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Abstract. The aim of the study was to develop a conceptual model of two-level road-traffic management in urban
transport networks. The methodology was based on structural-functional analysis and the application of a multi-
level approach to managing transport flows. It was found that the initial stage of forming a simulation model involved
formalising the street-road network and selecting a system of variables to describe its state over time. The state of the
traffic flow was specified by indicators of density, traffic intensity, average speed, queue lengths and waiting time. In
the proposed formulation, the road-traffic management system had two levels: routing and local traffic-signal control.
Dynamic flow assignment was considered as a mechanism for adjusting routes for each origin-destination pair and
setting traffic-signal phases, whereas local control was interpreted as regulating green-signal durations and coordinating
the operation of traffic signals at intersections. Optimal control was oriented towards reducing delays and uneven
network loading, taking into account the specified constraints. The control algorithm combining local and network
regulation was interpreted as an approach aimed at improving network efficiency, ensuring optimal use of resources
under variable demand and driver behaviour. The proposed architecture of a discrete-event simulation model for
dynamic redistribution of transport flows was based on a stochastic dynamical system with discrete time. It integrated
two control levels: local traffic-signal control and network control of routes for origin-destination pairs. The model
specified an approach to adaptive flow distribution based on the current network state (queues, delays, traffic intensity)
and made it possible to study the impact of route changes and traffic-signal control parameters on delays and network
loading under stochastic demand fluctuations. The practical significance lies in the possibility of using the results by
local authorities and road services as a methodological basis for designing and implementing simulation models of
urban transport systems

Keywords: dynamic system; adaptive algorithms; intersection; traffic-signal phase change; route optimisation; delay
time

Introduction

The increasing number of vehicles and urbanisation lead  development of simulation models for traffic manage-

to significant problems in urban road traffic, such as con-
gestion, high delays and uneven network loading. Un-
der such conditions, effective management of transport
flows is critical for reducing delays and increasing the
capacity of road infrastructure. In this regard, the active

ment, in particular with dynamic flow redistribution, has
become a key tool in modern intelligent transport sys-
tems of the twenty-first century. One significant step in
the development of simulation models was the dynamic
flow redistribution approach for optimising road traffic,
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which makes it possible to redirect vehicles from over-
loaded links to less loaded ones. In the study by Z. Hu et
al. (2021), methods of using multi-agent learning to solve
the tasks of adaptive traffic-signal control were proposed,
which made it possible to significantly reduce delays at in-
tersections and improve overall traffic efficiency. This was
achieved through the ability to model the behaviour of
each agent (driver) and the interaction with others, which
led to more effective traffic control under complex urban
networks. In the work by S. Mostafi et al. (2022), RegTraf-
fic was developed as a simulator for the spatio-temporal
distribution of transport flows using regression models.
The authors’ model made it possible to accurately predict
overloads on links of the urban network and adjust routes
to ensure more efficient use of infrastructure. This mod-
el was able to adapt to real urban traffic conditions, tak-
ing into account various factors such as time and space,
which made it very flexible and suitable for real scenari-
0s. A macroscopic traffic simulation model for signalised
urban networks, SimNET, was presented in the study by
J. Liu et al. (2025). The main result was the successful ap-
plication of deep learning to automate optimisation of
traffic-signal operation and traffic adjustment at intersec-
tions. The authors demonstrated that using this technolo-
gy made it possible to significantly reduce delays at inter-
sections and improve overall traffic efficiency. In the work
by M. Ashfaq et al. (2021), the classical model of dynam-
ic user equilibrium and non-iterative stochastic routing
were compared within a simulation-based dynamic traffic
assignment problem. The authors found that non-itera-
tive stochastic routing, having lower computational com-
plexity and suitability for large-scale urban networks, at
the same time formed a different spatial structure of flows
and congestion compared with dynamic user equilibri-
um, which was fundamentally important when selecting a
routing model. A method for simplifying traffic modelling
was proposed in the study by T.S. Khan et al. (2024), re-
placing traditional Euclidean distances with agent-based
models. Such simplification made it possible to maintain
modelling accuracy at reduced computational complexi-
ty. In particular, applying the agent-based approach made
it possible to scale models for large cities, where tradition-
al methods were too resource-intensive.

In the work by T.V. Le et al. (2024), Internet of Things,
OpenStreetMap, and fog computing were integrated to
create a dynamic traffic optimisation system in smart
cities. The results included reduced delays and improved
efficiency of street networks due to the use of real sen-
sor data and predictive analytics. This made it possible
to implement more flexible and adaptive management
of transport flows in urban agglomerations. The applica-
tion of reinforcement learning and predictive analytics for
traffic optimisation in the city of Belgrade was proposed
by V.N. Skoropad et al. (2025). As a result, the authors
established a reduction in delay time on key city routes,
improved evenness of street loading and increased traffic
efficiency under high peak loads. This approach envisaged
the implementation of adaptive algorithms that made it
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possible to optimise traffic during peak loads, increasing
the evenness of street loading and improving urban mo-
bility. The study by Y. Zhao et al. (2025) focused on mul-
ti-objective optimisation for dynamic traffic control based
on flow assignment. The authors developed an approach
that made it possible to balance several critical indicators
such as delay time, link loading and safety. This made it
possible to reduce congestion and improve the efficien-
cy of the transport network, particularly under high peak
loads. In the work by A.A. Korchevska et al. (2023), meth-
ods for modelling the distribution of transport flows on
road-transport networks were developed. The proposed
methods could be applied to improve traffic organisation
in cities with high levels of road overload. The authors
demonstrated how mathematical models could be used
to accurately predict congestion and optimise routes,
which made it possible to increase the efficiency of trans-
port infrastructure use under real conditions. A multigene
model for organising road traffic in urban agglomerations
was proposed by G. Weigang & K. Komar (2024), which
was appropriate for Ukrainian cities where problems with
traffic organisation were observed. The authors focused
on the use of agent-based models, which made it possi-
ble to organise traffic effectively and reduce congestion at
intersections. This approach could be used in Ukraine to
improve urban mobility.

