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1 Introduction
Urban traffic is dominated by congestion, in metropolitan areas, transport
demand exceeds supply, the capacity of roads is less than citizens’ travel
needs. At earlier stages of urban development, this challenge had been in-
tended to be met by building new infrastructural elements, but it generated
even more demand. Therefore, from the transportation engineering perspec-
tive, the goal is to exploit existing road capacities as efficiently as possible.
As the number of vehicles and hence traffic is continuously increasing, find-
ing the optimal route to the destination is of crucial importance.

The achievements of graph theory make it possible to calculate the op-
timal route from traffic input data. However, obtaining these data is not
trivial, because perfect traffic input data cannot be provided at present. It
is not available from every part of the network, not available every time,
and it is not guaranteed that the collected data is correct. Thus, the actual
state of the network must be estimated, of which the knowledge is inevitable
to make adequate decisions both at the operators’ and the travelers’ side.

The scope of this thesis is twofold: first, it investigates how the prob-
lems of not entire traffic input data can be overwhelmed by estimating
the traffic state, and second, it elaborates methods for routing for private
and public transport vehicles in urban road networks. The thesis provides
methodologies for traffic state estimation and related routing algorithms.
The structure of the thesis is shown in Fig. 1.

Figure 1: Structure of the thesis
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2 Research goals and methods
The goal of this research work is to contribute to the better exploitation
of urban road networks from both the operators’ and the travelers’ per-
spectives. The methods presented in this thesis serve as building blocks for
urban road traffic information reconstruction and control. The thesis points
address the questions of lack of data from some segments of the network in
time and space, inhomogeneity of data collected from different data sources,
and the effect of incidents that disturb the free flow of traffic. The research
work has been conducted according to the following goals:

1. Elaborate a data fusion technique for travel time estimation, which
exploits the added value of combining inhomogeneous sensor data of
different data sources.

2. Elaborate a robust vehicle count estimation algorithm that requires
fewer sensors compared to existing methods, whereas the accuracy is
on a par with them.

3. Elaborate a route planning methodology that provides transportation
engineering-based suggestions even for those parts of the network from
where no real-time information is available.

4. Elaborate a dynamic routing methodology for automated public trans-
port vehicles, which makes it possible to react precisely to real-time
changes in the network.

Traffic state is estimated by the methods of control theory, especially the
state-space representation and filtering techniques derived from the origi-
nal Kalman filter: the Switching Kalman filter and the H-infinity filter
[Kal60, Lib03, ZSX02]. The characteristics of traffic flow are described by
the vehicle conservation law and traffic shockwave theory [WL11, VT19];
or simply the random walk model is applied, when the observed variable
has an unknown changing behavior. Travelers’ demand data is exploited
with the traditional four-step model [OW11], in which the network load is
obtained by combining the results of the all-or-nothing and the dynamic
user equilibrium traffic assignment methods [She85, BGP05]. Route plan-
ning is conducted on the basis of Dijkstra’s original algorithm and one of
its derivatives, Yen’s algorithm, which is also called the ’k-shortest path’
search algorithm [Dij59, Yen70].
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The methods presented in the thesis have been elaborated in order to
support real-life applications; all of them have been designed to be ap-
plied in real time. The operation and the efficiency of the algorithms have
been demonstrated in microscopic and macroscopic simulation environments
(PTV Vissim and Visum) on the modeled network of Budapest, Hungary.

3 Contributions of the Thesis

Thesis 1

A Switching Kalman filter-based data fusion methodology has been elaborated
for travel time estimation in urban road traffic networks. The methodology
makes it possible to estimate travel time precisely by fusing inhomogeneous
sensor data of traditional and alternative traffic data sources. The efficiency
of the methodology has been demonstrated by fusing loop-detector data with
floating car data.
[HTV18, HTV16, THV14a, THV14b, HTV13]

A research gap has been identified in the field of exploiting data fusion
in urban road traffic state estimation. Existing methods usually rely on
homogeneous data sources for estimating a value of a traffic parameter in an
urban environment. These data sources can be e.g. loop-detector, floating
car data or floating mobile data of travelers’ mobile phones [Kü05, LTV12,
PV08, TV14]. The sensor fusion technique makes it possible to get better
results compared to the case if the data sources were used individually.

