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Abstract. Problem. Currently, there is no universal approach to improve the efficiency of the urban
public transport operation. Different methods are used during the estimation of public transport
operation cost and the quality of services for the passengers. It makes actual the development of the
target function which will allow assessing the carrier cost and passenger expenditures, and therefore
find the balance between the interests of these parties of the transportation process. Thus, the
alternative to the existing approaches can be created and then used to organize passenger
transportation and improve transport enterprise management. Development of this alternative is the
actual task as the new target function will open the horizon to improve the methods of organization of
public transport operation. Goal. The new approach to optimize the costs of public transport
operation needs to be tested for the appropriateness for the planning of passenger service in cities.
Methodology. The developed target function was derived as the result of the analysis of the economic
and social factors influencing the efficiency of the urban public transport operation. Results. The use
of the developed target function allows finding the optimal values of cost components for the
passenger and the carrier. Originality. The obtained function to optimize the performance of public
transport allows reducing the costs of suboptimal use of vehicles capacity, suboptimal allocation of
the vehicles to the routes and the irrational organization of vehicles operating on the routes. Practical
value. The results of the research clarify the controlled and uncontrolled parameters of the public

transport system operation.
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Introduction

When solving the problem of passenger
transportation optimization, transport enterprises
aim at achieving the balance between the fleet
carriage capacity and the demand for transporta-
tion at a minimal cost [1]. This balance can be
achieved through integrated solutions designed
to optimize both the transportation process and
enterprise management.

The imperfection of the national and local
regulatory framework is also the reason for the
inefficient UPT operation. The framework does
not stimulate most carriers to reduce the costs
and ensure the quality of passenger transport
services. All of this makes it necessary to im-
prove the UPT management.

Analysis of publications
UPT management generally consists of two
steps [1]:
1) preliminary organization of transportation;
2) current operations.

The first stage aims to design the route net-
work (RN) as well as select proper public trans-
port vehicles (PTV) and determine their number
required for each route. At this stage, the follow-
ing tasks should be solved:

— obtaining information about the passenger
volumes;

— developing the rational RN;

— coordinating different types of UPT;

— regulating the speeds and modes of trans-
port;

— adopting the fare system;

— calculating the operation and economic in-
dicators.

The second stage activities ensure the func-
tioning of the developed passenger transporta-
tion system. They are as follows:

— contracting the carriers for passenger trans-
portation;

— defining the fares;

— determining the number of PTV for each
route concerning the hour of the day, day of the
week, and the season;
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— planning the PTV schedules;

— informing the passengers;

— maintenance of the PTVs;

— controlling the frequency of UPT;

— scheduling the PTV to compensate for the
interferences of internal and external factors on
the transportation system.

External factors affecting the stability of the
transportation process are as follows: time varia-
tion in the demand for UPT; fluctuations in the
traffic volume during the day; traffic manage-
ment parameters; weather conditions etc.

The improvement of UPT performance like
any improvement in other branches of the na-
tional economy is impossible without a system-
atic approach to the solution of the constantly
emerging problems and tasks. The systematic
approach implies a clear statement of the pur-
poses when addressing a particular group of
tasks, identification of the problems, determina-
tion of the system structure, the exit actions to
achieve the purpose [2]. Various elements are
integral parts of the system, they are intercon-
nected and work for a single purpose. This
shows the integrity of the system [3]. Guided by
the principles of the system approach, we repre-
sent the UPT as a set of controlled and uncon-
trolled factors, and output parameters (Fig. 1).
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Fig. 1. Set of controlled and uncontrolled
factors, and output parameters: Y — output
parameters; X — uncontrolled input
parameters (factors); U — controlled input
parameters (factors); R — environmental
exposure

Purpose and objectivet
Any optimization problem can be solved us-
ing mathematical modelling, and the mathemati-
cal model should establish the relationship be-
tween the optimization parameter and the factors
affecting it. In general, this model can be repre-
sented as follows:

Z=¢(Y)=0(X,U,R),

O(X) = (X1, Xp0eonr X,), (1)
oU)=fU,U,,...U,).

