
 
 
 
 
 
 

 
Model based estimation and control of  

road traffic flow parameters 
 

Overview of Ph.D. Thesis 
 
 
 

by István Varga 
 
 
 
 
 
 
 

Thesis advisor: 
Prof. Dr. József Bokor 

 
 
 

Budapest University of Technology and Economics 
Faculty of Transportation Engineering 

Hungary  
2006 

 
 
 



 

 
 
 
 



 1

1 The motivation and method of research 

One of the major challenges in transport science is designing traffic systems 
brought about in crowded environments, and the running of the same. This is es-
pecially true of road traffic, more precisely, of traffic networks. In the majority of 
cases, the further expansion of the pathway, in the interest of meeting the increas-
ing requirements, is not possible, therefore, a better exploitation of the present 
network must be the aim. In this endeavour an effective control of traffic proc-
esses is indispensable, with up-to-date road traffic control, as a new approach.  
Integrating theoretical results from other disciplines, and raising the technical level 
of control devices can help in solving control problems. 
In course of research my aim was to explore a part of control problems in road 
traffic and to provide solutions regarding the same by help of modern control the-
ory. The motivation is based on the perception that, due to the peculiarities of road 
traffic, satisfactory, qualitative solutions may be based only on modern robust con-
trol algorithms. 
One of the features of road traffic is that very often not all the measurement data 
of processes are available for the control process. The control of systems of this 
kind is possible only by estimating the inner state of the system and by designing 
robust control, in course of which different disturbances, as well as errors in mod-
elling, furthermore, uncertainties can be taken into consideration. 
In my research I came to another general conclusion. In the control of road traffic 
the strong restrains regarding the road processes and control signal imply an es-
sential problem. For these equality and inequality constraints I had to find methods 
which allow estimating and controlling the state of road processes under con-
straints. The significance of the task I have completed in course of my research is 
in the state-estimation and control under the above constraints and its elaboration 
regarding traffic control systems. With these techniques I have succeeded in dem-
onstrating qualitative improvement in simulation, with respect to other state-
space-based estimation and control algorithms. 
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2 Research objectives and history 

Science of engineering has gone through considerable change these days, in 
course of which the application of information devices gets wider in a large scale. 
A prominent field developing rapidly is signal and systems theory, system analysis 
and as a consequence, control engineering. In course of the design of control sys-
tems, from the 60-s, the classical methods of analysis and synthesis (Bode, Nich-
ols, Nyquist) were supplemented with in time domain methods of systems- and 
control theory. These modern trends were characterized by the introduction of sys-
tem-state and state-space, thus, the designing methods related to them were named 
state-space methods. One of the most outstanding representatives of this epoch is 
Rudolf Kálmán, born in Hungary, whose publications [11],[12] in the 60-s served 
as the elaboration of several basic concepts and as solutions of numerous prob-
lems. State-space theory is a major element of systems- and control theory, fur-
thermore, of the design of up-to-date control systems in our days (postmodern). 
The first attempts in mapping road traffic flow processes in state-space started 30 
years ago. The basic idea of estimating the state of processes on roads traffic 
shaped, first, in the publications of Nahi and Trivedi [20]. In the 80-s Cremer and 
Keller [5],[6], furthermore, Nihan and Davis [21],[22] estimated Origin-
Destination (OD) traffic processes in simple crossings. Besides state-estimations, 
the design of dynamic state-feedback-based controls in public road systems gained 
an increasing significance [23]. In the frame of one of the major projects, Papa-
georgiu et all started ALINEA control [24] on the beltway around Paris, which 
was followed by solutions based mainly on optimal LQ control [25]. In Hungary 
the state space approach has not been spread yet. In the general traffic control field 
Gilicze, Fi and Maklári brought new results.  