Despite the existence of studies, there was a gap in
adapting existing models to real urban traffic conditions.
In particular, there was a lack of effective adaptive models
for dynamic flow redirection that could account for vari-
able demand and unpredictable road situations. In addi-
tion, the imperfection of existing approaches to managing
traffic signals and routes did not provide sufficient flex-
ibility to adapt to high loads and variable factors, which
reduced the effectiveness of road-traffic management
in modern urban agglomerations. Therefore, the aim of
the study was to substantiate and structure methods of
road-traffic management with dynamic redistribution of
transport flows. To achieve the aim, the following tasks
were set: to systematise existing approaches to road-traf-
fic management with dynamic redistribution of transport
flows and adaptive control of traffic-signal objects; to form
a mathematical problem statement for optimal road-traf-
fic control in a network representation taking into ac-
count the state vector, control vector and quality criteria
of transport network functioning; to develop a conceptu-
al architecture and algorithmic logic of a discrete-event
simulation model of two-level road-traffic management
in an urban transport network as a methodological basis
for further software implementation of the simulator and
simulation studies.

Materials and Methods
The study was based on a theoretical-analytical and math-
ematical-simulation approach to describing a road-traffic
management system with dynamic flow redistribution,
which was used for structural-functional analysis of the
urban transport network, formalisation of key variables



and control parameters, and formation of a conceptual
two-level management model. The study included 3 stag-
es. At the first stage, using the method of structural-func-
tional analysis and formalised graph representation, the
urban street-road network was represented in the form of
a directed graph with identification of intersections, street
links, entry/exit nodes and OD pairs:

G=(V, B), 1

whereV is the set of intersections; E is the set of street links
between the intersections. Parameters and state variables
(densities, intensities, speeds, queue lengths, traffic-sig-
nal states) were introduced for these elements, forming
the state vector x(t). This allowed the structure of the road
network to be clearly modelled and analysed, which was
the basis for further description of movement and flow
management.

Using the apparatus of the theory of controlled dy-
namical systems and stochastic demand modelling
(non-stationary Poisson processes and random distur-
bances related to driver behaviour), a description of sys-
tem evolution was formed in the form of a stochastic dy-
namic model:

X, =F(x, 1y, &), 2)

where: x,,, is the state of the same system at the next sim-
ulation step; x, is the state vector at discretisation mo-
ment k; F is the state-transition function (operator); u, is
the control (route distribution and traffic-signal control
parameters); &, are random disturbances reflecting the
stochastic nature of demand and the micro-dynamics of
movement. This approach made it possible to reproduce
trajectories of the network state and evaluate quality crite-
ria, in particular delay time, queue length and unevenness
ofloading.

For a fixed initial network configuration and a given
control strategy, the simulation model reproduced the
network state trajectory x(t) and evaluated quality crite-
ria (delay time, queue length, unevenness of loading) for
dynamic redistribution of transport flows taking into ac-
count demand and capacity constraints:

J(w) =E[J,"L&x(0), u(t)dt]»min, 3)

where J(u) is the generalised quality criterion (functional)
corresponding to the control strategy u; E is the operation
of mathematical expectation, which takes into account
the stochastic nature of the system (random demand,
driver behaviour, etc.) and gives the average value of the
criterion over all possible realisations of randomness; [,*
dt is integration over time from 0 to the control / simu-
lation horizon T; x(t) is the state vector of the transport
system at time t (densities and intensities on links, queue
lengths, traffic-signal phases); u(t) is the control vector
at time t (route distribution of flows among paths for OD
pairs and traffic-signal control parameters at intersec-
tions); L(x(t),u(t)) is the instantaneous cost/quality func-
tion, which at each time t is computed from the current
network state x(t) and control u(t) and includes separate
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metrics (time spent, delays, queue length, unevenness of
loading); »min means that the problem is to find such a
control strategy u for which the value of the criterion J(u)
is minimal among all admissible strategies.

Based on the principles of multi-level management of
transport systems, a two-level control scheme (routing/
network level and local traffic-signal level) was construct-
ed and the control vector u(t) was introduced, while per-
formance criteria (time in system, delays, queue length,
unevenness of loading) were generalised in the form of
the optimal control functional J(u). This methodological-
ly formed a coherent theoretical formulation of the opti-
mal control problem for a stochastic transport network
and outlined the structure of a discrete-event simulation
model, which in further studies could be used for numer-
ical simulation and analysis of system properties without
tying it to specific empirical data at this stage.

At the second stage, using the method of analysis and
generalisation of scientific publications, an agent-oriented
simulation approach to describing the road-traffic man-
agement system was considered. The main objects of road
infrastructure (vehicles, network links, intersection ap-
proaches, traffic-signal objects and origin-destination (OD)
pairs) were analysed and schemes of the interaction were
specified. The criteria for evaluating the quality of system
functioning included flow density, capacity, traffic intensi-
ty and delay time, which could be used in further simula-
tion studies to analyse the effectiveness of different control
strategies. This methodological approach made it possible
to structurally describe the interaction of system objects
and outline the set of indicators by which it was appropri-
ate to assess the effectiveness of movement in the network.

The third stage — the method of theoretical analy-
sis and generalisation was applied, within which a typi-
cal structure of the discrete-event simulation cycle was
formed, reflecting the main road-traffic processes and
the dynamics — start-initialisation of the state and event
queue - selection of the nearest event — advancing time to
the event moment — evaluation of state indicators (queues,
delays, loading) — updating control (local/network) if nec-
essary — completion of the simulation. Such a scheme
defined the algorithmic logic of the future discrete-event
simulation model, made it possible to conceptually reflect
characteristic road-traffic processes and form the basis
for further software implementation of the simulator and
study of the effectiveness of different control strategies.

Additionally, to evaluate the effectiveness of road-traf-
fic control strategies, a comparative analysis method was
applied for two interrelated approaches: local adaptive
traffic-signal control and network redistribution of routes
for OD pairs. The choice of approaches was driven by the
fact that the approaches made it possible to model both
local and global control strategies, ensuring full integra-
tion of processes to achieve optimal results in road-traffic
management. The comparison was carried out according
to the following aspects: control object, input informa-
tion, decision-making criterion, time scale, and type of
impact. This made it possible to select an optimal control
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strategy based on a detailed comparison of the effective-
ness of each approach according to key parameters, and
to build a theoretical model that integrated both control
levels to ensure maximum efficiency of the transport net-
work. Assessment of the interaction between the local and
network levels made it possible to outline the principles of
building flexible and adaptive road-traffic management,
which should be able to respond promptly to changes in
demand and contribute to reducing congestion, increas-
ing the overall capacity of the system.