Traffic information arriving from different devices is inhomogeneous and
not all data sources produce data every time; moreover, the number of
available sensors is continuously changing. Therefore, a Switching Kalman
filter-based method [Lib03] has been proposed to combine sensor data of
traditional traffic measurement devices and alternative traffic data sources.
Travel time has been chosen as a variable that expresses traffic state. The
state-space representation has been described with a switching system:

x(k + 1) = x(k) + v(k) (1)
yρ(k)(k) = Cρ(k)x(k) + wρ(k)(k) (2)
ρ(k) ∈ S = {1, 2, . . . , s} (3)

where variables x(k) and v(k) represent the state of the system, i.e. actual
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travel time and its noise. Variables yρ(k)(k) and w(k) represent measured
travel times by different sensors and their noise, and Cρ(k) is the observation
model, which relates the measurement to the state. Switching signal ρ(k)
refers to the operational mode of the system at time step k, which depends
on the devices that provide actual measurement results at the time step.
Set S contains these configurations. For each device, the measured travel
time and its standard deviation (representing the noise) have to be known
(Fig. 2).

Figure 2: The sensor fusion method for travel time estimation with n types
of sensors (T : travel time, σ: standard deviation)

The possible application of the methodology has been presented via the
combination of loop-detector and floating car measurements, and different
techniques have been elaborated to calculate travel time from these data
sources (Fig. 3).

A look-up-table setting methodology has been proposed with compre-
hensive traffic simulations to exploit loop-detector occupancy and flow data
based on the fundamental diagram. First, the measured occupancy data
determined whether the state of the traffic was stable or unstable. Sec-
ond, domains were generated in the stable and unstable regions according
to measured traffic volumes. Third, each domain was assigned an average
travel time and its standard deviation, which serve as the input parameters
for loop-detector data in the Switching Kalman filter.

Another method has been elaborated for exploiting floating car data,
building upon the logs of vehicles around signal heads. Travel time is de-
termined by estimating the time elapsed between passing the upstream and
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Figure 3: Operation example of the Switching Kalman filter

downstream ends of the link. Uncertainty is caused by the fact that the
log points are usually not exactly at the entry or the exit of the link. The
locations of log points are considered to have a continuous uniform distri-
bution at both ends of the link. Uncertainty is calculated by determining
the continuous uniform distributions of the two logs and then calculating
the standard deviation of it.

In general, the proposed Switching Kalman filter-based sensor fusion
methodology makes the efficient integrated application of very inhomoge-
neous types of sensor data possible. Furthermore, the method has another
opportunity, since the information provided by data fusion can improve
real-time macroscopic traffic modeling.

Thesis 2

An H-infinity filter-based robust technique has been elaborated for real-time
link vehicle count estimation on urban signalized links by applying only a
single fixed sensor per lane. The input traffic model of the filter has been
described by applying the phenomenon of traffic shockwaves and kinematic
equations of vehicle trajectories.
[HT21b, HT21a, THV17]

A research gap has been identified as standard urban link vehicle count
estimation algorithms usually use more sensors per lane, whereas the pro-
posed method requires only one, which can lead to cost reduction in real-
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life operation. At the same time, due to the applied robust filtering algo-
rithm, the accuracy of estimation is on a par with standard research results
[CWZ+14, LWL15, LWMH19].

The state-space model has been elaborated by applying the traffic shock-
wave theory on signalized links to describe queue length evolution. Traffic
inflow has been expressed as the multiplication of cycle time, the density
of vehicles at traffic jams, and queuing shockwave velocity. The model of
traffic outflow has been set by introducing a method to calculate effective
time, which determines the starting moment of the last queuing vehicle
that can exit the link in the green phase. Based on this, traffic outflow has
been expressed as the multiplication of effective time, the density of vehicles
at traffic jams, discharge shockwave velocity, and a pedestrian adjustment
factor. The constraint is that the number of queuing vehicles cannot be
negative.

The state and measurement equations of the applied H-infinity filter
[ZSX02] are proposed as follows:

x(k + 1) =


0 + v(k), if teff · ρjam ·W2 · f(k) ≥ x(k) + tcyc · ρjam · qA(k)

ρjam− qA(k)
vfree

x(k) + tcyc · ρjam · qA(k)
ρjam− qA(k)

vfree

− teff · ρjam ·W2 · f(k) + v(k), else (4)

y(k) = x(k) + Ll · ρjam · z(k) (5)

where x(k) and y(k) are the real and measured link vehicle counts at time
step k, v(k) and z(k) are the state and measurement noise, Ll is link length,
ρjam is traffic density during gridlock traffic jams, teff is effective time, W2
is shockwave velocity, f(k) is an adjustment factor for pedestrian traffic,
tcyc is the cycle time of traffic light, vfree is free flow velocity, and qA(k) is
vehicle flow measured by the sensor at time step k.