2.1 Estimation of Origin-Destination matrix with con-
straint moving horizon 

Information related to the direction of vehicles in a traffic system is regarded a 
parameter characteristic to traffic. The connection between the input flow and out-
put flow of vehicles is based on the „where to-where from” information, which 
can be arranged in a matrix [6],[5]. The structure referred to as célforgalmi matrix 
in the Hungarian terminology, can be defined regarding an entire urban network or 
a simple intersection only. The parameters of highway traffic, thus, the data of 
origin destination (OD) cannot be measured by automatic devices, still we are able 
to estimate them by applying a state observer [4],[31],[32]. Kalman-filter works in 
this relation, but does not always provide exact value, due to restrains characteris-
tic to the processes. The fact according to which for estimating the célforgalmi 
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matrix, some kind of state observer, suitable also for considering restrains, is ad-
visable to be used, is based on the above perception. From among the technicali-
ties available, the application of Moving Horizon Estimation with constraint 
[2],[26],[27] seemed to be the most promising one. 

2.2 Local intersection controller with Congestion Detection 
Filter 

The primary aim of local intersection controller is to state the priority conditions at 
the intersections, furthermore, to ensure safe passing so that traffic flow should be 
the smoothest possible. Attributes for estimation: passing time, the number of the 
vehicles waiting at the stop line, number of halts, environmental loads and other 
quality indices. One of the major problems of the control system running in a 
crowded environment is that the impact of the control cannot always get across, 
since in the overcrowded traffic, vehicle motion is hold up by jams. This is inten-
sified by the fact that, generally, the local intersection controller devices are suit-
able for subjected to only one objective function, therefore, the need for a recon-
figurable controller structure arises. 
The aim in my research was to elaborate a control structure, in which there is a 
possibility to modify the traffic light depending on the congestion information. 
The number of congested vehicles could be estimated with a fault detection filter. 
During my research I found that the FPRG filter [19],[15] suited for this assign-
ment.   

2.3 Road traffic network controlling with Model Predictive 
Controller 

In case the distance is relatively short between several intersections with traffic 
lights, it is advisable to co-ordinate the operation of the intersection controller de-
vices [13],[17]. The co-ordination may include public transport devices and pedes-
trian traffic, too, besides vehicles.  Where several intersections are near to each 
other in smaller or bigger networks, primarily in cities, the co-ordination is espe-
cially emphasized.  
The aim of my research was to elaborate a control process related to networks 
consisting of several junctions, which perform the control of all the traffic lights in 
its sphere of action in a co-ordinated way, depending on the traffic. The controller 
must be able to dynamically make the traffic signal set of the intersections.  From 
the point of view of realization, this means that before every period, a new traffic 
sign must be generated regarding all the traffic lights, in harmony with the present 
traffic. To solve the above, one must choose a method in which it is possible to 
take all the constraints into consideration, in course of the set of control input. For 
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the above, the procedure based on model predictive controller [18],[10] is suitable, 
in which the minimization of the number of the vehicles waiting at the stop line 
can be the aim. 

2.4 Traffic flow mapping as a positive systems  

Positivity of the variables often emerges as the immediate consequence of the na-
ture of the phenomenon itself [8]. A huge number of evidences are just before our 
eyes: any variable representing any possible type of resource measured by a quan-
tity. As stated in Professor Luenberger’s book on dynamic systems, a positive sys-
tem is a system in which the state variables are always positive (or at least non-
negative) in value. 
The state variables and parameters of road traffic systems also have positive fea-
tures, the values of the state variable - based on their original physical meaning 
(naturally positive) – are always positive (e.g. traffic flow, number of vehicles, 
traffic density). Moreover the control inputs are also positive.  
In my research it became obvious that the positive linear systems have strict con-
ditions (terms) of controllability [1],[28],[29],[30] and modelling, so it is reason-
able to treat naturally positive systems as general linear systems and control them 
in the positive orthans with controllers. 

2.5 The verification of the applied model  

When building a process model for control purposes, one must try to obtain a 
minimal representation model. These are simplified models, they are not suitable 
for the exact simulation of processes, but they are perfectly adequate for designing 
model based estimators and control systems, especially if the plants can be de-
scribed with linear models. The errors resulting from model simplification can be 
handled using robust control techniques. 
The models used in my thesis belong to the "Store and forward" family, more ex-
actly they resemble most the TUC model type. The TUC models are justified in 
many publications and also proved to perform well in dynamic traffic control sys-
tems in case of three big cities: Chania, Greece, 23 intersections; Southampton, 
UK, 53 intersections; Munich, Germany, 25 intersections [14]. 
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3 New scientific achievements (thesis) 

1. Thesis. I elaborated a model-based method for vehicular traffic processes state 
variables and parameters estimation with constraints. The method was demon-
strated through the estimation of an OD matrix where the state variables are the 
elements of the matrix. 