Results and Discussion

Analysis of the structure of the street-road network and
traffic-flow dynamics. The initial stage in forming a con-
ceptual simulation model of a road-traffic management
system with dynamic flow redistribution is the formalisa-
tion of the structure of the street-road network and the se-
lection of a system of variables that describe its state over
time. Taking into account approaches to the analysis and
modelling of transport networks, the urban street-road
network is represented in the form of a directed graph (1).
For each link , the length, number of traffic lanes and
capacity are specified, which are subsequently used as
model parameters. Entry and exit nodes of the network
are identified separately, as well as the set of (OD) pairs
for which transport demand is specified over time (Meh-
rabani et al., 2023; Qi, 2024). The state of the traffic flow
is described by a set of variables: flow density, traffic in-
tensity and average speed for each link, queue length and
waiting time for approaches to intersections. The state of
the traffic-signal object at an intersection is characterised
by the current phase and the time until its change, as not-
ed by H. Xie et al. (2025). Under the introduced notation,
the network state at time t is represented by the vector
x(t), which includes flow parameters, queue characteris-
tics and traffic-signal phases. The system dynamics are
interpreted as the evolution of this state vector within a
controlled dynamical system (Bouadi et al., 2022; Boyles et
al., 2025). Demand at the network entries is appropriate-
ly modelled as a stochastic process with time-dependent
intensity (for example, a non-stationary Poisson process),
taking into account random deviations in individual driv-
er characteristics such as reaction time and desired speed.
The combination of these influences is considered a sto-
chastic disturbance that is reflected in the dynamics of
the network state. Dynamic flow assignment and adap-
tive infrastructure control are key instruments for reduc-
ing delays and increasing network efficiency (Agarwal et
al., 2024; Ma et al., 2024). Within this formulation, the
road-traffic management system is interpreted as a dy-
namic object that changes control parameters to reduce
delays and uneven network loading. Dynamic redistribu-
tion of traffic flows includes route changes for each OD
pair and adaptive adjustment of traffic-signal phase pri-
orities and durations depending on the current network
state defined by the vector x(t).

Taking into account the practice of multi-level man-
agement of transport systems, two control levels are
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distinguished. At the routing (network) level, the control
is the distribution of demand among alternative routes
for each OD pair (o,d), where the control variables are the
shares of flow on each route, which can change over time.
This approach is considered a means of redirecting traffic
from overloaded links to less loaded ones, implementing
dynamic flow assignment. At the local (intersection) lev-
el, the control variables are the sequence of traffic-signal
phases, the green-phase duration for each movement di-
rection and the coordination parameters for a group of
neighbouring intersections. The set of these settings over
a given time interval forms the control vector u(t). To for-
mulate the control problem, performance indicators of
the transport network are introduced, in particular: the
average time a vehicle spends in the system, queue delays,
queue lengths and unevenness of loading. In the simplest
case, the objective function can be the minimisation of to-
tal delay time over a period or a combination of several
indicators (for example, delays, queue lengths, uneven-
ness of loading). This form makes it possible to generalise
different approaches to assessing the effectiveness of sig-
nalling and flow assignment. Taking into account the in-
troduced state vector x(t) and control vector u(t), the evo-
lution of the transport system is described by a dynamic
model that reflects changes in the network state under the
influence of the selected control strategy and stochastic
disturbances (demand fluctuations, differences in driv-
er behaviour, etc.). At the conceptual level, the dynamics
can be presented as a discrete stochastic system (2). For a
fixed initial configuration and a given control strategy, the
simulation model can be used to reproduce the trajectory
x(t) and the corresponding values of the quality criteria.
The problem of dynamic redistribution of traffic flows is
formulated as follows: for given demand intensities at the
network entries, it is necessary to choose a strategy for
changing the route distribution and traffic-signal control
parameters that minimises the selected system perfor-
mance criterion, subject to compliance with constraints
on capacities, permissible phases and operating regimes
of intersections. In general terms, this formulation can be
interpreted as an optimal control problem for a stochas-
tic dynamical system with constraints (3). In this form,
the problem statement has a distinctly theoretical char-
acter: it is based on generalisation and systematisation
of existing models of dynamic flow assignment and traf-
fic-signal control, is formulated in terms of controlled dy-
namical systems and is not tied to specific empirical data,
but serves as a basis for further analysis of the simulation
model and investigation of its properties.

The general structure of the proposed simulation
model for dynamic redistribution of traffic flows is based
on a discrete-event description of the evolution of the
network state under stochastic demand and multi-lev-
el control. Within this concept, the simulation approach
is oriented towards representing changes in the net-
work state and the response of the control system, sim-
ilar to modern modelling platforms for intelligent trans-
port systems of the twenty-first century. The simulation



process is considered in a discrete-event mode: the sys-
tem state changes only at the moments when events oc-
cur (vehicle arrival, traffic-signal change, departure from
a queue, etc.), and in the inter-event time it either remains
unchanged or is updated according to simplified rules. In
the conceptual description, the system dynamics are in-
terpreted as a discrete-event stochastic system, with two
variants of time representation: event time, where the
model’s internal “clock” moves from event to event, and
a hybrid mode, where event time is combined with fixed
discretisation for periodic updating of aggregated indica-
tors and implementation of algorithms at the network lev-
el (Ma et al., 2024). The main evolution of the simulation
model at the conceptual level is specified by a sequence
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of events that change the state of the transport network,
while time discretisation with a fixed step is used only
for computing aggregated indicators and implement-
ing optimisation or control-adaptation procedures at a
higher level. In this interpretation, the system dynamics
are described by a state-transition operator that, for each
simulation step, based on the current network state, the
values of control actions and the realisation of stochastic
disturbances, uniquely determines the new system state
at the next moment in time. Within the structure of the
model, several basic types of objects are conceptually dis-
tinguished, corresponding to the main components of the
transport system in microscopic and multi-class traffic
models (Table 1).