A methodology has been presented to determine the appropriate position
of the sensor, which is a bit upstream of the middle of the link, by exploiting
the connection between time-occupancy and spatial occupancy according to
[PV08].

The performance of the proposed model has been evaluated on a test
link (see Fig. 4) by generating gradually increasing traffic disturbance. The
traditional Kalman filter has been set as the benchmark over which the
H-infinity filter had an advantage raising together with the increase of un-
certainty.

If there was no disturbance on the test link (which was 313 meters long),
the estimation error exceeded 5 vehicles in 11% of the cases for the Kalman
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Figure 4: Simulation network for performance tests with ν disturbance and
p pedestrian traffic (the latter one only for two-lane cases)

filter and 10% for the H-infinity filter. In the worst-case simulation scenario,
when the disturbance was 30% of the nominal traffic input, the estimation
error exceeded 5 vehicles in 26% and 20% respectively. The performance
of the H-infinity filter with 30% traffic disturbance was also examined on
a two-lane link with increased traffic input and pedestrian interaction at
the right turn. The estimation error of the number of vehicles on the link
exceeded 10 vehicles in 20% of simulation cases.

Thesis 3

A route planning methodology has been elaborated for private transport in
urban road networks by combining the traditional four-step transport impact
model with real-time travel demands and network incidents. As a result,
route planning becomes more reliable from a transportation engineering per-
spective at areas of the network where only sparse or no real-time data is
available.
[HMT17b, HMT17a, MTH16]

A research gap has been identified as existing route planning methodolo-
gies rarely combine the four-step transport impact model with real-time
travel demand data. Former research works focused on route planning
based on the network-level macroscopic fundamental diagram or combined
the four-step model only with traffic measurements but no demand data
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[SG18, YSG18]. Moreover, the concepts were seldom tested on real net-
works [GM11, MSG11, DGZZ17]. This thesis presents a possible solution
for the question of few real-time data as the four-step model provides traffic
state estimation from those areas of the network where real-time data is not
available.

The proposed methodology consists of two main phases: one-off prepa-
ration and cyclic elaboration. In the preparation phase, the predicted traffic
state of the network is calculated for every period of the day using static
demand matrices (SDMs) and a dynamic user equilibrium assignment.

In the elaboration phase, both the network and the SDMs are adjusted
periodically according to real-time network incidents and occurring travel
demands, which are summarized in the actual demand matrix (ADM). The
adjustment process results in a dynamic demand matrix (DDM), which is
generated as follows:

DDM(k) = SDM(k) ·
(

1− [ADM(k − 1)]
[SDM(k)]

)
+ ADM(k − 1) (6)

where [SDM(k)] and [ADM(k − 1)] represent the sum of elements of the
static and actual demand matrices at time steps k and k − 1. The prelim-
inary calculated network load of the elaboration phase is obtained by an
all-or-nothing assignment on the adjusted network with DDM(k).

Finally, route plans are generated based on the impedance of links, by
combining the assignment results of the preparation and elaboration phases
as follows:

Q(i, k) = QDUE(i, k) ·
(

1− [ADM(k − 1)]
[SDM(k)]

)
+QAON(i, k) · [ADM(k − 1)]

[SDM(k)] (7)

where Q(i, k) is the combined traffic volume of link i at the end of period
k, QDUE(i, k) is the traffic volume after the dynamic user equilibrium as-
signment of the preparation phase for link i at period k, and QAON(i, k) is
the traffic volume after the all-or-nothing assignment for link i at period k.
[ADM(k− 1)] and [SDM(k)] are the sums of elements in actual and static
demand matrices.

Link impedances are calculated by a volume-delay function based on
volumes Q(i, k). Route plans for users are provided according to a shortest
path search based on the impedance of links. This contains not necessarily
only traffic volume, it may be combined with other factors, e.g. tolls or
emission resulting in a generalized cost function as the objective.