• I analysed the current methods used for the estimation of hardly or not at all 
measurable traffic flow parameters. I pointed out the shortcomings of exist-
ing Kalman-filter based solutions. The expected value estimated with Kal-
man-filter is not always appropriate, due to the constraining conditions ex-
tant on the flow (process) states. I demonstrated that, with the cMHE tech-
nique, the estimation of the target traffic matrix can be done also when con-
straints are to be applied, this way reducing the estimation errors (its ex-
pected value, in the case of stochastic models). 

• The LTI model is given by: 
 )()(=1)( kwkxkx ijijij ++ , (3.1) 

where wij(k) is the state noise, xij(k) is the split rate or turning rate that  
shows the percentage of  vehicles coming from direction i that turned and 
exited direction j, k=1,2,…..N. In the system the entering and leaving vehi-
cle number is measured, the measuring equation being given by: 

 )()()(=)(
1=

kvkxkqky jiji

n

i
j +∑ , (3.2) 

where qi(k) represents the traffic volume (the number of vehicles) entering 
the intersection from entrance i, during k time interval, yj(k) traffic volume 
(the number of vehicles) leaving the intersection from exit j, i = 1,...,n and 
j = 1,...,m, vj(k) is a zero mean noise term. The input measurement is a noisy 
term where ζi(k) is a zero mean noise term. 

• I showed that the system states are estimable even with the consideration of 
the constraints below: 

 
1=)(

1)(0

1=
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kx

ij

m

j

ij

∑

≤≤
 (3.3) 

• For the design of the constrained state observing I proposed the constrained 
Moving Horizon Estimation (MHE) technique. The technique estimates the 
expected states values in order that the kΨ functional is minimized while 
subjected to the dynamic equation (3.1) as the measurement equation (3.2). 
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The dynamic equations: 
 kjkjkj wGxAx |||1 ˆˆ=ˆ ++   1...,1,= −−− kNkj  (3.5) 

 kjkjj vxCy || ˆˆ= +      kNkj ...,1,= −−  (3.6) 

The initial value: 
 kNkNkkNk wxx |1| ˆ=ˆ −−−− +  (3.7) 

The thesis is based on the work presented in chapter 3 and on the [V-1],[V-5], 
[V-6],[V-9],[V-10],[V-11] publications, respectively. 

 

2. Thesis. I elaborated a method for local intersections’ traffic light control where 
the number of congested vehicles was estimated with the fault detection filter. Fur-
ther, I used the congestion information obtained in the structure of the reconfigur-
able controller of the traffic light, the base of which is given by the LQ control al-
gorithm. 

• I analysed the current methods of local intersections’ traffic light control-
lers, furthermore, I developed a proposal for the dynamic description of ve-
hicles movement in the state space in the following LTI model: 

 )()()()()()1( kxkvkxkBukAxkx fqbe ++++=+  (3.8) 

The measurement equation: 
 )()()( kvkCxky y+= , (3.9) 

where x(k) is the state vector, representing the number of vehicles standing 
in a certain branch of the intersection. The control input is the green time 
u(k). The B matrix elements represent the saturation flow. In the system the 
x(k) and the entering flow xbe(k) are measured. The vq and the vy are meas-
urement noises (zero mean random components). 

• I showed that in model (3.8) the detection of the number of vehicles xf (k) 
not able to leave the intersection is possible, which represents the calcula-
tion of the (3.10) state’s equation residual information. For the determina-
tion of (residual) congestion information I designed the FPRG fault detec-
tion filter. The discrete LTI model is given by 
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where r is the residual, z is the state of the filter, while F, E, D, M, H pa-
rameter matrices are the corresponding discrete matrices of the system’s 
continuous FPRG error detection filter matrices. 

