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Abstract. Aim. In today’s major cities, increased utilization and capacity of the rapid transit 
systems (metro, light rail, commuter trains with stops within the city limits) – under condi-
tions of positive traffic safety – is achieved through smart automatic train traffic management. 
The aim of this paper is to choose and substantiate the design principles and architecture of 
such system. Methods. Using systems analysis, the design principles and architecture of the 
system are substantiated. Genetic algorithms allow automating train traffic planning. Methods 
of the optimal control theory allow managing energy-efficient train movement patterns along 
open lines, assigning individual station-to-station running times following the principle of mini-
mal energy consumption, developing energy-efficient target traffic schedules. Methods of the 
automatic control theory are used for selecting and substantiating the train traffic algorithms 
at various functional levels, for constructing random disturbance extrapolators that minimize 
the number of train stops between stations. Results. Development and substantiation of the 
design principles and architecture of a centralized intelligent hierarchical system for automatic 
rapid transit traffic management. The distribution of functions between the hierarchy levels is 
described, the set of subsystems is shown that implement the purpose of management, i.e., 
ensuring traffic safety and comfort of passengers. The criteria are defined and substantiated of 
management quality under compensated and non-compensated disturbances. Traffic manage-
ment and target scheduling automation algorithms are examined. The application of decision 
algorithms is demonstrated in the context of uncertainty, use of disturbance prediction and 
genetic algorithms for the purpose of train traffic planning automation. The design principles 
of the algorithms of traffic planning and management are shown that ensure reduced traction 
energy consumption. The efficiency of centralized intelligent rapid transit management sys-
tem is demonstrated; the fundamental role of the system in the digitalization of the transport 
system is noted. Conclusion. The examined design principles and operating algorithms of a 
centralized intelligent rapid transit management system showed the efficiency of such systems 
that ensured by the following: increased capacity of the rapid transit system; improved energy 
efficiency of train traffic planning and management; improved train traffic safety; assurance 
of operational traffic management during emergencies and major traffic disruptions; improved 
passenger comfort.
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Introduction

Rapid transit systems conventionally include sub-
ways and a light rail systems separated from road traf-
fic. Later, the commuter rail systems with stops within 
the city limits were included in the classification as 
well. In particular, the Moscow Central Circle (MCC) 
and the Moscow Central Diameters [1, 2] are classified 
as rapid transit. Given that the organization of traffic 
in metros, light rail and commuter rail has the same 
goal of providing comfortable and safe transportation 
of passengers, as well as the similarity of the under-
lying technologies, a centralized rapid transit traffic 
management system should be developed based on a 
single set of principles.

Centralized traffic management. 
Functional management levels. 
Management level subsystems

When traffic is heavy, which is typical for the rapid 
transit systems of major cities, designing autonomous 
unmanned vehicle control systems with automatic 
control of each train according to a predefined traffic 
schedule is not effective, as in such case the position 
of other trains on the line is not taken into account. 
“Harmful” mutual interaction of trains only takes 
place when it starts affecting the movement patterns 
automatically selected in the train control system [3]. 
Unlike autonomous systems, centralized systems re-
ceive information on the arrival and departure times of 
all trains across all stations, compare this information 
with a defined traffic schedule and condition control 
commands for each train, including the required sta-
tion dwell times and travel times for the open line 
ahead. Such commands are implemented by unmanned 
vehicles. This mode of centralized systems operation 
is called disturbance-compensated management, when 
a deviation from the target schedule can be mitigated 
using available travel and station dwell time budget. 
We shall call compensated disturbances “minor faults”. 
In this case, when the travel and station dwell time 
budget is not sufficient to mitigate the disturbances, 
unscheduled train turnovers are performed at stations 
with passing loops, if necessary, along with unplanned 
removal of trains to the yard, which leads to changes 
in the train pair count and sequence. Such situations 
are commonly called “major faults” [3, 4, 5]. In cases 
of major faults, algorithms are initiated for centralized 
fault management and traffic recovery upon elimina-
tion of the causes of the fault [5, 6], while traffic 
management is carried out based on the operational 
schedule. The purpose of post-fault management is to 

restore train traffic according to the initial target sched-
ule, which enables the required night arrangement of 
trains [6, 7]. Thus, two functional management levels 
can be distinguished within the centralized system, 
i.e., upper and lower.