The impact of environmental exposure (R)
will not be considered because of its insignifi-
cance. In addition to the selection of controlled
parameters, the restrictions on these parameters
should be identified. Thus, to solve the optimi-
zation problem it is necessary:

1) to develop a mathematical model of the
object of optimization:

Y = £(Xy, Xy Xa,Up, Uy Uy) (2)

2) to determine the criterion of optimality
and the target function:

Z=0(Y)=0(X,0); 3)

3) to identify possible restrictions that should
be applied to the variables;

4) to select the optimization method that al-
lows finding the desired values of the target
function.

Development of the approach to reduce the
costs of UPT operation

Definition of the uncontrolled and controlled
factors will allow obtaining the required output
parameters of the UPT system, improving the
efficiency of its functioning and ensuring sus-
tainable urban mobility. Uncontrolled factors
(Fig. 2) include places of passenger flows gen-
eration and attraction, and their generation po-
tential. These places can be generally divided
into places of employment and cultural facilities.
Their location is influenced by the peculiarities
of territorial, industrial and cultural development
of urban area [1]. Such places almost always
evolve slowly in short and medium perspective
but have a significant impact on the place pas-
senger flows formation — they predefine the
location of terminal stops of the routes as well as
intermediate stops which, in turn, affect the de-
mand for transportation.

— places of employment;

Points of generation and
| — cultural facilities.

attraction

v

Places of passenger
flows ganaration >

— terminal stops of the
routes;
— intermediate stops.

* — daily fluctuations in
passenger flows;
— fluctuations during the

The volume of the pas-

senger flow Lo week;
(Ieve(;e();;rriigsport — fluctuations during the
) the year.

Fig. 2. The structure of the uncontrolled factors
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It is well known [4, 5] that the passenger
flow volumes fluctuate during the day as well as
during the week and the year. On the weekdays,
there are two peak periods: 1) short morning
peak (1-1.5 h) with high volumes; 2) evening
peak which is longer and not so intensive. Dur-
ing the peak periods, there can arise situations
when the demand for trips is higher than PTV’s
carrying capacity, and the occupancy rate
reaches 1.1-1.2, which reduces the quality of
passenger transportation [1, 4].

During the off-peak periods, there is a sig-
nificant decline in passenger flow volumes. In
these periods, private, cultural and general popu-
lation trips take place. Without appropriate
measures, the efficiency of PTV use in the men-
tioned period can decrease. To avoided it, the
headways can be increased, which, in turn, leads
to increased waiting times for passengers and,
accordingly, increased trip duration. There is a
different situation on the holidays — there exists
a gradual increase in passenger flows until 11—
12 PM, and then these flows gradually decrease
[3-5]. Controlled factors affecting the UPT sys-
tem are as follows (Fig. 3): modes of transport,
routes, the form of PTVs operation on the route,
technical parameters of the PTVs, information
for passengers.

Type of v v v
transportation _
automotive ety railwa
electric y
-| bus | —| trolleybus |
route
L taxi ‘I metro
\ 4
Route I»{ normal,  high-speed,  express,
The form of PTVs | | headway based,
operation timetable based
v ity; l; f fuel; fuel
Parameters of the capacity; _mije » type of fuel; ue_
P consumption; procurement cost;
PTVs o
¢ service life
Information for -»| headways, timetables, RN plan
passengers ys: ' P

Fig. 3. The structure of the controlled factors

Passenger transportation in the city can be
organized using automobile transport (bus,
minibus, taxi), electrical transport (trolleybus,

tram, subway) and trains. The choice of a par-
ticular mode of transport depends on the scope
of its rational use and is determined by the vol-
ume of passenger flow required for its efficient
operation. According to the current legislation
[6], the carriage of passengers by UPT can be
assigned to the conventional, high-speed and
express routes. PTV can operate on the route
according to a certain headway or adhering to
the exact schedule known to passengers. The
choice of a particular form of operation depends
on the passenger volume in a certain period, the
available number and capacity of PTV, and is
not supported by a clear criterion.