• With the Congestion Detection Filter the degree of congestion in the enter-
ing ramification can be determined, which I further used in the traffic light 
control. I developed a reconfigurable, optimal controller structure, which 
regenerates the traffic signal set at the beginning of every cycle. The base of 
the controller’s algorithm is an LQ optimal controller that, based on the es-
timated congestion, is able to reconfigure the control. 

The thesis is based on the work presented in chapter 4 and on the 
[V-7],[V-13],[V-14],[V-31] publications, respectively. 

 

3. Thesis. I elaborated a method for multiple ramification roads traffic light net-
works’ control. I showed that by employing the predictive control model, the dy-
namic determination, per cycle, of the design of the traffic light’s period is possi-
ble even with the consideration of the natural constraints existing in the system. 

• I analysed the current methods used for traffic control of multiple ramifica-
tions traffic lights networks. Furthermore I elaborated a proposal for vehi-
cles movement inscription in the state space based on the TUC [7] model. In 
the case of multiple ramifications traffic lights networks for the portrayal of 
vehicles movement in the space state I proposed the following discrete time 
stochastic LTI state equation: 

 )()()()()1( kwkxkBukAxkx be +++=+ , (3.11) 

where x(k) is the state vector, representing the number of vehicles standing 
in a certain branch of the intersection. The control input is the green time 
u(k), xbe is the number of input vehicles (which I considered as the measur-
able fault/noise), w is the sum of the non-measurable faults/noise, while v is 
the measurement noise (zero mean random components): 

 )()()( kvkCxky +=  (3.12) 

• I formulated a method for the conformation of matrix B in a multiple rami-
fications network, and showed that satisfying the following constraints on 
the control input is possible: 
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 i      ∀≥ MINi tu  (3.13) 

 i      ∀≤ MAXi tu  (3.14) 
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where Oj is the number of vehicles’ columns in the intersection j, J is the 
number of controlled intersections.  

• I elaborated a method for designing an MPC controller, which minimizes 
the number of vehicles in queue. The controller establishes the control input 
in order to minimize the next functional while satisfying the dynamic equa-
tion (3.11), the measurement equations (3.12) and the (3.13), (3.14), (3.15) 
constraints: 

 ( )∑
=

+=
pN

i
i

T
ii

T
i kRukukQxkxkJ

1
)()()()(

2
1)(   (3.16) 

where Np is the length of the predictive horizon, xi (k) is the state vector, rep-
resenting the number of vehicles standing in a certain branch of the intersec-
tion,  ui(k) is the control input (green time). 

The thesis is based on the work presented in chapter 5 and on the [V-7],[V-2], 
[V-3],[V-4] publications, respectively. 

 

4. Thesis. I developed a method in which the traffic flows are modelled as a gen-
eral (not positive) linear system. The positive characteristic in the feedback loop 
was taken into consideration when designing the controller by incorporating the 
appropriate constraints. I elaborated a proposal for determining the design condi-
tions of the controller that makes it possible to control the traffic flow modelled as 
a linear system in the positive orthans. 

• I pointed out that the traffic flows analysed are naturally positive, in other 
words, the states are positive, and furthermore, even the control signal is 
positive. A consequence of the positive characteristic is that the physically 
sensible solutions (trajectories) of the state space models contain only non-
negative coordinates. The control task is being made more difficult by the 
fact that constraining conditions are applying to the control input. 

• I showed that due to the modelling and controlling problems of positive lin-
ear systems the model-class mapped as general linear system, but controlled 
only inside the positive orthans, seems to be the most promising for solving 
practical tasks. 
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• I made proposals for the application of methods and constraining techniques 
needed for the controller design, in which considering the positive charac-
teristics of states and control inputs is possible. In the case of using the pre-
dictive model controller algorithm I made a proposal for the selection of the 
dimension of the predictive horizon. 

