtual reference density signal
{(𝜌vir(𝑘))𝑘=1:𝑁} for a given invertible 𝑀(𝑧) and
the measured density signal {𝜌(𝑘)

𝑘=1:𝑁
} according to

(11);
(3) calculate the virtual error signal {(𝑒vir(𝑘))𝑘=1:𝑁} acco-

rding to the following equation:

𝑒vir (𝑘) = 𝜌vir (𝑘) − 𝜌 (𝑘) ; (13)

(4) filter the signals 𝑒vir(𝑘) and 𝑟(𝑘) with a suitable filter
𝐿(𝑧), obtaining 𝑒

𝐿
(𝑘) = 𝐿(𝑧)𝑒vir(𝑘) and 𝑟𝐿(𝑘) =

𝐿(𝑧)𝑟(𝑘);
(5) estimate the controller parameter

Θ̂opt = argmin
Θ

𝐽
𝑁

VRFT (Θ) , (14)

where

𝐽
𝑁

VRFT (Θ) =
1

𝑁

𝑁

∑

𝑖=1

(𝑟
𝐿 (𝑖) − C (𝑧, Θ) 𝑒𝐿 (𝑖))

2
. (15)

Remark 2. As suggested in [24], the filter can be designed as
follows:

𝐿 (𝑧) = (1 −𝑀 (𝑧) 𝑧
−1
) (
𝜕𝑃 (𝑧)

𝜕𝑢

𝑢
) , (16)

where 𝜕𝑃(𝑧)/𝜕𝑢|
𝑢
is linear and time varying and it can be

estimated, for example, via forgetting factor identification
techniques.

4. Illustrative Examples

MATLAB and PARAMICS are widely used in the area of
trafficmanagement and academic research for evaluation and
validation. In this section, in order to evaluate the proposed
VRFT-tuned ALINEA, two simulations are carried out on
MATLAB and PARAMICS platforms, respectively, where
the macroscopic traffic flow model (1)–(4) is simulated on
MATLAB platform, and the microscopic traffic flow model
is simulated on PARAMICS platform. Both simulations show
the effectiveness of the proposed VRFT-tuned ALINEA.

4.1. Performance Evaluation with MATLAB Platform

4.1.1. Network Configuration. Consider a long segment of
freeway that is divided uniformly into 12 sections.The length
of each section is 0.5 km. The initial traffic volume entering
section 1 is 1500 veh/h. The desired density is 𝜌

𝑑
(𝑡) =

30 veh/lane/km. The initial density and mean speed of each
section are shown in Table 1 and the parameters used in the
macroscopic traffic model are also listed in Table 1.

There exist an on-ramp with known traffic demands in
section 3 and an off-ramp with unknown exiting traffic flow
in section 8. The traffic demand pattern (on-ramp) and the
outflow pattern (off-ramp) are shown in Figure 3. They were
chosen to simulate a traffic scenario during rush hour. Note
that the queuing demands actually impose a constraint on the
control inputs of rampmetering; that is, the on-ramp volumes
cannot exceed the current demands plus the existing waiting
queues at on-ramp 3 at time 𝑘; thus

𝑟
3 (𝑘) ≤ 𝑑3 (𝑘) + 𝑙3 (𝑘) , (17)

where 𝑙
3
(𝑘) denotes the length (in vehicles) of a possibly

existing waiting queue at time 𝑘 at 3rd on-ramp and 𝑑
3
(𝑡) is

the demand flow at time 𝑘 at 3rd on-ramp (veh/h).
On the other hand, the waiting queue is the accumulation

of the difference between the demand and actual on-ramp;
that is,

𝑙
3 (𝑘 + 1) = 𝑙3 (𝑘) + 𝑇 (𝑑3 (𝑘) − 𝑟3 (𝑘)) . (18)
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Figure 3: Traffic demand in on-ramp 3 and exiting flow of off-ramp
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Figure 4: The open-loop I/O signals measured on the system.

4.1.2. Simulation and Results. Using the VRFT method pre-
sented in Section 3, the ALINEA controller can be straightfo-
rwardly designed using the I/O data measured on the free-
way traffic system. Specifically, the control input signal used
for open-loop excitation is a pseudorandom binary sequence
signal sampled at 15 seconds. The length of the data vector
is 256 (corresponding to 1.068 hour of data acquisition). The
I/O signals measured on the system are displayed in Figure 4.
According to the characteristics of themeasured input signal,
the filter for VRFT method is simply set to be 𝐿(𝑧) = 1.

The VRFT toolbox for MATLAB 6 Release 13 [31] is used
to tune the controller parameter Θ. For a given first-order
reference model𝑀(𝑧) = 0.9𝑧−1/(1 − 0.1𝑧−1), a filter 𝐿(𝑧) =
1, a weighting function 𝑊(𝑧) = 1, and a batch of mea-
sured input and output data, VRFT toolbox gives the opti-
mal feedback gain Θopt = 50.75.
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Figure 5: Control performance of VRFT-tuned ALINEA.

The control performance of ALINEA controller with
feedback gain Θopt = 50.75 is quite well despite the
unknown disturbance in off-ramp 8, as shown in Figure 5,
where Figure 5(a) shows the density profile in section 3 and
Figure 5(b) shows the entering flow in on-ramp 3. The sim-
ulation results illustrate that a proper ALINEA’s parameter is
obtained by using the VRFT method presented in this paper.

4.2. Performance Evaluation in PARAMICS Platform. Exist-
ing microscopic traffic simulation platforms have distin-
guished features, and the fundamental model is commonly
the car following model, which makes simulations very
similar to each other. In this paper, we adopt PARAMICS
simulation platform, which is widely used in the area of
trafficmanagement and academic research for evaluation and
validation.

