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Abstract. This article is devoted to description of the basic principles of constructing a motion schedule in an
intelligent urban passenger transport system based on robotic vehicles, which ensures the non-conflict motion of
unmanned vehicles, in which the vehicles in front do not delay those following them. In the introduction of the article, a
description of the basic problems of modern urban passenger transport systems and the formulation of the research targets
are given. The section "Principles of ITS function” provides a description of the transport system concept and principles
of functioning for the aim that the reader can receive a holistic view of the research subject. A basic characteristic features
of this intelligent urban passenger transport system are that ITS is capable of timely adjusting to changes in demand for
transportation, because processes occurring in the transport system (collection of service requests, data processing and
analysis, planning and organization of transportation) are cyclical and are carried out in real time. The drawing up of the
movement schedule of vehicles also occurs in real time. In the section "Drawing up a traffic schedule of vehicles" the
basic principles of constructing a vehicles traffic schedule are given and their usage is demonstrated with a specific
example. The introduction in usage this intelligent city passenger transport system, built on the proposed principles, will
allow to get technology of passenger transportation that able to adaptive changes of humber autonomous transport units
that are used in transportation, depending on the demand for transportation. Such approach allows both to fully and timely
satisfy the needs of passengers, and to save the resources of the transport system, what is the main aim of each passenger
transport system.

Keywords: cassette transportation method, intelligent transport, smart transport, information transport system,
transport with divided parts, organization of transportation, scheduling.
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Awnoranist. CTaTTs IpUCBSYEHA OMMCY OCHOBHUX MPHHIIMITIB TOOY0BH rpadika pyxy B IHTENEKTyalIbHINA MIChKiil
nacaXUpChKii TPaHCIIOPTHIN cucTeMi Ha 06a3i poOOTH30BaHUX TPAHCIOPTHHX 3ac00iB, 1110 3abe3neuye 6e3KOH(IIKTHUI
pyx Oe3MIOTHUX TPAHCHOPTHHX 3ac00iB, MpPU SKOMY TPAHCHOPTHI 3aco0u, 110 HAyTh TOIepeny, He 3aTpUMYIOTh
HACTYITHHUX 338 HUMH.

Y BCTymi CTaTTi MAETHCSI OMUC OCHOBHHUX MPOOJIEM CYyJacHUX CHUCTEM MiChKOTO MAcaXHPChKOTO TPAHCIIOPTY Ta
(dopMymroBaHHS MeTH JociipkeHHs. Y poszini "Ipuniunm gyakuionyBanus ITC" HanaeTbcs KOHIENIIS TPAHCIIOPTHOT
CHUCTEeMU Ta NPUHOMNHM 11 (QYHKIIOHYBaHHS AJISL TOTO, 100 YMTAa4 MIr OTPUMATH LUTICHE YSBIEHHS PO MHpPEAMET
nociimkeHHsi. OCHOBHOIO BiIMIHHOIO OCOOJIMBICTIO HABEJICHOT 1HTENEKTYaJbHOI CHCTEMH MICHKOTO Maca)kKHPChKOTO
TpaHcropTy € Te, mo ITC 31aTHa cBO€YACHO MiJUIAIITOBYBATHCS M1iJ] 3MIiHH MOIUTY Ha MEPEBE3eHHs, OCKIIBKU MPOIIECH,
110 BiOyBaIOThCS B TPAHCIIOPTHIN cucTeMi (30ip 3asiBOK Ha 00CITyroByBaHH:, 00poOKa Ta aHaJIi3 JaHUX, IUIAHYBaHHS Ta
opraHizamisi TepeBe3eHb) LMKIIYHI Ta 3AIHCHIOIOThCS B pexuMi peanbHoro uacy. CkimamgaHHs rpadika pyxy
TPAHCHOPTHHUX 3ac00iB TakoX BiIOYBaeThcAd y peXuMi peanpHOro dacy. Y posmimi "CxiamaHHs Tpadika pyxy
TPaHCHIOPTHHX 3ac00iB" HaBEJIEHO OCHOBHI MPHUHITUIN NOOYIOBHU rpadika pyxy Ta mIpoJeMOHCTPOBAHO X BUKOPUCTAHHS
Ha KOHKPETHOMY MpHUKIaai. BnpoBajykeHHs aHOT IHTENEKTYalbHOI CUCTEMH MICBKOTO MacaXHPChKOTO TPAHCIOPTY,
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1o0y0BaHOI Ha 3aIPOIOHOBAHKX NPHHIIMIIAX, JO3BOJIUTH OTPUMATH TEXHOJIOTIIO MACAKUPCHKUX IEPEBE3CHb, 3/1aTHY
3MIHIOBAaTH KiJIbKICTh aBTOHOMHHX TPAHCHOPTHHUX OJUHUIb, SIKI OEPYTh y4acThb y MEpPEBE3CHHSX, 3aJISKHO BiJ| MOMHUTY
nepeBe3eHHs. Takui MixXiJ 103BOJISIE SIK TIOBHICTIO Ta CBOEYACHO 3aJI0BOJIBHSTH NMOTPEOH MacaHpiB, TaK 1 EKOHOMHUTH
pecypcH TpaHCIOPTHOT CUCTEMH, 1110 € OCHOBHOIO METOIO KOYKHOI ITaca)XKHPChKOI TPAaHCIIOPTHOI CHCTEMHU.