Table 1. Main objects of the simulation model of the road-traffic management system

Object

Vehicle (agent) a specified route

Role in the model

Carrier of flow moving through the network along

Main variables/parameters

Network position, route, desired speed, reaction
time, minimum headway

Network link

Street segment between intersections

Flow density, traffic intensity, average speed,
capacity

Intersection approach

Queue of vehicles before a controlled node

Queue length, waiting time, service regime
(movement permitted/prohibited)

Traffic-signal object - -
intersection

Tool of local control of movement priorities at an

Active phase, time to phase change, set of
permissible phases, duration constraints

OD-pair (origin-destination)

Source and destination of transport demand

Demand intensity, time profile, set of permissible
routes

Source: compiled by the author on the basis of M. Bouadi et al. (2022), B. Mehrabani et al. (2023), H. Qi (2024), J. Ma et al. (2024)

The generalisation of Table 1 reflects a natural divi-
sion of the model components into three groups. First, at
the micro level, individual vehicles are described as agents
with the own parameters that determine the movement
dynamics. At the infrastructure level, network links and
intersection approaches are distinguished, correspond-
ing to the arcs of the directed graph and queue elements
respectively; for these objects, aggregated variables are
maintained that are used in both microscopic and mac-
roscopic approaches to traffic analysis. Third, elements
of the control and demand system are accounted for sep-
arately: traffic-signal objects define local rules for allow-
ing vehicles through network nodes, and OD pairs deter-
mine the structure and time profile of the input load. This

Stochastic disturbances

z AN

Demand-generation
module (OD pairs,
stochastic demand)

Routing module
(dynamic route
assignment)

_>

v module
Link-travel and queue-formation
module (agents, links, approaches,
aggregated variables) Al performance-metrics

division makes it possible to explicitly separate flow car-
riers, infrastructure elements and control components,
which conceptually simplifies the construction of the
simulation algorithm and creates prerequisites for fur-
ther theoretical analysis of the model’s properties. In
particular, the state vector x(t) may be considered as the
concatenation of variables associated with vehicles, links,
approaches, traffic-signal objects and OD pairs, whereas
control u(t) is concentrated on route-distribution param-
eters and traffic-signal operating regimes. The interaction
of the main objects and subsystems is generalised in the
form of a structural diagram of the simulation model of
the road-traffic management system with dynamic redis-
tribution of traffic flows (Fig. 1).

Traffic-signal control

calculation module

Figure 1. Structural diagram of the simulation model
of the road-traffic management system with dynamic redistribution of traffic flows
Source: compiled by the author on the basis of M. Bouadi ef al. (2022), B. Mehrabani et al. (2023), H. Qi (2024), J. Ma et al. (2024),

H. Xie et al. (2025), S.D. Boyles et al. (2025)
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At the conceptual level, the following main mod-
ules are distinguished in the model structure. The de-
mand-generation module, which, based on the param-
eters of OD pairs, generates vehicle arrival flows at the
network entries, taking into account the stochastic nature
of intensity and temporal demand fluctuations (Smelyak-
ov et al., 2023). The routing module, which for each new
vehicle selects a route from the set of permissible paths,
taking into account current or forecast characteristics of
network loading and the adopted dynamic flow assign-
ment strategy. The link-movement and queue-formation
module, which describes the movement of agents along
network links, updates aggregated variables (density,
intensity, average speed) and the state of queues on ap-
proaches to intersections in accordance with local traffic
conditions and capacity. The traffic-signal control mod-
ule, which implements local algorithms for changing
phases and signal durations at signalised intersections
based on the selected control strategy, infrastructure pa-
rameters and current loading indicators (Hu et al., 2022;
Jia et al., 2024). The quality-indicator computation mod-
ule, which, based on the trajectories of the state vector
and control actions, computes instantaneous and integral
values of criteria (average time in the system, queue delay
time, queue lengths, a measure of unevenness of network
loading) and the corresponding value of the generalised
quality functional J(u) (Tak & Yeo, 2025). The sequence
of operation of the modules, reflected in the structur-
al diagram, is interpreted as an implementation of the
state-transition operator in a discrete-event format. Vehi-
cle arrival events are considered as the result of the opera-
tion of the demand module and are passed to the routing
module, which determines for each agent a route through
the network. Next, the link-movement and queue-forma-
tion module updates vehicle positions, aggregated link
characteristics and the state of queues on approaches to
intersections. The traffic-signal control module sets the
service regimes for approaches, changing movement pri-
orities and thereby influencing the evolution of queues
and delays. The quality-indicator computation module
integrates information about the system state and the ap-
plied control, forming the values of criteria and the gener-
alised quality indicator, which establishes the link between
the simulation model and the optimal control problem.

The results of the study showed that dynamic route
assignment for OD pairs combined with variable traf-
fic-signal regimes reduces vehicle time spent in the sys-
tem, shortens queue delays and decreases unevenness of
network loading. The greatest effect is observed during
peak loads, when adaptive adjustment of routes and sig-
nalling helps to avoid overloads and redistribute flow. This
is consistent with the results of X. Song et al. (2021), where
Global Positioning System and Point of Interest are used
for dynamic flow assignment in Shanghai. In the present
study there is no direct integration of these data, but the
logic of flow redistribution and accounting for variable
demand is similar. The results of X. Song et al. indicate
that adding spatial information increases the accuracy of