At the upper level, in accordance with the target or 
operational schedule and the received information on 
the arrival and departure of trains, the required travel 
times and dwell times for each train are calculated. At 
the lower level, the commands of the upper level are 
implemented. The most important upper-level man-
agement function is generating commands for train 
turnaround at terminals and stations with no passing 
loops. Such commands are delivered through central-
ized traffic control to the station interlocking system that 
controls the point operation. The operation of the upper 
functional level is supervised by the traffic controllers 
who receive information on the train locations through 
the supervisory control system. In addition, the traffic 
controllers are able to receive information from CCTV 
cameras at stations, turnaround points, etc. The role 
of the traffic controllers is especially important when 
major faults occur. At the upper functional level, a 
management scenario is automatically generated and its 
execution is approved by a traffic manager [6]. A mode 
is required, in which the traffic manager takes control. 
Traffic safety is ensured by track circuit-based systems 
(ARS in the Moscow metro) [8], or communications-
based (CBTC-like) systems [9]. The advantage of the 
communications-based systems consists in the absence 
of position quantification of the “tail” of the train ahead 
(positioning of the “tail” of the train ahead based on 
the occupied track circuit), reduced operating costs as-
sociated with the maintenance and adjustment of track 
circuit equipment. In the case of communications-based 
train control, the positioning of the “tail” of the train 
ahead accurate to the length of the overlap determined 
by the maximum errors of travelled distance and speed 
measurement allows reducing the allowed headway [10], 
which is essential when traffic is heavy. At the same 
time, communications-based train control systems (like 
CBTC) do not ensure rail integrity control (the so-called 
“control mode”). Therefore, the application of CBTC-
like systems requires additional equipment enabling rail 
integrity control [10]. Additionally, while deploying 
automatic traffic management systems on active lines 
it is important to ensure operational continuity of traffic 
safety systems. Therefore, the development of hybrid 
algorithms and equipment enabling the advantages of 
track circuit-based and communication-based systems 
appears to be promising. The commands of the traffic 
safety system are given the highest priority.
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The upper functional level comprises the following 
subsystems:

– subsystem for minor faults, major faults, post-fault 
management [3];

– target schedule and turnover construction subsystem 
[11, 12];

– subsystem for selecting energy-optimal modes of 
train control with set specified travel times [13] and 
energy-optimal distribution of travel times [14]. The 
outputs of the above subsystems are used in the con-
struction of target train schedules. It should be noted that 
solving the problem of energy-optimal train control for 
various travel times allows obtaining for each open line 
a dependence of traction power consumption as a func-
tion of the travel time that is required and sufficient for 
energy-optimal distribution;

– subsystem for archiving train orders and train 
sheets;

– database of failures and results of diagnostics of 
technical assets that enable train traffic, including rolling 
stock diagnostics data;

– subsystem for automatic management of rolling stock 
turnover at stations with passing loops;

– passenger information subsystem;
– subsystem for training of personnel involved in the 

traffic organization, a personnel training software and 
hardware system [15];

– subsystem for advanced training of traffic controllers, 
a traffic controller simulator [16, 17, 18].

The relevance of those software and hardware sys-
tems is much more significant than their direct purpose. 
Those systems include detailed line simulation models 
that are used in the analysis of new algorithms. The re-
sults of such simulation determine the effectiveness of 
their implementation. The simulator includes a system 
for calculating the performance criteria of the control 
system and an open library of control algorithms. Of 
special significance is the matter of integration of staff 
training systems of various services, which would allow 
using common criteria for training quality and method-
ology evaluation. The simulation models allow using 
machine learning for predicting hazardous failures of 
various system components [19].

Let us note a few advanced features of the upper 
functional level that allow using the term “intelligent 
system”. The upper-level algorithms require generating 
commands for the trains on a line under uncertainty. 
The (n+1)-th train must be given the departure com-
mand and required travel time in such a way as to let it 
perform its movement with no interference on the part 
of the safety systems. Developing this solution requires 
knowing the deviation from the target value of the next 

station dwell time of the previous, n-th train while it has 
not yet arrived to the station. In this situation, an intel-
ligent disturbance prediction algorithm is implemented 
that uses the delay statistics of previous trains [20]. A 
genetic algorithm is used for automatic construction 
of train and turnover schedule [21, 22]. Therefore, the 
term “intelligent system” is correct. The integration of 
various system functions, including management itself, 
collection and processing of diagnostic information, 
analysis of facility performance indicators and operation 
planning, archiving, etc., can be implemented using Big 
Data and artificial intelligence algorithms. In turn, the 
system’s open architecture, availability of a database 
for collecting diagnostic information allows regarding 
it as a foundation for the digitalization of urban trans-
portation systems.