The vehicles for passenger transportation
have the following main characteristics that
affect the efficiency and quality of the transpor-
tation: capacity (hominal and maximum), manu-
facturer, model, fuel consumption (1/100 km),
procurement cost and service life.

Information support for passengers is a com-
plex of measures aimed at providing passengers
with information necessary for planning their
trips and the proper use of the UPT and in-
cludes: the headways for different periods of the
day, advertising; distribution of handbooks for
passengers and RN schemes; the maintenance of
the PTVs and stops; keeping the information at
the stops actual.

To justify measures to improve the efficiency
of the PTVs use, it is necessary to know the
impact of different operation factors on the per-
formance indicators — the hauling capacity of the
PTV, the cost of transportation and the quality
of services for passengers. One of the main indi-
cators characterizing the efficiency of the PTV
use is the hauling capacity — the number of pas-
sengers carried out by PTV per unit of time [3]:

Ph — qn Ytsnexh

0

, (4)

where ¢, is the capacity of the PTV;

y, IS the static capacity ratio for PTV;

N IS the coefficient of passenger ex-
change;

t, is operating time, h:

ty =+t (5)

where | is the route length, km;

v, is the technical speed of the PTV,
km/h;

t,, is dwell time at the stops, h.
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Higher productivity reduces the cost of
transportation and increases income. Conse-
quently, the self-containing of the transport op-
erator increases, however, the quality of services
for passengers can deteriorate [7]. Among the
many factors that affect the performance of the
PT fleet, it is possible to distinguish its structure,
the organization of the transport process, main-
tenance and repair, the form of organization of
the PTV operation on the route.

The cost of transportation can be expressed
as the sum of all types of expenses related to the
volume of transportation and passenger-
kilometres [7]:

S +S
Stunl = ecp o (6)

where S is the sum of operating costs, rub.;
Sy is the sum of non-operating costs, rub.;
P is passenger-kilometres.

In the practice of transport enterprise opera-
tion, there exists a need to determine the cost of
one operating hour (S,.) and the cost of one
kilometre covered by PTV, S,,.

The cost of one operating hour equals to

S
Sah = V_v + Sconst ) (7)

(o]

and the cost of 1 covered kilometre can be rep-
resented as:

S =S, 4L ®
VO

where S, is the sum of costs per 1 covered kilo-
metre; rub/km;

Sconst 1S the sum of fixed costs per 1 oper-
ating hour of PTV, rub/h;

v, is operating speed, km/h.

The costs per passenger trip in RN can be de-

termined using the formula:

_ Skm Iave (9)

Sym = ,
" QaveYs

where S, is the average cost of 1 kilometre
covered by PTV, rub/km;

. is the average passenger trip length,
km;

q,,. IS the average capacity of PTVs.

Reducing the cost of transportation of one
passenger or the reduction of the average cost
per 1 kilometre covered by PTV is possible due
to the increase of the capacity ratio.

Based on Fig. 4, where the values
Skm = 1,75 bel. rub./km, the carrier revenue for
the carriage of one passenger — 0.17 bel. rub,
Qave = 90 passengers, lye = 4,93 km were taken
for the calculation, it becomes clear that at the
current cost of the transportation of 1 passenger,
the carrier break-even operation will be
achieved at vy, = 0,37. For example, the re-
placement of PTV at a certain route by the PTV
of a lower capacity during the peak period, ce-
teris paribus, causes the decrease in S, and the
growth in vy, and thereby the unprofitable PTV
operation reduces. This does not lead to an in-
crease in travel time and does not reduce the
quality of passenger service.

1.0
0.8

The cost of the carrer

0.0

S, rub.

Revenue
/

0 0.5 |

Y
Fig. 4. The dependence of the cost of
1 passenger trip S on the capacity ratio

The quality of passenger transport service is
a set of properties of the transportation process
and the transportation system that determines
their compliance with the regulatory require-
ments.