The thesis is based on the work presented in chapter 6 and on the [V-2], [V-30] 
publications, respectively. 
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4 Further research and practical applications  

The results show clearly that further research should be on the basis of integrating 
features. In the case of urban networks with several coordinated intersections, one 
of the principle parameters of the method is the turning rates which were consid-
ered to be constant. In real operation with changing traffic conditions these pa-
rameters may vary naturally, consequently, in order to get the most proper and ac-
curate performance, one could use the results of estimating these rates as it was 
stated in my first thesis. Moreover, the synthesis of the congestion detection filter 
developed in the second thesis with this estimation based control structure would 
increase the efficiency of the system. Another possible way of improvement is to 
replace queue length by total travel time in the cost function. However, the use of 
this variable infers a completely new non-linear network model. 
These methods could be applied in everyday use if traffic control machines had 
the capability of solving complex programming problems like this. As result of the 
technological developments of past few years, modern machines are able to per-
form operations like this, consequently my methods could be tested soon in the 
future. I am convinced that one of the most promising implementations should be 
the origin-destination matrix estimation which would be useful especially in 
roundabout traffic systems. 
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cialists in road transport, (Budapest), pp. 333-338, Budapest University of 
Technology and Economics, Hungary, 9-15 June 2001 

[V-14] István Varga, Balázs Kulcsár, József Bokor: Traffic Light Control Using 
Moving Horizon Estimation. 9th MINI Conference on Vehicle System 
Dynamics, Identification and Anomalies (VSDIA 2004) pp. 453-464, 
Budapest, Hungary 8-10. November, 2004  

[V-15] Kulcsár, B., Varga, I., Bokor, J.: Estimation of road traffic parameters. In: 
Workshop on system identification and control systems.  Budapest. Hun-
gary 11. July, 2005 

6.1.4 Conferences in Hungary  
 
[V-16] Varga I.: Korszerű forgalomirányító rendszerek. TEMPUS JEP-14191-99 

"Euroconform Complex Retraining of Specialists in Road Transport" 
kurzus keretében, Miskolc, 2001. szeptember 21.  

[V-17] Varga I.: „Korszerű forgalomirányító központok”, az „Automatizált for-
galomszámláló és kiértékelő rendszerek”, és a „Közúti forgalomirányító 
berendezések” című előadások a TEMPUS JEP-14191-99   kurzus 
keretében, Győr, 2001. október 1. 

6.1.5 Electronic publications (Hungarian) 

[V-18] Varga I., Katkó L., Molnár G., „Forgalomirányító Központok” BME 
Közlekedésautomatikai Tanszék, 1998. Segédlet. 
http://www.kka.bme.hu/~kozut/ 

[V-19] Katkó L., Varga I., Molnár G., „Közúti forgalomirányító berendezések” 
BME Közlekedésautomatikai Tanszék, 1999. Segédlet. 
http://www.kka.bme.hu/~kozut/ 
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[V-20] Katkó L., Molnár G., Varga I., „Kombinált közúti-vasúti forga-
lomirányító rendszerek” BME Közlekedésautomatikai Tanszék, 1999. 
Segédlet. http://www.kka.bme.hu/~kozut/ 

[V-21] Katkó L., Varga I., Molnár G., „A közúti közlekedési forgalom mérésé-
nek módszerei és technikai eszközei” BME Közlekedésautomatikai Tan-
szék, 2000. Segédlet. http://www.kka.bme.hu/~kozut/ 

[V-22] Varga István, Kulcsár Balázs, „Forgalmi paraméterek mérése és becslése” 
BME Közlekedésautomatikai Tanszék, 2006. Segédlet. 
http://www.kka.bme.hu/~kozut/ 

6.1.6 Technical report 

[V-23] Tóth János, Varga István: „A korszerű közlekedési forgalomirányító 
rendszerek.” TEMPUS JEP-14191-99 keretében (3.2 fejezet) 2001. (26 
oldal)  

[V-24] Varga István: A közúti közlekedés forgalmi paramétereinek a mérése, a 
mérés helyettesítése becsléssel (1.1-K1-2) EJJT RET Kutatási jelentés 
2005 (30 oldal) 

[V-25] Varga István, Kulcsár Balázs: A becslési módszerek alkalmazhatósága a 
közúti közlekedésben. (1.1-K1-3) EJJT RET Kutatási jelentés 2005 (21 
oldal) 

