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Abstract. Problem. Currently, there exist two main types of service on public transport routes —
headway-based and timetable-based. They differ by the frequency of service at the stops and by the
information available for passengers. The required frequency of service significantly affects transport
operator costs and passenger travel time which, in turn, influences the cost for a passenger. One of the
ways to reduce costs for both parties of the transportation process is to make a reasonable choice of
the type of service or switch between the types during the day depending on the passenger flow
volume. Goal. In the paper, to justify the choice of between the types of service, the cost of public
transport vehicles operation and the losses of passenger travel times are taken into account.
Methodology. The developed way of making a choice about the type of service allows increasing the
efficiency of urban public transport due to reducing the passenger waiting time by switching from the
headway-based service in rush hours to timetable-based service in the periods of passenger flow
volume decline. Results. The relationship allowing making a decision about the type of service on the
route is developed. It allows to correctly introduce the type of service which will ensure the balance
between the transport operator and passenger costs. Originality. The developed approach to make a
decision on the type of service allows reducing the passenger waiting time by switching from
headway-based service in rush hours to the timetable-based service in the periods of decline in
passenger flow volume during the day. Practical value. The results of the research based on the
survey data allowed estimating the numerical value of the headway at which it is expedient to switch

to the timetable-based service.
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Introduction

The main objective of the organization of ur-
ban public transport (UPT) operation is to pro-
vide passengers with high-quality service at a
minimal cost. To improve the UPT efficiency, it
is possible to change the type of public transport
service on the route in order to reduce passenger
travel time while maintaining the achieved level
of service [1]. In this case, the task is to deter-
mine the number of public transport vehicles (or
equally, the headway) required to handle existing
passenger flows as well as to choose the type of
service — timetable-based or headway-based. This
task should be solved when transitioning from
peak to off-peak periods and vice versa.

Literature review
Public transport operations can provide the
urban population with services of different types.
These types can be classified according to the
way of stop servicing and the way of providing
passengers with information about service fre-
quency.

The first classification includes two main ser-
vice types — conventional service and express
service [2].

Conventional service means that public
transport vehicle (PTV) will stop and pick up
passengers at every stop on the route. Express
service means that PTV will stop at a limited
number of stops which is less than on a conven-
tional route. This type of service needs to meet
the prerequisites for putting into practice and al-
lows increasing speed of the vehicles and, ac-
cordingly, reducing passenger travel times with-
out changes in a fleet operating on the route [2].

The second classification also includes two
types of services — headway-based and timetable-
based [3-5]. Headway-based service means that
passengers have only the information about the
headway on the route. In this case, PTV usually
operates at a relatively high frequency, and it al-
lows passengers do not to plan their arrival at the
origin stop — passengers just come to the stop and
wait for some time for PTV. Many researchers
usually consider waiting time as half of the
headway [5].
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Timetable-based service means that there ex-
ists a published timetable for a certain route, and
this timetable is available for passengers.
The timetable can be published online and placed
at each stop of the route. At that, passengers can
be supported with supplementary information
about real-time information about public
transport operation [6]. Under these conditions,
public transport users can plan their arrival at the
origin stop and therefore reduce their waiting
time or even make it close to zero.

These types of services require attention be-
cause the right choice of a certain type can poten-
tially achieve the balance between the cost of op-
erator and passenger. For example, timetable-
based service can allow an operator to reduce the
number of vehicles on the route but in this case,
passengers should be provided with the timetable
to reduce their waiting time and, accordingly,
travel time. On the other hand, headway-based
service can attract passengers due to high service
frequency but it requires higher operator costs
[7,8].

So, the well-grounded decision on when it is
reasonable to use a certain type of service can
positively affect the operator performance and
passenger level of satisfaction with public
transport use.

The aim and problem statement

To determine the moment when it is reasona-
ble to change the type of service, it is proposed to
use such criterion as the total cost which includes
the losses caused by the decrease in passenger
transportation volume, the losses of the passen-
gers related to waiting for boarding to the PTV,
the costs of the carrier caused by the used type of
service (Zr for the timetable-based service and Z
for the headway-based service).

The equation allowing choosing a certain type
of service on the route looks as follows:

Z,.<7,, )

Al
Z; =Qt,7C. +—S, ., +
T pr WT ~ph to km (2)
+A47 Sy + (e — Ar)Sigre
Al
Z,, =QutyCopy + S, +
H pf *wH“~ph tr km (3)
+A4y Sy + (4, — 47)Sige

where Q. Is the passenger flow on the busiest
section of the route, pas./h;

t,7. twy IS average passenger waiting time
when the type of service is timetable-based and
headway-based accordingly, h;

C,n Is the cost of passenger-hour spent for

waiting for boarding, bel. rub/h;

A, A, is the number of PTVs when the
type of service is timetable-based and headway-
based accordingly;

I, is the length of the round trip, km;

A, is the estimated number of PTVs re-
quired for the operation on a certain route (taking
into account the reserve vehicles);

t, is round trip time for a certain route, h;

S, 1S the variable costs per 1 km covered
by PTV on the route, bel. rub/km;

S, is the fixed costs per 1 hour of PTV op-
eration, bel. rub/h;

S 1S the fixed costs per 1 hour of PTV
idle time, bel. rub/h.