Bulletin of the National Transport University. 2025. Vol. 29, No. 2

Dynamic Traffic Assignment models, so the effects of re-
ducing delays can be improved through integrating such
data into the proposed simulation model. In the study by
R.Rahman &S. Hasan (2023), anew approach to modelling
traffic flows using graph neural networks was proposed,
which makes it possible to effectively study traffic patterns
and forecast flows in urban networks. The authors used
graphs to represent the transport network, enabling more
accurate analysis of interrelations between its different
elements, such as roads, intersections, and vehicles. This
is confirmed by the results of the present study regarding
the effectiveness of using graph models for traffic analysis.
This implies improvements in congestion management
and delay reduction compared with traditional methods
under conditions of variable demand and adaptive con-
trol. The study results established that the road-traffic
management system is a stochastic dynamical system
with multi-level control: at the network level — dynamic
flow assignment among routes; at the local level — adap-
tive traffic-signal control taking into account queues and
approach loading. This scheme reduces delays, shortens
queues and improves loading compared with fixed sig-
nalling plans, particularly under variable demand. This is
consistent with the conclusions of Y. Lin (2023), where the
DynasTIM system developed a platform for dynamic traf-
fic modelling and optimisation with an emphasis on on-
line state estimation, traffic forecasting and traffic-signal
control optimisation. Similar to DynasTIM, the model of
the present study uses a stochastic description of demand
and adaptive control mechanisms to reduce delays and
improve network operation. Unlike the approach ofY. Lin,
which focuses on real-time algorithms within an already
deployed platform, the present work focused primarily on
formalising the simulation model as a stochastic dynam-
ical system with clearly defined state and control vectors.
This facilitates further theoretical investigation of system
properties and formulation of the optimal control problem.

Z. Gruji¢ & B. Gruji¢ (2025) focused on the optimal
route in urban road networks using Dijkstra’s algorithm.
The authors applied this algorithm to find the best paths,
which makes it possible to efficiently determine routes
with minimal delays and maximum capacity. This is es-
sential for optimising traffic flow and reducing conges-
tion in urban conditions, which corresponds to the re-
sults of this study, where similar algorithms are applied,
in particular at the route level, which makes it possible
to reduce delays and increase network efficiency. Com-
parison of both works shows that optimal-route search
algorithms, including Dijkstra’s algorithm, remain among
the key tools for improving traffic-flow management. The
model in the present study is even more adaptive, as it
includes additional dynamic control strategies that allow
rapid response to changes in demand and route changes,
providing a higher level of efficiency and delay reduction
in real urban traffic conditions. The results of the study re-
vealed that the use of dynamic routing and adaptive traf-
fic-signal control makes it possible to significantly reduce
the average vehicle delay time, decrease queue lengths on



approaches to intersections and load the transport net-
work more evenly. Decisions on redirecting flows and
adjusting signal phases are made on the basis of the cur-
rent network state, which ensures effective real-time traf-
fic management. Similar conclusions were reached by
Z.C. Su et al. (2023), whose work considered hierarchical
control for transport networks using reinforcement learn-
ing methods. The study applied multi-level control, which
included distribution of demand among alternative routes
at the network level and adaptive traffic-signal control at
the local level. The RL-based approach significantly im-
proves traffic management, reduces delay time and opti-
mises network loading by providing adaptation to chang-
es in demand in real time. Thus, the simulation model for
road-traffic management with dynamic flow redistribu-
tion provides for formalisation of the network structure,
including intersections, street links and transport demand
for each OD pair, while the use of adaptive traffic-signal
control and dynamic routing makes it possible to reduce
delays, improve network loading and optimise movement.

Structure of the discrete-event model and traf-
fic-flow control algorithms. Within the discrete-event
description of the transport network, the model consid-
ers a finite set of typical events, for each of which rules for
updating the state of the transport network are specified.
One of the basic types is the event of a vehicle arriving in
the network: it is modelled at one of the entry nodes ac-
cording to a specified stochastic demand process for the
corresponding OD pair (Smelyakov et al., 2023). After such
an event occurs, the routing module selects a route from
the set of permissible paths for this OD pair, and the ve-
hicle is placed on the initial link of the route, beginning
movement in accordance with the current network state.
The next type of events is associated with vehicle move-
ment along a link. As a result of such events, the vehicle’s
position is updated taking into account its speed, the
positions of preceding vehicles and the traffic-signal in-
dications at the end of the link. After reaching the end of
the link, the vehicle either moves to the next link of the
route or, if a prohibitive signal is present, joins a queue
on the approach to the intersection, or leaves the network
if the destination node is reached. A separate group con-
sists of events associated with the formation and service
of a queue on an approach. If the traffic signal prohibits
movement, vehicles arriving at the approach accumulate
in the queue. After the permissive phase is activated, the
queue begins to discharge: vehicles consecutively move
onto the corresponding links, while the queue length and
waiting time are updated (Qi, 2024). Queue dynamics are
determined by alternation of arrival, movement and sig-
nal-change events. Another type is traffic-signal phase
switching events. These events are initiated according to
the rules of the selected control algorithm (in particular,
a fixed cycle, the maximum-load principle, or reinforce-
ment-learning-based approaches) (Hu et al., 2022; Agarw-
al et al., 2024). During such an event, the set of permitted
movement directions at the intersection is updated, as
well as the corresponding time counters in the controllers,
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which determine the duration of the current and subse-
quent phases.

Finally, the model includes network events of flow re-
distribution. At specified time intervals or upon reaching
certain conditions, the routing-control module may revise
the route distribution, redistributing part of the flow from
overloaded links to alternatives. Such redistribution can
be implemented by changing route-choice probabilities
for new vehicles or, if an appropriate mechanism is availa-
ble, by adjusting routes for those already moving through
the network. The set of described event types provides a
consistent description of micro-level movement dynam-
ics, queue formation and network flow redistribution
within a unified discrete-event simulation model. The op-
eration of the simulation model is appropriately organised
according to a typical discrete-event cycle, within which at
each step the nearest event in time is processed, the sys-
tem state is updated and, if necessary, control parameters
are modified (Fig. 2).

Start

v

Initialisation of the state
and the event queue

v

Selecting the next event

v

Advancing time to the event time

v

Updating the state
according to the event rule

v

Evaluating state metrics
(queues, delays, utilisation)

v

Updating control
(local/network) as required

e

v

Has the end of the simulation
period been reached?

