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1 Motivation

The growth of the motorization rate and the resulted external consequences
generates real challenges for the traffic planners and traffic engineers. Traffic
congestion is one of the primary negative impacts which became everyday
occurrence in the last decades. The capacity of the traffic networks saturates
during rush hours. Furthermore, today’s demand cannot be always suitably
satisfied even if traffic-responsive traffic signaling is applied. As result,
external effects appear causing additional costs for the society.

To assure the sustainable mobility as well as a satisfying life quality in
metropolitan areas, complex management strategies together with network-
wide traffic control are needed. The first step of the design process of an
efficient traffic management system is to determine the goals to achieve.
Secondly, the applicable tools (algorithms) and infrastructure must be in-
vestigated. Basically, the traffic management consists of proper traffic mea-
surement, modeling, and control (see Fig. 1) [TV11a].

Accordingly, the thesis investigates advanced methods applicable in this
field. Traffic measurement and estimation, modeling as well as optimal
and robust control of urban road traffic are the most important parts of
my research. The achieved research results serve as practical methods for
efficient capacity exploitation in the urban transportation.
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Figure 1: The structure of the urban road traffic management
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2 Main Objectives and Method of Research

The aim of the research of advanced traffic applications provided in the the-
sis is to contribute to the better understanding and design of urban traffic
processes. According to this goal, four problems were chosen for which new
solutions are proposed. Basically, the research scope focuses on measure-
ment and control in the field of traffic engineering. The consistency of the
thesis contributions is represented by the relation between the investigated
problems. The research objectives are summarized below.

1. Algorithm for cost effective vehicle queue length estimation in urban
link.

2. Methodology for route choice, O-D matrix and traffic flow estimation
in urban road traffic network based on mobile signaling events.

3. Algorithm for distributed MPC control scheme for real-time signal
split optimization in urban road traffic network.

4. Robust traffic control algorithm for large-scale urban network tak-
ing queue and demand uncertainties into consideration with treatable
computational complexity.

The given solutions of the proposed problems reflect the thesis results (sum-
marized in the next section).

The traffic control can be identified as a traditional feedback control
problem with sensors, control algorithms, and actuators [TVB07, VKLT08,
Tet08]. The methods can be efficiently borrowed from the modern con-
trol theory. Consequently, the thesis applies several tools of the control
theory, such as state space representation, Kalman Filter, predictive and
robust control [BG08]. Additionally, the applicability of the mobile phone
events for traffic prediction is also investigated, which is a popular research
direction of our days [CWB08].

During my research work, beside the theoretical control tools I always
concentrated on the validation and the representation of the research results.
Therefore, an integrated simulation environment (see Fig. 2) was devel-
oped specifically for advanced road traffic control design [TLV08a, TLV08b,
TV12a]. The applied simulation framework consists of mathematical op-
timization tools (MATLAB, C++), traffic simulators (VISSIM, VISUM),
and GIS software (Quantum GIS).
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Figure 2: The complete simulation environment

3 Contributions of the Thesis

Thesis 1

Two cost-effective methods have been elaborated for vehicle queue length
estimation, applicable in signalized urban traffic networks. The proposed
techniques involve the Kalman Filtering algorithm and the appropriate use
of the vehicle conservation-law in urban road link. The methods can be ap-
plied with two different measurement configurations; either two detectors or
a single detector per link. Both configurations are able to provide efficient
traffic estimation. The previous one is valid both in undersaturated or sat-
urated traffic conditions, and the latter one with saturated traffic condition.
[TV10b, TV10c, LTV11]

The method for real-time vehicle queue estimation based on Kalman
Filtering [Kal60] was introduced by [VPW08]. The method applies three
detectors (upstream, downstream and middle positions) per link. The state
and the measurement equation of the Kalman Filter are given as follows:

x(k + 1) = x(k) + T (qm
in(k) − qm

out(k)) + Tv(k), (1)

y(k) = x(k) + z(k)
∆n

Leff
=

∆n

Leff
om

T (k), (2)

where x(k) is the vehicle number in the link, T the sample time, qin(k) and
qout(k) the inflow and outflow traffic, v(k) and z(k) the state and measure-
ment noise, Leff the average effective vehicle length, ∆ the link length, n
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the lane number, and om
T (k) is the measured average time occupancy. As

improvement of the method, the modification of the measurement configu-
ration is proposed which also means the use of different state equation (1);
i.e. modified estimation methods with only two or one detector per link.