Properties of the transportation process and
transportation system determine the level of
organization of passenger transportation. Among
these properties is the level of RN development,
passenger time expenditures (travel time, access
and egress time, waiting time), the capacity ratio
for PTVs; level of comfort; regularity (percent-
age of on-time PTV trips), information for pas-
sengers.

The level of RN development determines the
potential availability of UPT. When determining
the level of RN development, the RN density
can be used — it is the ratio of the total length of
the street network covered by UPT routes to the
area of the city. The average density of the RN
for the cities with only bus system should equal
2.0-2.5 km/km® In the case of simultaneous
operation of several UPT modes in the city, the
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total RN density can reach 3.0-3.5 km/km?. Ex-
ceeding the reference values for the RN density
leads to an increase of the routes duplication
resulting in reduced speeds of PTV, and their
carrying capacity decreases [1, 3, 7].

The passenger time expenditures consist of
time to access the stop and egress it, travel time
and waiting time (at the first stop or during
transfer). The time spent by the passenger for
waiting is not productive and should be analysed
to minimize it.

Access and egress time can be estimated as

follows [4]:
T = (i o j (10)
Vo \30 4

where vy is walking speed, km/h;

d is the average RN density, km/km?;

lwa is the average length between adja-
cent stops, km.

The analysis of formula (10) shows that the
access and egress time can be reduced by in-
creasing the RN density or reducing the average
length between adjacent stops on the route. Ac-
cording to TPK 45-3.03-227-2010, the distance
between the stops should be 0.35-0.6 km on
average, for express routes and usual bus routes
it should be equal to 0.8-1.2 km and 1.5 km
respectively. The rules of passenger transporta-
tion in Belarus [5] state that the distance be-
tween the stops in the residential area with tower
blocks should be 350-800 m, and the areas of
private house building — up to 500-1000 m. At
the current level of RN development in the cit-
ies, the access and egress time remain un-
changed.

The waiting time is determined by three fac-
tors: the headway, the on-time performance and
the capacity of PTV:

|
Twait 252(015+Pref)|eff- (11)

The route headway can be calculated as:

g-60

| = .
Qrmax

(12)

According to formula (12), the increase of
the PTV capacity leads to an increase in the
headway on the route within the same passenger
flow volume in the period under review (Fig. 5).
It leads to an increase in the waiting time and
adversely affects the quality of passenger ser-
vice.

The average travel time is determined by the
formula:

(13)

where [, is the route length, km;

V. is the operation speed on the route,
km/h;

V; is technical speed of the PTV, km/h;

n is the number of stops on the route;

tine is dwell time at intermediate stops.

—
O

-
o

Headway. min.