KarouoBi ciioBa:

KaCeTHHH METOJ] TIePEBE3CHHS, IHTEICKTYaIbHHA TPAHCIIOPT, PO3YMHHUH TpaHCIIOPT,

iH(popMaIiliHa TPAHCTIOPTHA CHUCTEMa, TPAHCIIOPT 3 YaCTHHAMH, IO MAIOTh TIOJIiJI, OpPTaHi3allis epeBe3eHb, CKIaaHHs

rpagika pyxy.

Introduction

Modern urban public transport has the
following disadvantages:

- making ineffective decisions on traffic
dispatching due to the lack of timely and accurate
information about the demand for transportation,
which inevitably leads to an imbalance in the
occupancy of vehicle interiors: at peak moments of
demand for transportation, the saloons are
overcrowded, and the rest of the time the vehicles
run almost half empty.

- the existing nomenclature of vehicles is
focused on meeting the demand for transportation
at the peak moments of the transport system, which
leads to their ineffective use during periods of
decline in demand for transportation.

These problems can be successfully solved
by introducing information and transport systems
(ITS) wusing modern intelligent technologies
capable of collecting and analyzing data on the
demand for transportation in real time, as well as
using autonomous transport modules of small
capacity, capable of combining autocaravans. [1].
This is how projects of urban passenger transport
systems are being implemented, which are based
on the principles of autonomous mobile modules
that can, if necessary, combine and move together:
Next Future Transportataion (ltaly) [2] and DART
(Dynamic Autonomous Rapid Transit, Singapore)
[3]. These approaches will increase the degree of
timely satisfaction of the demand for transportation
with the most rational use of the resources of the
transport system.

The purpose of this work is to describe the
principles of constructing a real-time schedule for
the movement of wvehicles in ITS based on
unmanned electric vehicles in accordance with the
passenger transportation plan.

Principles of ITS function

The proposed urban passenger information
transportation system is based on unmanned
electric vehicles are called infobuses. It was
described in detail in works [4-10]. The ITS
includes:

- a fleet of small capacity unmanned vehicles
(6-21 seats) called infobuses. Each infobus is
controlled by its own on-board computer system,
which receives control from a information server of
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the ITS (IS ITS). Vehicles move along a dedicated
path (rails, dedicated line, etc.). That approach
makes traffic of infobuses a high priority.
Infobuses can move both separately and together
according to the caravan principle. Together, the
infobuses form a cassette (Fig. 1), which is a
vehicle with separable parts [10]. This principle
allows to form a vehicle with the necessary
carrying capacity. Intersections by infobuses are
crossed by traffic light regulation (according to the
"green wave") or by means of overpasses (Fig. 2a)
or through underground tunnels (Fig. 2b).