If the turning rates of the intersections are known (e.g through appro-
priate estimation [KVB04]), the outflow traffic can be calculated from the
upstream detector measurements. Thus, downstream loops can be elimi-
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Figure 3: Measurement configuration with two detectors

nated (see Fig. 3), and state equation (1) of the Kalman Filter is redefined:

x1(k + 1) = x1(k) + T (qm
1 (k) − γ4q

m
4 (k) − γ6q

m
6 (k) − γ8q

m
8 (k)) + Tv1(k), (3)

where γ(k) is the ratio of the exiting traffic from link 1 in proportion to
the whole entering traffic of the corresponding link. The estimation method
with two detectors per link can be applied either in saturated or undersatu-
rated traffic conditions [GP63]. At the same time, a single detector per link
can also be sufficient with the assumption of saturated traffic. Based on
the known saturation flow (S), green times (u), and turning rates (β), the
inflow and outflow can be determined without sensors. The measurement
configuration in this case is illustrated by Fig. 4. State equation (1) of the

u1

3

21
u3 u2

Figure 4: Measurement configuration with a single detector

Kalman Filter is given now as follows:

x1(k + 1) = x1(k) + u3(k)β3S3 + u2(k)β2S2 − u1(k)S1 + Tv1(k). (4)
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The proposed techniques can be applied with loop detectors or other
sensors measuring the traffic flow at cross-sections of the road link. The
main result of the presented methods is characterized by the cost effective-
ness as a pair of detectors or even a single detector may be sufficient for
reliable queue length determination in signalized network.

Thesis 2

A methodology has been elaborated for macroscopic traffic flow estimation
based on cellular phone signaling events in urban road traffic networks. The
concept is based on the practical approach that transportation modeling can
be adapted to the location areas and cells of the mobile network. The O-D
matrix can be defined by the appropriate measurement and filtering of the
signaling events occurred within the corresponding location area. The traffic
assignment based on the identified O-D matrix can be further improved by
the help of travel time data obtained from handover sequences. The method
utilizes the measured travel times as additional constraints in the optimiza-
tion problem of the assignment to obtain more reliable results.
[TDV12, TV12b, LTV12]

Signaling data of cellular phones can be used as valuable information in
the field of road traffic measurement and forecasting or even traffic control.
As the terminals automatically report handovers (HO) and location area
updates (LAU) to the communication system, the cell phone operator may
exploit these data. The possible applications of the HO/LAU reports have
been widely investigated, e.g. [CDLLR11, CWB08, VDRW09].

As the preliminary step of the classical four-step system model for urban
transportation, the main nodes of the traffic network have to be defined
which serve as origins and destinations. The transportation network de-
scription can be adapted to the cellular network. The main idea is that the
O-D nodes are defined in the boundary cells of the corresponding location
area (an example is shown by Fig. 5). This concept is needed as HOs are
only reported when the mobile phone is in call. Contrarily, in idle mode
LAU event always occurs when a terminal passes the LA boundary. There-
fore, location area can be efficiently considered for O-D flow estimation.