As a proof-of-concept, the methodology has been tested and provided
adequate results with static demand and network data of Budapest (district
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of Csepel), using the integrated multimodal transport model of the city.
Real-time demands and network incidents were simulated, modeling various
traffic situations (Fig. 5).

Figure 5: Route suggestion in different traffic situations, the incident loca-
tion is marked with a red ’x’ mark

Thesis 4

A routing methodology has been elaborated for highly automated public trans-
port vehicles, allowing them to travel on different paths between stops, min-
imizing the generalized cost of the route, hence contributing to a more effi-
cient operation. The routes between stops have been modeled as a continu-
ously updated weighted directed graph, where weights, representing relevant
parameters (e.g. length, emission) of links, can be tailor-made according to
the chosen optimum criterion.
[Hor20, HLT+19, HTVS19, HTV19, SH16]

A research gap has been identified as traditional public transport vehicles
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are originally designed to circulate on fixed routes between scheduled stop
points, independently of the actual state of the network. Autonomous pub-
lic transport vehicles are tested according to the same principle, however,
they could be operated on continuously changing paths between stops, de-
pending on the network traffic state. So far, such an approach has only been
applied for demand responsive transport [ZRP16, AMWR17]. In this thesis,
a routing approach has been presented that allows automated vehicles to
travel on different paths between given points, minimizing the generalized
cost of the route.

The algorithm makes it possible to reduce on-line calculation needs and
data traffic by calculating as many operations as possible in advance. A
subnetwork is generated between consecutive stops and routes are always
planned in these subnetworks. The cost of path p is calculated as

Cp = w(x0, x
p
1) +

n∑
m=2

w(xpm−1, x
p
m) (8)

where w(xpm−1, x
p
m) denotes the impedance (weight) of the link between

nodes xm−1 and xm that are taken into consideration as parts of path p
in the current subnetwork. The starting point of the route (i.e. the current
position) is 0 and the end point (i.e. the next stop) is n.

Routing has been done by a k-shortest path search technique according
to Yen’s algorithm [Yen70], depending on the timetable. As the first step
of the route-search algorithm the k-shortest paths (p = 1, 2 . . . k ∈ K) are
chosen from P set of possible paths from 0 to n, based on the generalized cost
(C1

g , C
2
g . . . C

k
g ). Then trip durations of these paths are calculated and those

that exceed the limit (tlimit) to reach the next stop on time are excluded. The
alternative with the least generalized cost is chosen from these remaining
paths: min(Cp

g ), p ∈ (P ∩K);Cp
t ≤ tlimit. If there is no path among the k-

shortest paths that make it possible to reach the next stop on time, another
route search is done based only on time cost. In this case, the shortest path
of this search is chosen: min(Cp

t ), p ∈ P . An example is shown in Fig. 6.
The generalized cost function can be constructed by the users, depending

on their preferences, what factors they consider important. In the example
case, it is constructed as follows:

Ci = αli + βti (9)

where Ci is the generalized cost of link i, li and ti are the length and the
current travel time on link i, α[1/m] and β[1/s] are weighting factors of the
lengths and travel times of links.
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Figure 6: Monitored subnetwork and the 3 paths with least generalized cost.
Predicted arrival time is denoted by tpred. Expected arrival time is 9:00:00.

The methodology has been evaluated in a simulation environment com-
pared to traditional public transport operation with fixed routes, over which
it performed better in 30% of the cases and it was worse only in 10%.

The method has been introduced specifically via the problem of traffic
congestion on public transport paths but can be generalized for any trans-
port system with a timetable-based operation, e.g. in factories or ware-
houses.

4 Future work
Future work consists of two main topics in connection with this research.
The methods elaborated at the link level in Thesis 1 and Thesis 2 serve as
building blocks for network-level traffic state estimation. Accordingly, the
extension should take into account the fact that the traffic state of a link
may be affected by its adjacent links as well, which requires more detailed
modeling of queue spillover.

Route planning methods introduced in Thesis 3 and Thesis 4 can be
further improved by using them for future traffic management. Transport
models provide information on expected future travel demands, which can
be exploited by route planning algorithms. Provided route plans make it
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possible to manage traffic by distributing demands to the same destina-
tion to alternative routes to reduce congestion. In connection with that, a
probabilistic approach is suggested that determines the proportion of online
planned routes that are actually realized.
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