[V-26] Bécsi Tamás, Varga István: A közúti közlekedésben előforduló 
anomáliák kiszűrése, incidensek detektálása. (1.1-K2-4) EJJT RET Ku-
tatási jelentés 2005  (27 oldal) 

[V-27] Kulcsár Balázs, Varga István: A közúti közlekedési modellek paramé-
tereinek vizsgálata a szabályozás szempontjából. Érzékenység vizsgála-
tok (1.1-K4-2) EJJT RET Kutatási jelentés 2005 (16 oldal) 

[V-28] Varga István: A közúti közlekedésben jelenleg használt forga-
lomirányítási módszerek (1.1-K4-3) EJJT RET Kutatási jelentés 2005 (30 
oldal) 

[V-29] Varga István, Kulcsár Balázs: A közúti forgalomirányításban jelenleg 
használt beavatkozó eszközök, és a modern forgalombefolyásoló rendsz-
erek. (1.1-K4-4) EJJT RET Kutatási jelentés 2005 (17 oldal)  

[V-30] Matolcsi Máté, Varga István: Pozitív bilineáris rendszerek 
irányíthatósága. MTA SZTAKI 2006/5 (13 oldal) 

[V-31] Varga István, Kulcsár Balázs, Preitl Zsuzsa: Egyedi jelzőlámpás 
csomópont forgalomfüggő szabályozási lehetősége új módszerek 
segítségével. (1.1-K3-1) EJJT RET Kutatási jelentés 2006 (17 oldal) 
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6.2 Publications not directly related to the dissertation 

6.2.1 Foreign language journals 

[V-32] István Varga, Tamás Bartha, Alexandros Soumelidis: On-line Testing of 
the Reactor Protection System in the Paks Nuclear Power Plant. ERCIM 
NEWS NO. 56, pp. 33-34, Januar 2004 

6.2.2 International conferences 

[V-33] Varga, I. and Katics, B.: Testing concept for proper functioning of the 
reactor protecting system in the nuclear power plant of Paks. Proceedings 
of the 13th International DAAAM Symposium. (Vienna) pp. 587-588, 
Austria, 2002. 

[V-34] István Varga, Tamás Bartha, Alexandros Soumelidis, Béla Katics: A con-
cept for on-line testing of distributed safety-critical supervisory systems. 
IMS 2003 7th IFAC Workshop on Intelligent Manufacturing Systems 
(Budapest) pp. 175-180, Hungary, 6-8 April 2003 

[V-35] István Varga, Tamás Bartha, Géza Szabó, Bálint Kiss: Status and Actual 
Risk Monitoring in a NPP Reactor Protection System. 7TH International 
Conference On PSAM, Berlin 2004. pp. 2654-2659.  

[V-36] T. Bartha, I. Varga, A. Soumelidis, G. Szabó: „Implementation of a Test-
ing and Diagnostic Concept for an NPP Reactor Protection System”, 5th 
European Dependable Computing Conference (EDCC-5), Springer-
Verlag GmbH, ISBN: 3-540-25723-3, pp. 391. 

[V-37] I. Varga, G. Szederkényi, K. M. Hangos And J. Bokor: Modelling and 
model identification of a pressurizer at the Paks Nuclear Power Plant. In 
14th IFAC Symposium on System Identification, pp. 678 – 683, 2006. 
CD\ID060210.pdf 

6.2.3 Conferences in Hungary  

[V-38] Szabó Géza, Varga István, Bartha Tamás: Állapotmonitorozási és meg-
bízhatósági információk integrálása erőművi informatikai rendszerekben. 
Acta Agraria Kaposvárinesis. Volume8 No3 2004 ISSN 1418-1789, pp. 
99-115 

[V-39] Bokor József, Bartha Tamás, Varga István: „Biztonsági kockázatok az 
irányítástechnikai architektúrában”, Szerkezetek élettartam gazdálkodása 
konferencia, MTA PAB – PA Rt, Pécs 2005. november 9.-11. CD- kiad-
vány (megjelenés alatt) 