If the reliable travel times are available from the cellular signaling events,
the traditional traffic assignment problem can be further improved. By
applying the Voronoi tesselation [CGW+08] based network description and
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Figure 5: A location area with main nodes in Budapest

the aggregated HO/LAU events, the travel times of the terminals can be
calculated [LTV12]. The volume-delay function of the measured links can
be restricted according to the measured travel times. This means that the
following constraints have to be added to the assignment problem:

tm
a (1 − ∆a) ≤ ta ≤ tm

a (1 + ∆a), (5)

where tm
a denotes the average measured travel time on edge a and ∆a an

uncertainty term. To summarize the proposed traffic flow estimation the
following algorithm is provided.

1. Collect all HO/LAU events concerning the LA.

2. Filter the signaling events to obtain more reliable data.

3. Discover the O-D trips from the signaling data.

4. Do traffic assignment on the network.

5. Determine the most probable paths for the terminals generating HO
sequences by the help of the previously achieved assignment.

6. By using the path travel times of terminals with HOs, determine the
average measured travel time (tm

a ) for the corresponding links.

7. Do traffic assignment with additional constraints (5) concerning the
links with observed travel times.

6



Thesis 3

An efficient distributed MPC design has been elaborated for urban road traffic
control. The proposed technique is a traffic-responsive signal control, appli-
cable in urban traffic networks under saturated traffic conditions. The con-
trol algorithm applies the Lagrange multiplier method and the projected Ja-
cobi iteration to perform parallel computation among the traffic controllers
realizing a distributed solution.
[TV09b, TV09a, TV10a, TVP10, LTV11]

[Var06], [TV09c], [TV09d] published the centralized MPC [Mac02] based
urban traffic control. The control inputs are computed by minimizing
quadratic objective J(k) over a finite prediction horizon:

min
u(k+i−1|k)

J(k),

subject to u(k + i − 1|k) ∈ U,

x(k + i|k) ∈ X,

(6)

where U and X denote the polyhedral constraint sets if the system dynamics
is restricted along its trajectory. As an improvement of the control method,

Subsystem 1 Subsystem 2 Subsystem M

Controller 1 Controller 2 Controller M
...

...

...

...

x1u1 x2u2 xMuM

Figure 6: Distributed control architecture

a distributed realization (see Fig. 6) is proposed in which the computational
tasks are divided among the local traffic controllers with global communi-
cation. The minimization of J(k) represents a general quadratic optimal
problem and can be defined as:

min
u

J(k) =
1
2

uT Φu + βT u,

subject to Fu − h ≤ 0.
(7)
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u is the control input vector for K horizons. Φ is a constant matrix, and βT

is a time-varying vector. Inequality Fu−h ≤ 0 incorporates the green time
constraints. By using the duality theory [BT97], primal problem (7) can
be reformulated into the Lagrange dual standard form, and reduced to the
solution of the following system of linear equations under the nonnegativity
condition:

Pλ = w, (8)

where P and w are the combination of Φ, β, F, and h. The projected Jacobi
iteration is applied to solve Eq. (8) with λj ≥ 0 [BT97]:

λj(t + 1) = max







0, λj(t) −
κ

pjj



wj +
m
∑

k=1

pjkλk(t)











, j = 1, 2, . . . , m, (9)

where κ > 0 is the stepsize parameter and p the corresponding element of
matrix P .

By exploiting the iteration based solution of dual problem (8), the MPC
problem can be implemented in a distributed way with parallel computa-
tion. In a large-scale urban traffic network, the nodes i = 1, 2, . . . , M can
be represented by the CPUs of the junction traffic controllers. The concept
consists of splitting global iteration process (9) into smaller problems ac-
cording to the M nodes. The main idea is that the solution of subproblem
i is carried out with a reduced set of optimization variables. The final so-
lution is achieved as an increasingly accurate approximate solution. Once
final solution λ∗ of iteration (9) is achieved, the solution of the MPC can
be directly calculated, i.e. the optimal green time splits.