Fig.1. Infobus movement single and in cassette

- the bus route contains k stops (each in two
directions) and the collection points for the
infobuses (Assembly Point 1 and Assembly Point
2) from which the busses begin to execute the
transportation plan and return to which after its
implementation (Fig. 3).

b) by underground /
tunnels

a) by overpass

Fig. 2. The movement of infobuses on a separate
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- a system of terminals at stops (Fig. 4) and
a mobile application that allow to register the
requests from passengers for transportation.

Fig. 4. System of terminals at stops

- information server ITS (IS ITS), which is a
software and hardware complex is used for
collecting, analyzing passenger requests and
organizing passenger transportation in real time.
The result of the organization of transportation
process is a drawn up transportation plan, which is
sent to the on-board infobus computer systems for
execution. The software elements of the IS ITS are
the following systems: Data Collection System
(DCS), Data Analysis System (DAS) and
Transportation Management System (TMS).

DCS is based on the use of stationary
terminals at stops (Fig. 4) and applications for
smartphones, with the help of which passengers
can register requests for transportation in the ITS.
The data storage layer in DCS is represented by the
Time Series Database Management System
(TSDB) because the flow of requests from
passengers can be viewed as a discrete time series
(here a time series is understood as a sequence of
observations in chronological order are located on
the time axis, if the time is measured discretely,
then the series is also called discrete). Modern
TSDBs support high-performance data insertion
and processing and are successfully used in highly
loaded distributed systems, which also include the
considered ITS IS.

DAS provides analytical data derived from
historical data accumulated in TSDB: information
on correspondences, changes in traffic demand
intensity in the context of time of day; day of week
or month; holidays, pre-holiday days, etc. This
analytics is used to organize the adaptive transport
process, the information base of which consists of
a matrix of correspondences M (Fig. 5), which is
formed by the requests accumulated by the
transport system. Each element m;; of the matrix M
is the sum of the seats number in requests for
transportation from stop i to stop j and, as well as
forecast indicator, that determines the volume of
potential transportation requests that will be
registered in the system during the time from the
end of the collection passenger requests until the
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moment the vehicle arrives at the stop [9].

0m, m; .. . m; My
O O m23 m2] mZk
M=|0 0 my, m; My
0 0 m_y
0

Fig. 5. Matrix of correspondences M

The generated matrix of correspondences is
transferred to the TMS for drawing up a plan for
the transportation of passengers. The transportation
plan is drawn up for each participating vehicle and
includes: an identification number for each
infobus; origin stop (the stop from which the
infobus will initially pick up passengers); the set of
target stops (to which the infobus will take
passengers); motion schedule for each vehicle. The
generated transportation plans are forwarded to the
on-board infobus systems for execution.

Thus, the functioning of the system is cyclic
and consists of the data collecting process, the
drawing up a transportation plan process and
sending it to the infobuses and the process of
implementing the plan. Fig. 6 shows the scheme of
ITS functioning.

DATA COLLECTION
PROCESS

PROCESS OF DRAWING UP
TRANSPORTATION PLAN

FORECAST
INDICATORS
DAS DCs

DATA| DATA
TSDB

PASSENGER
REQUESTS

™S

TRANSPORTATION
PLANS

TERMINALS ON STOPS
MOBILE APPLICATIONS

ON-BOARD INFOBUS
SYSTEMS

Fig. 6. ITS functioning scheme

Drawing up a traffic schedule of

vehicles

The ITS under consideration belongs to the
class of PRT (Personal Rapid Transit) systems, the
characteristic feature of which is transportation in
the origin-destination mode, where the source is the
stop where the passenger sat down and the
destination is where the passenger goes. In this
mode of transportation, unlike classic urban public
transport, passengers get to the destination stop
with a minimum number of intermediate stops
where they do not have to get off. Therefore, each
infobus that participates in caring out the
transportation plan, in addition to the identification
number n; (where n is the serial number of the
infobus, and the i-stop is the source) also receives
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the source stop and the set of target stops J, to
1

which it will take passengers who sat at stop i.

The movement of vehicles on the route
should be mostly conflict-free, i.e., infobuses
should not delay each other. In [11], a criterion to
detect potential traffic conflicts was formulated.
Here, a conflict of traffic is understood as a
situation where the vehicle behind is forced to idle
due to delays associated with the following vehicle
ahead.