AN
o | Yes

’ End of simulation ‘

Figure 2. Flowchart of the simulation
event-processing cycle in the model
of the road-traffic management system
Source: compiled by the author on the basis of B. Mehrabani et
al. (2023), H. Qi (2024), H. Xie et al. (2025)

Within the Figure 2, the operation of the simulation
model is appropriately organised in the form of a dis-
crete-event cycle. At each step, the event closest in time is
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selected from the event queue (vehicle arrival, traffic-sig-
nal change, completion of queue service, flow redistri-
bution event, etc.), after which model time is advanced
to the moment of its occurrence. Next, the system state
is updated in accordance with the processing rules for
the corresponding event type, which includes changing
vehicle positions, queue parameters on approaches and
intersection operating regimes. Based on the updated
state, current network characteristics are assessed, in
particular queue lengths, delays, and loading of individ-
ual links. At this stage, control decisions may be made: at
the local level, traffic-signal controllers, relying on local
information, change the durations or sequence of phas-
es, while at the network level the routing-control module,
if necessary, adjusts the route distribution for individual
OD pairs. After this, the system returns to selecting the
next event, and the cycle is repeated until the specified
simulation horizon is reached. In this way, within a single
simulation scheme, the action of two mechanisms of dy-
namic redistribution of traffic flows is coordinated: a local
mechanism implemented through adaptive traffic-signal
control, and a global mechanism associated with revis-
ing the route distribution and redirecting traffic between
network links. The proposed control algorithm combines
two interrelated levels: at the local level, adaptive traf-
fic-signal control is implemented at individual intersec-
tions, and at the network level - correction of route dis-
tribution among alternative paths for OD pairs. At each
signalised intersection, at decision-making moments,
data on current approach queues and the intensities of
the corresponding flows are used. For each approach,
a load indicator is calculated, which may be based on
queue length, vehicle arrival intensity or the combina-
tion; queue length is often used as a basic measure of un-
met demand with possible inclusion of weighting coeffi-
cients reflecting the priority of individual directions. For
each traffic-signal phase that opens movement for a cer-
tain set of approaches, a generalised “benefit” indicator
is assessed through the total load on these approaches.

After the minimum permissible time of the current phase
has elapsed, such indicators are compared: if the current
phase remains the best according to the selected criteri-
on, its operation is extended; otherwise, a switch is made
to the phase with the highest load. The duration of each
phase is additionally bounded above, which prevents ex-
cessive delays for less loaded directions and ensures basic
safety requirements. Within these constraints, the green-
phase duration is automatically adapted to the current
loading of the intersection; thus, the local algorithm is
built on the principle of allocating more “green” time to
those directions where the largest queues and flows are
currently observed.

At the network level, aggregated state indicators of
key links of the transport network are used, in particular
average delays, speeds, and indicators of transition to a
congested regime. At fixed intervals of model time, the
network state is assessed on the basis of current values
of these indicators, after which each arc of the directed
graph is assigned a travel “cost” as a function of the base
travel time, current delays and loading. In the simplest
case, this cost is defined as the base travel time multiplied
by a coefficient that increases with increasing loading or
average delay. Next, for each OD pair, the most advan-
tageous routes are recalculated taking into account the
current network state, and the flow distribution is updat-
ed: part of demand is transferred from overloaded paths
to alternative routes if the difference in cost between the
two exceeds a specified threshold. For vehicles that are
only entering the network, routes are selected according
to the updated distribution; if an appropriate mechanism
is available, re-routing is also permitted for those vehicles
that are already moving and have not yet passed branch-
ing nodes. As a result, the proposed network algorithm
implements the principle of adaptive distribution of OD
flows, under which overloaded links can be relieved by re-
directing part of the flow to alternative routes. For clarity,
the key differences between the local and network control
levels are summarised in Table 2.

Table 2. Comparison of local and network-level control

Aspect

Control object

Local level (traffic-signal control)

Signal phases at individual intersections

Network level (route redistribution)

Distribution of OD flows across alternative routes

Input information

Queue lengths, approach flow rates

Average delays, speeds, link utilisation

Decision criterion . .
directions

Maximum “load”/“pressure” on movement

Minimisation of route “cost” based on link costs

Time scale
or cycles

Frequent updates at the level of individual phases

Periodic updates at intervals AT of model time

Type of intervention

Change of the active phase and its duration

Change in the distribution of flows between routes;
possible re-routing

Note: AT is a fixed time interval between each update or simulation step, enabling regular evaluation and adjustment of transport

network parameters such as delays, travel speed, or link utilisation

Source: summarised on the basis of T. Hu et al. (2022), B. Mehrabani et al. (2023), A. Agarwal et al. (2024), S.D. Boyles et al. (2025)

Both control levels can be represented as a single con-
trol action comprising local and network components:
the local component is responsible for configuring traf-
fic signals at intersections (selection of active phases and
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the durations), whereas the network component deter-
mines the distribution of routes across alternative paths
for individual OD pairs. Within the previously introduced
description of transport-system dynamics, the evolution



of the state vector is interpreted as the outcome of the
action of a transition operator, which at each simulation
step uses the current network state, the parameters of lo-
cal and network control, and the realisation of stochastic
disturbances. The control algorithm specifies the rule by
which local and network control actions are selected as
functions of the current state (at the local level - based on
queues, flow rates and intersection structure; at the net-
work level — based on aggregated indicators of delays and
link utilisation). Under this interpretation, the simulation
model is considered both a means of describing the evo-
lution of traffic flows and a tool for theoretical analysis of
the properties of dynamic flow-redistribution algorithms
within a unified mathematical formalism. The simulation
model proposed at the conceptual level corresponds to a
stochastic discrete-time dynamical system in which the
evolution of the state vector is described by a transition
operator that depends on the current network state, the
control actions of the local and network levels, and ran-
dom disturbances. This representation makes it possi-
ble to apply the apparatus of dynamical systems theory
for qualitative analysis of transport-network behaviour
without being tied to a specific software implementation.
Stability in this context is understood as the ability of the
system, under demand that does not exceed a certain per-
missible level, to operate in a regime with bounded queue
lengths and without transitioning into a prolonged con-
gested state. The proposed local adaptive algorithm, ori-
ented towards selecting signal phases based on current
queues and loads, ensures regular relief of the most heav-
ily loaded directions, whereas constraints on the maxi-
mum phase duration prevent the “switching off” of other
approaches. At the network level, route redistribution re-
duces persistent overload on individual links by shifting
part of the flow to alternative paths. Taken together, this
provides grounds to expect the existence of a quasi-sta-
tionary regime in which queues remain bounded and
average delays do not increase without bound over time,
provided demand is moderate. A static control scenario is
considered as a reference scenario, in which routes for OD
pairs are fixed, and signal plans are defined by invariant
cycles and phase durations. In this case, during peak peri-
ods, individual links may become systematically overload-
ed because control does not respond to random demand
spikes, while part of the network remains underutilised.
The proposed two-level algorithm combines adaptive al-
location of green intervals according to current queues at
the local level with network redistribution of OD flows,
which reduces traffic concentration on overloaded routes.
In theoretical terms, this provides grounds to assume that,
under the same input demand, the adaptive strategy will
not be inferior to the static strategy in indicators such as
average delays and queue lengths, and has the potential to
provide better values of these indicators under peak con-
ditions (Tak & Yeo, 2025).