O o B O o

15 45 75 105 135 165 195
PTV capacity. passengers

~~~~~~ Q=1000pas.h == == Q=1500pas./h

Q=2000pas./h s Q=2500 pas.’h

Fig. 5. Dependence of the headway on PTV
capacity at different values of passenger flow
volume

It is possible to reduce the passenger’s travel
time by increasing the PTV speed, reducing the
dwell time at intermediate stops and waiting
time at the first stop and during transfer. The
PTV operating speed depends, on the one hand,
on the parameters of traffic flow and traffic
management system and, on the other hand, on
the technical characteristics of PTV and the
number of stops with corresponding dwell time.
Fig. 6 shows the dependence of PTV run time
on the technical speed at different values of
dwell time at the stops.

The analysis shows that the dwell time at the
stops has no significant effect on the PTV run
time, and dwell time reduction may cause a de-
crease in the quality of passenger transportation
due to the deterioration of the boarding and
alighting conditions.

The use of PTV capacity is characterized by
the capacity ratio (y,) which equals the ratio of

the number of passengers in the vehicle () to
the nominal capacity (q,) [8]:

= G 14
= (14)
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Fig. 6. The dependence of PTV run time on the technical speed at different values of dwell time at the

stops

The efficiency of PTV use during the day is
characterized by the dynamic capacity ratio (yq):

Pfact

P

max

Yo = (15)

It equals the ratio of the actual passenger-
kilometres per day (Pne) to the PTV hauling
capacity (Pmax).

The comfort of transportation. In UPT, the
concept of "comfort" can be characterized by the
comfort of waiting for boarding, boarding as
itself and travel.

The comfort of waiting for boarding depends
on the level of informational support for passen-
gers concerning the UPT routes and the ways to
access them.

The usual practice is to organize a PTV op-
eration with a certain headway. At small head-
ways which are less than 10-15 min, the PTV
runs can be considered regular. From a quality
point of view, it is important to monitor PTV
on-time performance.

The level of on-time performance is an indi-
cator to quantify the regularity of movement. It
is determined by the ratio of the number of runs
performed following the schedule to the total
number of runs according to schedule.

Passengers put a value upon direct trips
which allow them to get to the destination with-
out transfer. Quantitatively, this can be charac-
terized by the transfer ratio K, which shows the
average number of boarding per trip. The trans-
fer ratio depends on the city planning, RN ty-
pology, availability of high-speed and express
connections and it ranges between 1.1 for the
cities with a population below 250 thousand
people and 1.4 for the cities with a population
below up to 1 million people. Based on the qual-
ity assessment for each indicator (differential

quality assessments), the integral estimate of the
quality which includes particular quality indica-
tors is introduced [7-11].

Thus, after analysing the controlled and un-
controlled factors and their influence on UPT,
the UPT performance parameters were defined
(Fig. 7).

Given the above, the target function repre-
senting a reduction of the cost for the organiza-
tion and implementation of passenger transpor-
tation allowing the achievement of greater op-
erator self-containing and higher transportation
quality is established. It is based on the optimi-
zation of the PTV capacity and headways, and
the distribution of the wvehicles between the
routes. This function can be represented as fol-
lows:

=2 +7Z

opt

+7Z

oper

—min, (16)

alloc

where Zy is the losses from suboptimal use of
PTV capacity;

Zaioc 1S the losses caused by the subopti-
mal allocation of PTV to the routes;

Zoper 1S the loss from the irrational organi-
zation of PTV operation on the route.

Losses from the suboptimal use of the PTV
capacity can be determined as the sum of losses