The set of target stops J, of any infobus has

its own power, which directly affects the idle time
that will be spent by the infobus at stops and can be

found from the relation (|;lni |+1)-t,, where t_-

st?

idle time at a stop (the value is known and
constant), and the one added to the absolute value
implies the source stop. The accumulated idle time

at a stop j,j =1,k is the cumulative time that is

spent on idle at previous stops before stop j,
including idle time at stop j itself. The accumulated
idle time of infobuses that move at the same speed
affects their convergence-removal during the
transit. The conflict of movement occurs at the stop
where the accumulated idle time of the ahead
infobus exceeds the accumulated idle time of the
behind infobus. This situation can be solved by
displacement the start time of the behind infobus
relative to the previous one so as to exclude the
delays of the behind. This section discusses the
principles of construction of the infobus schedule,
which provides this.

For each infobus, when drawing up a
transportation plan, together with a set of stops ‘]“i

a vector of arrival time at stopping points
d =(d°,d*,..,d1*d!), j=1k andavector of
! hioon nooon

departures from stopping
ani = (a? 7a:, ,af ,....,aj_l,aj ), j=Lk

points
are

compiled, where d],a]} - are the time of departure
from stop j and arrival to stop j of the infobus,
respectively. To find the coordinates of the vectors
d, &, , a vector of distances from Assembly point

1 to the other stops of the route and Assembly point
2 must be introduced. The coordinates of this
vector are computed one time known and don’t
change (the sequential number of Assembly point
1is equal to 0, and to Assembly point 2 - (k + 1)):

S= (SOO’SOl'SOZ""’SOk’Som)v (1)

where Sy;, j =0,k +1 is the distance between stop
0 and stop j.
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The vector of the time to reach the stops of
the route with the non-stop movement of the
infobus is found from the ratio:

Sp; S S
t= (0 to Tops it =(0,20L 202 0kiy  (p
(oo tor toz oks1) = ( vV y ), (2)

where v is the speed of the infobuses, which is a
constant and known in advance.

Then the coordinates d’ and a’, j=1k+1
, the vector of departures d, and the vector of
arrivals a, of the infobus nj, participating in the

execution of the transportation plan, are found,
respectively, as:

arj]_ :tstart+t0j+tst'qr{i’j:0,k+1 @3)
i
ittt (@) +D,J=0k+1jed,
dl _ ) start 0j st (qni )J ] e "| (4)
" a,,jed,

where tg.. is the start time of the current

transportation plan, which is formed in the TMS as
a result of the process of drawing up the
transportation plan (Fig. 6) as the sum of the
moment of fixing the transportation plan in the
system, the time for sending this plan to the on-
board infobus systems (this value is constant and
known), and the time for the on-board systems to
make the infobuses ready for the implementation of
the wvehicle transportation plan (this value is
constant and known). t,; is the coordinate of the

vector t corresponding to the stop j; ts: - idle time at
a stop (constant and known value); qn{ - the number

of stops made by the infobus before stop j. Thus,
the value t -(qnji +1) corresponds to the

accumulated idle time of the infobus to stop j. If
stop j is included in the set of target stops of the
infobus J_, then the time of departure of the

vehicle from it increases by ts: in relation to the time
dn‘_ , otherwise, that is anJv :d: , i.e. the infobus
passes this stop without stopping.

Two consecutive infobuses will follow

without conflict during the execution of the
transportation plan, if the difference between the

vector a, of arrival time at stops back infobus n,
(i - source stop for infobus n ) and the vector
d(n—l)ix of departures from stops in front of the

infobus  (n—1); (i" - source stop for infobus
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(n-1);. ) will have non-negativity coordinates:

k+1
i

d k+1 ),

(n—l)i*

a

®)

The negativity of the vector coordinates
a —d indicates that the back infobus n;, will

nj (n—i)i*
appear at the stops which are according negativity
coordinates earlier than the previous infobus will
departure, what shouldn't happen.