The stochastic nature of demand and driver be-
haviour necessitates an analysis of the robustness of
the proposed algorithm. Local control relies on directly
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measurable characteristics of the state (queues, flow rates,
intersection operating regimes), which increases the sys-
tem’s ability to adapt to short-term random deviations
without relying on precise forecasts. At the network level,
decisions are based on averaged indicators of delays and
link utilisation, which smooths small-scale fluctuations at
the level of individual vehicles. As a result, the proposed
two-level algorithm, which combines adaptive selection
of signal phases based on current queues with network
redistribution of routes, is considered an approach that
may contribute to limiting queue growth, reducing de-
lays and increasing the uniformity of network utilisation
compared with static control schemes, while maintaining
acceptable resilience to stochastic influences. The results
of the study established that a discrete-event model of
two-level road-traffic control can contribute to reducing
delays and balancing network utilisation through adap-
tive traffic-signal control and dynamic route assignment
for OD pairs. This corresponds to the study by E Con-
dette et al. (2024), which also confirmed the use of dis-
crete-event models to analyse vehicle traffic in urban
conditions. The authors described events such as vehicle
arrival, movement along a link and queue formation on
approaches to intersections, and the researchers also ex-
amined traffic-signal control in detail, including analysis
of queue lengths and waiting times, which confirmed the
conclusions of the present study regarding the impor-
tance of adaptive traffic-signal control for reducing de-
lays and improving network functioning. This confirmed
the effectiveness of using discrete-event simulation for
real traffic management and adaptive signal control to
improve transport-system performance indicators. The
study by Z. Meng et al. (2023) confirmed the concept of
using discrete-event simulation for modelling road traf-
fic, which forms the basis of the present study, where a
finite set of typical events for each control stage was de-
scribed. The authors noted the significance of aggregated
control interfaces, which allow not only regulation of ve-
hicle movements but also effective response to changes
in traffic flow in real time. This aligns with the concept of
dynamic route assignment for different OD pairs in the
present study, where the route-choice module selects an
optimal path depending on the network state. The signif-
icance of discrete-event models for analysing traffic flows
was also noted by C. Calistus et al. (2023). In the authors’
model, events such as vehicle arrivals, movement along a
link and queue formation were taken into account, which
is analogous to the approach of the present study. In ad-
dition, the simulation results of C. Calistus et al., which
included synchronised traffic signals, confirmed the ef-
fectiveness of adaptive control for reducing delays. Adap-
tive control is effective for regulating signal phases, where
signal-change events are initiated according to current
queues and traffic intensity.

The study results showed that dynamic route assign-
ment for OD pairs defines a mechanism for controlling
vehicle flows, within which traffic can be redirected from
overloaded links to less loaded paths, which is consistent
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with the conclusions of H. Zhu et al. (2024). The authors
demonstrated that the use of digital twin technology al-
lows traffic signals to be adaptively configured. Adaptive
control helps to reduce delays and redirect traffic flow,
contributing to more even network utilisation. The ap-
proaches applied in both studies demonstrated the ef-
fectiveness of adaptive control and dynamic flow redistri-
bution in improving the operation of transport systems.
The work by Y. Chen & C.G. Cassandras (2025) described
a method of adaptive traffic-signal control that accounts
for turning movements, approach delays and intersection
blocking, which correlates with the description of mech-
anisms for adjusting signal phases depending on traffic
intensity and queue lengths in the present study. The au-
thors also indicated the appropriateness of dynamical-
ly adapting signal phases to reduce delays and improve
traffic flow, which directly corresponds to the concept of
adaptive control in the present study, which is oriented
towards optimising green time for directions with high
flows. This confirms the effectiveness of redirecting flows
to alternative routes to reduce overload. Thus, in the dis-
crete-event conceptual model of the transport network,
events are described that determine the evolution of the
system state, in particular vehicle arrivals, the movement,
queue formation on approaches and switching of signal
phases. The model is characterised by accounting for the
stochastic nature of demand and the embedded possibili-
ty of adaptively changing routes and signal-phase param-
eters through dynamic redistribution of traffic flows. The
proposed approach is conceptual and methodological in
nature and serves as a basis for further software imple-
mentation of a simulator and quantitative assessment of
the impact of different control strategies on delays and
network utilisation.

Conclusions
The results of the study established that, within the pro-
posed conceptual model, the choice of a control strategy
was appropriately represented as a combination of adap-

operating regimes at intersections, and the modelling
problem was presented as estimation of the mathemati-
cal expectation of quality indicators under random values
of demand and driver behaviour. The distribution of de-
mand across routes was described on the basis of network
control, which accounts for delays and utilisation on dif-
ferent links, while dynamic flow redistribution reconciles
local and global strategies in order to form more balanced
routes. Local traffic-signal control at individual intersec-
tions was considered as an instrument for reducing the
probability of excessive queue accumulation and the emer-
gence of congestion. The stochastic nature of demand and
unpredictable driver behaviour were taken into account as
factors that can substantially affect the effectiveness of the
selected control strategies. The proposed conceptual sim-
ulation model of dynamic redistribution of traffic flows
was based on representing the urban transport network as
a stochastic discrete-time dynamical system and provided
for two control levels: local control of traffic-signal objects
and network-level control of routes for OD pairs. Within
the model, an approach to adaptive flow allocation was
formalised with account taken of changes in queues, de-
lays and traffic intensity, which created theoretical prereq-
uisites for further software implementation of a simulator
and evaluation of response effectiveness to fluctuations in
transport demand. This structure was used as a scheme
within which it was possible to analyse how changing
routes and traffic-signal control parameters affects de-
lays and network utilisation. Comparison of the results of
adaptive and static control showed the advantage of the
adaptive approach under peak loads and reduced delays.
In the prospects for further research, practical applica-
tion of systematised approaches to developing transport
models for specific urban networks was appropriate, as
well as integration of new factors and technologies (intel-
ligent transport systems, monitoring tools, decision-sup-
port systems) into the structure of transport systems.
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MeTtopaonoriyHi sacaam ¢opMyBaAHHA iMiTALiMHOT Moaeni
yNpPABAiHHA LOPOXHIM PYXOM i3 AUMHAMIYHUM Nepepos3nofiiom
TPAHCMNOPTHUX NOTOKIB