At the lower functional level, the onboard control 
system solves the following tasks:

– train traffic safety;
– energy-optimal train control with the observance of 

all specified restrictions (including traffic safety indica-
tions) that ensures the observance of upper-level inter-
station travel times;

– targeted stops at stations;
– enforced permanent and temporary speed restric-

tions;
– closing and opening the doors, movement initiation, 

passenger information.
One of the vital tasks associated with ensuring safe 

and efficient traffic management is the measurement 
of traffic parameters, i.e., train speed and travelled 
distance. In subways, this problem is solved using 
wheel-mounted frequency-pulse rotation sensors and 
correction sensors installed on tunnel walls or in the 
track. In this environment, infra-red sensors have 
shown their efficiency. On the tunnel wall, an angle 
reflector is installed, while trains are equipped with 
infra-red transceivers [3]. The beam of the transmit-
ter is directed toward the tunnel wall. It is reflected 
from the angle reflector and is received on the train, 
resetting the measurement error of the wheel-mounted 
frequency-pulse sensor. When two sensors are in-
stalled at a fixed distance from each other, the onboard 
computer calculates the wheel radius, thus enabling 
reduced error when measuring the travelled distance 
and speed outside the strobing signal points [3]. There 
is experience with RFID sensors installed between 
rails. The advantage of such sensors consists in the 
ability to transmit the sensor number, its coordinate, the 
number of the open line. At the same time, due to the 
bell-shaped direction diagram of the radio signal, the 
position of the detected correction point depends on the 
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speed of the train. The latter causes train positioning 
error. Reducing the train speed at the location of the 
RFID sensor when approaching the station in order to 
reduce the effect of the bell-shaped signal wave-form 
on the detection error results in longer traction time at 
a constant travel time and, therefore, overconsumption 
of traction energy. On average, a 1-second increase of 
braking time causes a 1-percent increase of traction 
energy consumption. The combined use of two types 
of sensors allows improving the dependability of the 
distance measurement link and to take advantage of 
the strengths of both sensors, i.e., the accuracy of 
correction point detection of the infra-red sensor and 
large amount of communicated information of the 
RFID sensors. 

A technical vision system is required for detecting 
obstacles in the unmanned control mode in open areas 
accessible to people, animals, other modes of transport 
[23]. Control inputs generated by such system have the 
highest priority.

The presence of advanced computing facilities onboard 
the trains allows integrating the functions of automatic 
train control, train protection, collection of diagnostic 
information that is radioed to the station and further to 
the upper functional level.

Improving the energy efficiency 
of management processes

Let us focus on improving the upper-level traf-
fic management algorithms. The main criteria for 
efficiency at the top level of the train management 
algorithm are:

– improved accuracy of target schedule performance 
with disturbance compensation;

– minimum time of target schedule recovery upon 
elimination of the causes of a major fault.

The minimization of the above criteria is to be achieved 
subject to the additional condition of minimized traction 
energy consumption.

In case of unmanned driving, the onboard travel time 
control facility can achieve the predefined range of travel 
time with high accuracy. This capability is used for im-
proving the energy efficiency of management operations 
in the event of minor faults. The travel time of the (n+1)-th 
train across the open line ahead required for compensating 
for the late arrival of such train to the (j+1)-th station is 
chosen subject to the restrictions on the minimum dwell 
time in such a way as to enable the minimum headway 
based on the restrictions of the train control systems. The 
distinctive feature of the traffic management algorithm 
with disturbance compensation is the consideration for 
the dependence of the restrictions on the system status 

and predicted deviations of the dwell times of the train 
ahead based on the previous train delay statistics [20]. 
The dependence of the restrictions on the system status 
is defined by the regulating characteristic of the j-th open 
line Tuminj[n+1] = [Txj[n+1],Txj[n]]+Tcj[n], where Tuminj[n+1] 
is the minimum departure interval of the (n+1)-th train 
to the j-th open line from the (j-1)-th station, whereas 
the n-th train does not affect the operating modes of the 
(n+1)-th train through the traffic safety system; Txj[n], 
Txj[n+1] is the the travel times of the n-th and (n+1)-th 
trains across the j-th open line respectively; Tcj[n] is the 
dwell time of the n-th train at the j-th station. When con-
trol is selected, the values Tcj[n] = T r

cj[n] + ΔT p
c
r
j [n], where 

Tr
cj[n] is the dwell time of the n-th train at the j-th station 

according to target schedule; ΔT p
c
r
j [n] is the predicted 

deviation of actual dwell time from the target value. 
The travel time of the (n+1)-th train across the j-th open 
line is chosen by the algorithm in such a way (provided 
that the requirements for the value Tuminj[n] are met) as 
to enable the restriction on the allowable minimal dwell 
time and the minimal possible delay of the (n+ 1)-th train 
arriving to the j‑th station. That also allows reducing the 
number of speed restrictions and stops of the following 
train between stations. Such algorithm, on the one hand, 
improves traffic safety by reducing the probability of 
trains running dangerously close to each other, and, on the 
other hand, reduces traction energy consumption not only 
by reducing the number of stops between stations, but 
also by increasing the running time of the following train. 