4.2.1. Freeway Network. A single lane freeway link with 14
mainline sections, 1 on-ramp, and 1 off-ramp is considered.
The on-ramp used to implement metering or flow control
is connected to section 3 at the beginning and the off-ramp
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i· · · · · · · · ·

Figure 6: Freeway simulation model.

Table 2: PARAMICS O-D table.

Zone 1 Zone 2 Zone 3 Zone 4 Total
Zone 1 0 0 250 1250 1500
Zone 2 0 0 50 250 300
Zone 3 0 0 0 0 0
Zone 4 0 0 0 0 0
Total 0 0 300 1500 1800

is connected to section 8 at the end. As shown in Figure 6,
vehicles enter into the network from two defined zones, Zone
1 andZone 2, at the beginning of the freewaymainline andon-
ramp section, respectively, and will have their destinations to
be either Zone 3 or Zone 4, defined at the end of off-ramp and
the mainline.

In Table 2, Zone 1 and Zone 2 are used for origins to
release vehicles into the network, and meanwhile Zone 3 and
Zone 4 are used as destination for these vehicles. In the table,
the number specified is the total number of vehicles expected
to make a trip starting from the zone corresponding to the
row to the zone corresponding to the column.The release rate
in PARAMICS of traffic flow is specified in profile files. The
duration time is divided uniformly into time intervals and a
specified percentage of vehicles from the total demand are
expected to be released from each origin zone during each
time interval; additionally the release probability is subject to
randomprocess. In this paper the time interval length is set to
be 3 minutes which divides the simulation duration of 1 hour
into 20 intervals.

4.2.2. Network Configuration. The key parameters for traffic
model and simulation are provided in Table 3. In Table 3,
duration is the length of the simulation; time step is the
number of discrete simulation intervals that are simulated
per second; demand factor specifies the dynamic demand
for the current simulation ranging from 0 to 200% of the
current global demand; orientation specifies the side of the
carriageway that vehicles travel upon (right-/left-hand drive);
units specify the unit convention for display in PARAMICS
(USA/UK/Metric); control time step specifies the length of
time interval for updating of control signal. The rest of
parameters are commonly used parameters in the field of
control; therefore further explanations are omitted.

4.2.3. Simulation and Results. As for a realistic implemen-
tation in the PARAMICS microscopic simulation platform
where metered vehicles can only be integer numbers, so a
revised ALINEA law of (6) is given as follows:

𝑟 (𝑘) = 𝑟 (𝑘 − 1) + INT (Θ (𝜌𝑑 − 𝜌 (𝑘))) , (19)

where the desired density 𝜌
𝑑
is set to be 30 veh/lane/km.

Table 3: Parameters for simulation.

Duration (HH:MM:SS) 1:00:00
Time step (second) 2
Control time step (second) 30
Demand factor (%) 100
Section length (m) 500
Orientation Left-hand drive
Units Metric units
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Figure 7: The open-loop I/O signals measured on the system.

The control input signal used for open-loop excitation is a
pseudorandom binary sequence signal sampled at 30 sec.The
length of the data vector is 100 (corresponding to 50min of
data acquisition).The I/O signals measured on the system are
displayed in Figure 7. According to the characteristics of the
measured input signal, the filter for VRFT method is set to
be 𝐿(𝑧) = (0.9𝑧−1 − 1.1006𝑧−2 + 0.089625𝑧−3 − 0.19983𝑧−4 +
0.10872𝑧

−5
+ 0.2021𝑧

−6
)/(1 − 0.2𝑧

−1
+ 0.01𝑧

−2
). For a given

first-order reference model 𝑀(𝑧) = 0.9𝑧−1/(1 − 0.1𝑧−1), a
weighting function𝑊(𝑧) = 1, and a batch of measured input
and output data, VRFT toolbox gives the optimal feedback
gainΘopt = 44.95. The simulation result is shown in Figure 8.
It is clear that the density tracking performance using the
VRFT-tuned ALINEA is satisfactory.

To further evaluate the controller’s performance, we
define average absolute difference between density and desi-
red density as the performance index:

𝐽 =

∑
𝑘=𝑇
2

𝑘=𝑇
1

𝜌𝑑 − 𝜌 (𝑘)


𝑇
2
− 𝑇
1

, (20)

where 𝑇
1
= 20 and 𝑇

1
= 120 are the beginning and ending

time instances that decide the traffic period for evaluation.
The final performance index is 𝐽 = 1.5357.
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Figure 8: Mainline density resulting from VRFT-tuned ALINEA.

5. Conclusion

In this paper, a “one-shot” data-driven controller tuning
method, VRFT, is applied to tune the parameters in ALINEA
controller. It can easily find an optimal feedback gain. The
main feature of VRFT is that the method aims at minimizing
a cost function by using a batch of input and output data
collected from the controlled plant. ALINEA controller tuned
by using VRFT method is evaluated on macroscopic MAT-
LAB and microscopic PARAMICS platforms, respectively.
The simulation results show the effectiveness of the data-
driven tuning approach. It is noted that the parameters, such
as the vehicle characteristics, drivers’ behaviors, are time
varying naturally in the practical traffic network. Therefore,
the extension of the VRFT method to time-varying freeway
systems will be explored in our future work. Other effective
controlmethods [6–10] to deal with largemodel uncertainties
and exogenous disturbanceswill also be explored furtherwith
applications in freeway traffic systems.
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