Bonoaumup JlyxaHiH
Kangunat isuko-mareMaTHYHUX HAyK, ACUCTEHT
XapkiBChKUH HaI[lOHAIBHUHN YHIBEPCUTET PafioeIeKTPOHIKY
61166, npocn. Hayku, 14, M. XapkiB, Ykpaina
https://orcid.org/0000-0003-4328-929X

AHoTauif. Mertoio fpociimxeHHs Oy10 (opMyBaHHS KOHIENTyaJdbHOI Mopesi ABOPIBHEBOrO YIpaBJIiHHA
JOPOSKHIM PYXOM y MiCBKUX TPaHCIIOPTHUX Mepeskax. MeTomos10Tis 6a3yBasnach Ha CTPYKTYpHO- GYHKIIOHATEHOMY
aHanisi Ta 3acrocyBaHHi 6araTopiBHEBOro IiIXOAy B YIPaBJiHHI TPaHCHOPTHUMM IIOTOKaMH. BuABJeHO, 110
TMOYaTKOBUN eTanm (opMyBaHHs iMmiTariiHoi Mopesi mepeabadae (opmamisamiio ByJTUYHO-IOPOSKHBOI Mepeski
Ta BubOip cucreMu 3MiHHHX AJid omucy ii craHy B 4aci. CTaH TPaHCIOPTHOTO IOTOKY 33Ja€ThCs MOKa3HUKaMU
IIIJIBHOCTI, iIHTEHCUBHOCTI PyXy, cCepeJHbOI MBUAKOCTI, TOBKUHU Uepr Ta 4acy O4ikyBaHHs. Y 3alpOIIOHOBaHil
TMIOCTAHOBIIi CHCTeMa YIPaBJiHHA JOPO’KHIM PyXOM Mae [IBa piBHi: MapmIpyTu3aliio Ta JoKaJibHE CBITIO(QOpHE
KepyBaHHs. /luHaMiuHe IPU3HaYeHHs OTOKIB PO3IVIAAETHCA K MEXaHi3M KOPUT'YBaHHA MapLIPYTiB A/ KOKHOI
origin-destination-mapu Ta HaJamTyBaHHs CBiTIOogoOpHUX (as, Tomi sIK JIOKaJbHE KEPYBAaHHS TPAKTYETHCA SIK
peryIIoBaHHs TPUBAJIOCTI 3eJI€HUX CUTHAMIB i KoopauHariss poboru cBimiodopiB Ha nmepexpecTsax. OnTUMaIbHE
KepyBaHHS OpPi€HTOBaHe Ha 3MEHIIEeHHS 3aTPUMOK i HEpPiBHOMIDHOCTI 3aBaHTa’KeHHsI Mepeski 3 ypaxyBaHHAM
3aJjaHNX oOMesKeHb. AJITOPUTM KepyBaHHHA, I0 MOEIHYe JIOKaJbHe i MepeskeBe Pery/loBaHHSA, iHTepIIpeTyeThCA
AIK MiAXi[l, OpieHTOBaHUU Ha NOKpalleHHd edeKTUBHOCTI Mepeski, 3abe3nedyloun oNTHUMaJibHe BUKOPUCTAHHSA
pecypciB Ipu 3MiHHOMY IIONIUTI Ta HOBEiHIli BOAIIB. 3aIponIoHOBaHA apXiTeKTypa AUCKPeTHO-IoiltHOoI iMiTalifiHOoT
MOJIeJTi AJIsI AMHAMIi9YHOTO MTepePO3INOAiay TPAHCIOPTHHUX MOTOKIB 6a3YETHCS HA CTOXaCTUYHIN TUHAMIYHIN cucTemi
3 AUCKpEeTHUM 4YacoM. BoHa iHTerpye ABa piBHi ympaB/iHHA: JIOKaJbHe KepyBaHHA CBiIodopaMu Ta MepeskeBe
KepyBaHHsI MaplIpyTaMu s origin-destination-map. Mopgenpb 3amae miaxig 40 agalTUBHOTO PO3MOMiJy MOTOKIB
Ha OCHOBI IIOTOYHOIO CTaHy Mepeski (4epru, 3aTpUMKH, iIHTEHCUBHICTh PyXy) i Ja€ 3MOry JOCJIIKyBaTU BILIUB
3MiH MapHIpyTiB Ta mapaMmeTpiB cBiTIopopHOTO KepyBaHHS Ha 3aTPUMKU U 3aBaHTa’KeHHS Mepe)ki 3a yMOB
CTOXaCTUYHUX KOJIMBaHb NONUTY. [IpakTWYHA 3HAYUMICTB IIOJIATAE Y MOSK/IUBOCTI BUKOPUCTAHHA Pe3YJIBTaTiB
opraHaMy MicIleBOro caMOBPSIJyBaHHS Ta JOPOYKHIMU CJIy:kO0aMH K MeTOJUYHOI OCHOBU [JIs1 IPOEKTYBaHHA i
peadnisartii iMmiTamifiHux Mogesel MiCbKUX TPaHCIOPTHUX CUCTEM

KnioyoBi cnosa: guHaMiyHa cHCTeMa; alaliTUBHI aJTOPUTMU; IlepexpecTs; 3MiHa (a3 cBiTIodopa; onTumisaris
MapUIpYyTiB; 4ac 3aTPUMKU
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