To exclude conflicts of follow, the
maximum module among the negative coordinates
of the vector a, —d,_,. must be found when

drawing the schedule of motion:

(n—l)i* }’
)<0;j=0,k+Li,i' =1k-1,

O=max{|d’ -a’
@d’, -a’

(6)

(nfl)i*

The found value ® must be added to all
coordinates of vectors d, and a, (back infobus nj),

which leads to an offset in the start time of the
infobus n; relative to the previous infobus (n-1).

by a time interval:

d, =(d‘n’_ +®,d; +®,....,d:f1+®)
(7)

a, =(@ +0,a +0,..,a"+06)’

Thus, we get a schedule of the movement of
the subsequent infobus in relation to the previous
one, which ensures a conflict-free following.

Let's consider the scheduling of two
infobuses that must follow each other during the
implementation of the transportation plan.

The route will consist of seven stops (k = 7).
The distances in meters from Assembly point 1 to
stops are given by a vector

S =(0,110,1540, 2530, 3960,5500,6270, 7370, 7590),

where the first coordinate corresponds to being in
Assembly point 1, and the last one to the Assembly
point 2. Time to stop ts = 20 s. The speed of the
infobuses v=40km/h~11m/s. Let tg, for

simplicity of reasoning be equal to zero.

From formula (2) it follows that the
coordinates of the travel time vector to the stops
from the Assembly point 1, expressed in seconds,
are: t=(0,10,140, 230, 360,500,570,670,690) .

Let in the realization of the transportation
plan participate two infobuses 1. (it follows the
first in the order and has the first stop as a source
stop) and 23 (respectively, the second in the order
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with the source stop number three), the sets of
target stops for which are the following

J, =1{5,6,7}, J, ={4,5}. So, the first infobus

picks up passengers from the first stop and takes
them to stops 5,6,7. And the second one picks up
passengers from the third stop and takes them to
stops 4 and 5. With the same speed motion and at
the same start time from the Assembly point 1 the
first infobus will delay the second one already at
the first stop, because its accumulated idle time is
longer. This can be seen from Table 1 and the
infobus motion diagram (Fig. 7):

Table 1. Times of arrivals and departures

Arrivals Departures

d, -
(0,30,160, 250,380,540, 630, 750, 770)

& =
(0,10,160, 250, 380,520,610, 730,770)

a, =
(0,10,140, 230, 380,540,610, 710, 730)

d, =
(0,10,140, 250, 400,560,610, 710, 730)

8
7
6
5

-"
4 -
3
2
1
0

0 10 30 140 160 230 250 380 400 520 540 560 610 630 710 730 750 770

Fig. 7. Diagram of infobus movement

From the table and the diagram, we can see,
that the motion of Infobus 2; will be delayed by
Infobus 1, at the intervals of the route from stop 1
and to stop 3 and from stop 6 and up to the
Assembly point 2.

To avoid conflicts in the execution of the
transportation the difference between coordinates
of the arrival vector of infobus 2; and departures
vector of infobus 1; must be found, as well as the

value ® according to formulas (5,6):

a,, —d, =(0,-20,-20,0,0,0,0,0,-20,-40),
® =max{|-20|,| -40|}=40

Thus, to eliminate the delay of the infobus
23, it is necessary to postpone its start time by 40
seconds, as a result of which the coordinates of the
vectors and take the form:

d,, =(0,50,180, 270, 420,580,650, 750, 770)
a,, =(0,50,180,290, 440,600,650, 750, 770)
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Conflict-free vehicle following is reflected in the
movement diagram in Fig. 8:

—_——— infobus1
= s infObUS 2

Fig.8. Diagram of the movement of infobuses after
schedule changes

It can be seen from Figure 8 that
throughout the following from the first to the
seventh stop there will be a distance between
the infobuses. At the seventh stop the
infobuses will merge into a cassette, and so
together will arrive at Assembly point 2.

Conclusion

The article proposes the general principles of
scheduling conflict-free movement of vehicles in
the execution of the transportation plan in the ITS
based on unmanned electric vehicles, which allow
you to plan the start time, arrival and departure of
infobuses so that they do not delay each other
during their movement along the route. The
specific feature of transportation management in
this information and transportation system is that
the preparation of both the transportation plan and
the schedule of movement of the vehicles involved
in it is performed in real time.
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