caused PTV’s work on the j-th route in the i-th
period of the day:

Zopt = z

i=1 j=1

n

Z,; —>min, (17)

where i is the number of hours per day, m = 24;
j is the period of PTV work on the routes;
n is the number of routes on which the
PTV operation is organized;
j is the number of the UPT route.
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Fig. 7. UPT output parameters

Losses caused by the suboptimal assignment
of the PTVs on the routes can be represented as
the costs caused by the operation of the PTV of
the k-th capacity on the j-th route in the i-th hour
of the day, which is different from optimal:

m n

Z ioc :Zzzzallocijk —>min. (18)

i=1 j=1 k=1

Losses from the inefficient form of organiza-
tion of the PTV on a certain route can be defined
as the costs of operation at a certain headway on
the j-th route in the i-th hour of the day:

Z =

oper

AL Zrat ij If Zra'( ij < Zirrat ij . . (19)
= ZZ ] — min,
Z ifz .>Z

i=1 j=1 irrat ij rat ij irrat ij

The substitution of the expression (17)-(19)
into the formula (16) will result in:

m n m o r
Z zzzzhij +Zzzzallocijk +
i1 j-1 i1 j=1 k=1
i - (20)
LR Zrat ij If Zratij < Zirrat ij .
+ ZZ . — min
i=1 j=1 Zirratij if Zratij > Zirratij

This formula represents the target function
allowing cost reduction due to the definition of
the optimal capacity and the headways for PTVs
on UPT routes.

Conclusion

During the research, the target function al-
lowing the reduction of the cost of PTV opera-
tion on UPT routes is determined. This function
is based on the optimization of the headways
and PTV capacity when assigning them to UPT
routes and making the choice on the form of
PTV operation — conventional, high-speed or
express.
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JocaigkenHsa (¢akropiB, M0 BINIMBAKTL Ha
e(eKTHBHICTE POOOTH MIiCBKOI0 TPOMAaACLKOr0
TPAHCHOPTY

Anomayin. Ilpobnema. Ha cvozooui ne icnye
YHIBEpCcanvbHo2o Ni0xXody 00 OYIHIO8AHHSA edeKxmue-
HOCMI  (DYHKYIOHYBAHHA  MICbKO20 2POMAOCHKO20
mpancnopmy, i Old OYIHIOBAHHA 6umMpam Ha
eKCNIyamayito  2pomMaodcbKo2o  mpaxcnopmy — ma
axocmi 00cye08y8ans nacascupie
BUKOPUCMOBYIOMbCSL  pi3Hi  memoou. Lle pobumv
aKmyanvHuUM po3pobieHHs Yinbosoi QyHKYil, AKka O
Cyeyeana anbmepHamugor HA6HUM MAa O003604UNd
6 oyiHumu UMpamu NepegizHuKa ma Nacaxicupis i
3Haumu OanaHc MidiC IHmepecamu Yux CMOpIH
nepegisnoco  npoyecy. Taxy — anemepHamugeHy
yHKYi10 MOdICHA BuKOpUCTO8Y8amu OJisi OP2anizayii
nacascupcoKux nepeeesemy, VOOCKOHANIeHHS.
VNPAGNIHHA MPAHCHOPMHUMYU NIONPUEMCMBAMU A
onmumizayii ixwix eumpam. Ile 3aedanmna ¢
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AKMYAIbHUM, OCKLIbKU HOBA Yilb08a YYHKYIS 0acmb
3M02Y 80OCKOHAIUMU Memoou opeaHizayii pobomu
2pomadcvyko20  mpamcnopmy 6 micmax — ma
RIOUWUMU AKICMb MPAHCNOPMHO20 00CY208Y68AHHS
Mmicokoeo Hacenenns. Mema. Hoeuu nioxio 0o
onmumizayii eumpam na pobomy 2poMadCHLKO20
mpancnopmy nompioHo nepeesipumu Ha
npuoamuicme 01  BUKOPUCMAHHA 6 NIAHYGAHHI
MPAHCNOPMHO20  00CNY208Y8ANHHA NACANCUPIE MA
opeamizayii poboomu niONpuemMcme nepesioHUKIs.
Memooonozia. Pospoonena yineosa pynxyia 6yna
OMpUMaHA 6HACTIOOK AHANIZY eKOHOMIYHUX mad
coyianvrHux gakmopis, Wo enIUeaIoMs Ha epexmugs-
HICMb pobomu MicbKo20 2POMAOCHLKO20
MpaHcnopmy. Pesynomamu. Bukxopucmanns
PO3p0OIeHOT PYHKYIT 00360/18€ 3HAUMU ONMUMATLHI
3HAYEHHA CKNIA006UX eumpam nacaxcupa
2POMAOCbKO020 ~ MPAHCHOPMY  MAd — Nepesi3HUKd.
Opuczinansnicms. Ompumana Qyuxyia 00360715€
SMeHwumy  eumpamu 60 HEONMUMANLHO2O
BUKOPUCMAHHA MICIKOCMI MPAHCNOPMHUX 3ACc00i8
2POMAOCHLKO20 MPAHCNOPIY, HEONMUMATLHO20 NPU3-
HAYeHHs MPAHCNOPMHUX 3ACO0I8 HA Mapwipymu ma
HepayioHanbHoi  oOpeanizayii  ixHboi  pobomu.
Ilpakmuune 3nauenns. Pezynomamu oocnioscenns
VMOYHIOIOMb KePOBAHI Ma HeKepoBaui ¢axmopu, wo
6NAUBAIOMb HA pOOOMY CUCHEMU 2POMAOCLKO20
mpancnopmy.

Knwuosi  cnoea:  nacasicupcoki — nepegezenms,
2POMAOCHLKULL MPAHCHOPM, ONMUMATLHA NACANCUPO-
MicmKICmb, IHMepea pyxy, 4ac O4iKy6aHHsI.
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