Thesis 4

A real-time robust control has been elaborated for urban road traffic networks.
The applied dynamic representation is based on the store-and-forward para-
digm augmented by state and demand uncertainties. The traffic-responsive
signal control is formulated in a centralized rolling horizon fashion. For ef-
ficient online solution of the problem, SDP optimization is suggested. The
proposed technique is able to explicitly handle model-mismatches, and appli-
cable under saturated as well as oversaturated traffic conditions.
[TVP+11, TV11b, LTV11]
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The advanced traffic management is usually based on a reliable model of
the system. The traffic models, however, may be biased by non-measurable
entering or exiting traffic flows causing uncertainties in the dynamic repre-
sentation. In a general urban road link (see Fig. 7) between two signalized
intersections (M and N) different potential traffic streams can be observed.
g and h represent entering and exiting vehicle flows controlled by traffic

d s

g h NM

Figure 7: Traffic flows in a link

lights; usually measured in an advanced traffic management system. Con-
trarily, entering and exiting flows d and s are often non-controllable distur-
bance terms. Thus, they are able to induce state uncertainty in the traffic
modeling and consequently to corrupt the traffic control. Furthermore, the
not online measured demand at the boundary of the network (also d) may
produce demand uncertainty. Uncertainties caused by d and s may appear
for several reasons (parking lots, side-street traffic) in urban road traffic net-
work (see Fig. 8). Hence, uncertainty effects might result in a network per-

P

Figure 8: Potential uncertainties (arrows) in urban road traffic network
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formance loss in spite of any appropriately designed traffic-responsive con-
trol. Moreover, in case of MPC framework [APKK10, dOC10], [TVKB08]
the uncertainties (concerning the whole optimization horizon) may further
compromise the accurate modeling.

One of the first papers investigating the consequences of uncertain data
used for traffic signaling was published by [Hey87]. Furthermore, [Rib94,
Yin08, URP10, ZYL10] investigated robust signal calculation methods ac-
counting traffic flow variability. Unlike the aforementioned methods, a dif-
ferent concept is proposed in the thesis, i.e. the store-and-forward traffic
model [TVKB08] is augmented by state and demand uncertainty over the
predicted time horizon and applied in a model predictive framework. As a
traffic control solution, a robust scheme is introduced by using the principle
of minimax optimization approach for large-scale urban traffic network:

min
u

max
∆

K−1
∑

i=0

x(k + i|k)T Qx(k + i|k) + u(k + i|k)T Ru(k + i|k),

subject to u(k + i|k) ∈ U, ∀∆ ∈ ∆,

x(k + i|k) ∈ X, ∀∆ ∈ ∆,

∆(k + i|k) ∈ ∆.

(10)

Q ≻ 0 and R ≻ 0 are diagonal weighting matrices. ∆ represents the set
of potential uncertainties. The minimum cost is aimed to be reached under
the maximizing effect of uncertainties with appropriately chosen green times
u(k+i|k). Optimization (10), however, is NP-hard to be solved directly (the
computation time increases exponentially with the network size). Hence,
based on the results of [GOL98, Lö03, BV04], the problem is relaxed to an
efficiently solvable semidefinite programming (SDP) optimization.

4 Future Works

The planned future research concern the results of Thesis 2 and 4.
The proposed traffic estimation methodology based on the cellular events

is a potential candidate for further state-of-the-art ITS applications in urban
environment. The method may be applied similarly for arbitrary wireless
network with regard to the specifics of the given system, e.g. WI-FI, RFID,
Bluetooth. Furthermore, the estimation technique can be further improved
through the artificial generation of HO/LAU reports by the operator at
given locations within the traffic area. Therefore, the controlled signaling
events may contribute to more detailed traffic estimation.
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The presented robust signaling method is a centralized traffic control
solution. In case of large-scale urban traffic network, this technique can still
be adapted by replacing a part of the network (smaller or less important
intersections) as uncertainties. Hence, nominal large-scale traffic network
can be transformed in a lower scale uncertain network. Furthermore, as an
extension of the presented robust method future research work also consists
of carrying out a decentralized or distributed traffic control.
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