Upon the elimination of the causes of a major 
fault, the control algorithm chooses – out of a variety 
of fastest-acting control algorithms – the one that 
minimizes the traction energy consumption through 
energy-optimal distribution of the travel times along 
the line. The problem of energy efficiency is taken 
into account while scheduling train traffic not only, as 
previously stated, by means of optimal distribution of 
travel times, but also by changing the way the number 
of trains on the line is increased at the beginning of to 
the peak hours. In conventional target traffic schedules, 
such transitions involved extended dwell times that en-
sured increased headway for the purpose of adding new 
trains to the operation. In the planning algorithm under 
consideration, the same effect is achieved through 
planned extension of travel times, which allows reduc-
ing the traction energy consumption. Thus, the energy 
efficiency of target train schedules is achieved by 
associating the traction energy consumption with the 
travel times under the selected energy-optimal control 
modes, distribution of train running time along the line, 
replacement of extended dwell times with increased 
travel times in transition mode.
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The matters of information communication net-
work design as part of centralized management 
systems, information protection are extremely im-
portant and define system efficiency. Such issues are 
not addressed in this article and require individual 
consideration.

Structure of the rapid transit traffic 
management system

A rapid transit traffic management system was 
examined above. The integration of such systems 
with the addition of a higher level of management 
is illustrated in Fig. 1, where the following designa-
tions are used:

– SMC, situation management centre;
– CUTMS of lines 1, …, N, centralized underground 

traffic management system of lines from 1 through N;
– CLRTMS of lines 1, …, M, centralized light rail 

traffic management system of lines from 1 through M;
– CTMSCR, centralized traffic management system 

of the central ring (MCC in Moscow);
– CTMSCD, centralized traffic management system 

of the central diameters from 1 through K.
The situational management centres (SMC) of 

various types of rapid transit receive information from 
subsystems of the upper functional level of centralized 
traffic management, in particular, from the hardware 
and software systems of line-level traffic management 
facilities. In normal mode, the received information is 
“compressed” and in a generalized form is displayed 
in situation management centres. If a train deviates 
from the target schedule by a fixed amount of time, the 
centre’s personnel is informed accordingly by changing 
line colour and a tonal signal. They can then display 
a detailed image of the operational situation avail-
able to the traffic managers. The functionality of the 
situation management centre and its design principles 
were developed by the Russian University of Transport 
(RUT/MIIT) and the Moscow Metro [24]. Aggregated 
information from the SMC of various types of rapid 

transit systems is delivered to the metropolitan rapid 
transit management centre. At this level, the collected 
information will allow managing urban transportation 
in emergency situations, making coordinated advance 
managerial decisions in cases of planned closure of 
certain line sections. The metropolitan rapid transit 
management centre is to be associated with other 
transportation management centres. The concept of its 
construction requires considerable elaboration. 

Conclusion

The examined design principles and operating algo-
rithms of a centralized intelligent rapid transit manage-
ment system showed their efficiency that is defined by 
the following:

– increased capacity of rapid transit systems through 
strict adherence to the target train schedule;

– improved energy efficiency of traffic planning 
and management through energy-efficient train man-
agement patterns, traction energy-optimal distribution 
of train running time along the line, replacement of 
the target train scheduling with extended station dwell 
times with the scheduling with modifiable target 
train running times during the periods of train pair 
count changeover, improved centralized management 
algorithms that take into account the dependence of 
control restrictions on the system state and prediction 
of possible disturbances, increased station-to-station 
train running times for the purpose of implementing 
the allowed headway by means of train separation 
systems;

– improved traffic safety through reduced probability 
of “hazardously close” distance between trains with 
stricter observance of station-to-station train running 
times and dwell times;

– operational traffic management during emergencies 
and major traffic disruptions through efficient algorithms 
of centralized management during traffic disruptions and 
after the elimination of their causes;

– improved passenger comfort through accurate execu-
tion of the traffic schedule.

Fig. 1. System structure
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