The number of PTVs required for the opera-
tion on a certain route can be calculated as fol-
lows:

_ pr tr t

= 4
% QoY | @

where g, is the optimal PTV capacity, pas;
y is the capacity ratio;
I is the headway on the route, h [1, 9].
When the type of service is timetable-based,

the number of PTVs can be calculated using the
formula

Ap = A Ko (%)

where K, is the PTVs reservation ratio for the
timetable-based service which is a percentage of
the total number of PTVs operating on the
route [10].

The optimal PTV capacity can be estimated
as follows [11]:

f 2pr
qopt - Cph X

, (6)
><\/kp[lrakm +a, (Ir /Vt +twt)]

Nto

where k, is the ratio of passenger flow pulsa-
tion;
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a,, &, are the coefficients of the rela-
tionship between vehicle capacity and the cost
of passenger transportation;

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

t,. is the idle time at the terminal stops,
h;

Ny IS the passenger turnover ratio [11].

For the headway-based service, the waiting
time can be estimated as

I
tyn = E : (7)

For the timetable-based service, the waiting
time t,; can be determined based on a statisti-
cal analysis of the empirical data.

Substituting equations (5) and (6) into ex-
pressions (2) and (3) will result in the following
formulas:

I t
Z:=Qu | ty7Cpop +—— Sy + ——S J+
T P ( W Qrvr “ Orvr "

t
+(A9Kres - %J Sidle )
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(8)
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Equation (8) shows the sum of passenger costs
related to their waiting for boarding and the carri-
er costs required to provide timetable-based ser-
vice. Equation (9) represents the analogous sum
of costs for the case of headway-based service. If
Z. is less than or equal to Z,, then it is reasona-

ble to provide timetable-based service. Other-
wise, the headway-based service will be more
efficient. Thus, equations (8) and (9) allow decid-
ing on the type of service on the route.

Development of the approach for choosing
the type of service on the route

To develop the approach for choosing the type
of service on the route, it is reasonable to graph-
ically interpret formulas (8) and (9), Fig. 1.

The graphs in Fig. 1 testify that it is advisable
to organize the timetable-based service when the
frequency of the vehicles on the route is one ve-
hicle in 10 to 20 minutes.

21
) //
Zn
=+
i
18

17

0 10 20 30

Fig. 1. The relationship between the total costs
Z7 and Z, and the headway on the route

To find the value of the headway at which it
is reasonable to shift to the headway-based ser-
vice, it is necessary to transform equations (8)
and (9) with respect to I. Assuming that
OrYr =0uYw =0y qQ,v, and A4, =¢ /1, we can
get the following:

Z =7, (10)

P "

[ t
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t Qput
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qy (11)
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After transformations and under the assump-

tionthat S, =Sy, / Q¢ , We can obtain

t |
tWTCph +I_r Sr (Kres _1) - Ecph =0, (12)

or

2
|

tWTC’phI +trSr(Kres _l) _?Cph =0. (13)

where S, is the specific reduced costs for the
maintenance of reserve PTVs, bel. rub./pas.

Thus, the solution of the latter equation with
respect to | will be as follows:



ABTOMOGINLHMM TpaHcNoOpT, BMN. 48, 2021

2
| = \/(tWTCph) + icphtrsr(Kres _1) 4 tWTCph (14)
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After the substitutions based on the research
data from the papers [1, 9-11] as well as the ex-
isting cost indicators, it is possible to obtain

| = «/tjﬂ +0,0186 +t,,7 . (16)

To determine the values of t,; when the

type of service is timetable-based, a survey in the
city of Gomel was conducted. In order to get the
characteristic of the total population on the base
of the sample, the sample units should correctly
represent the population. Thus, the sample
should cover all the quotas in the population, i.e.
it should be representative.

According to the law of large numbers, it can
be argued that the sample is representative if
each sample unit is selected randomly from the
population, and all objects have an equal proba-
bility to be selected. If the sample size is large
and the sample is a small share of the popula-
tion, the difference between repeated and non-
repeated sample is nonsignificant. The total
population is limited by the number of city in-
habitants. The population of Gomel is approxi-
mately 526,9 thousand people, including 330
thousand working-age people. UPT in Gomel
transports more than 250 thousand passengers
per day [12]. Given the large total population, it
is necessary to determine sufficient sample size.
The size of the non-repeated sample can be de-
termined using the formula

t*5°N,
TN, 1287 an
where t is the value of the normalized deviate at
a certain confidence probability (for example,
when the confidence probability P = 0,95 then
t=1,96 [13]);
0 — standard deviation;
N — city population;
€ — maximum permissible error (the rec-
ommended reference value is 0,05 [13]).
For the repeated sampling, the sample size
can be defined as

nz—-—. (18)

Since there were no data about the waiting
time, its mathematical expectation and standard
deviation, it was necessary to conduct a pilot
survey to estimate mentioned parameters. The
survey was conducted during one day at the stop
served by public transport route with a timeta-
ble-based service. Collected data were processed
in “Statistica” software [14, 15], and the normal
distribution [16] was fitted to the waiting time,
Fig. 2.
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Fig. 2. Waiting time distribution when the type
of service on the route is timetable-based

The main statistics calculated using the
“Statistica” are given in Table 1.

Table 1 — The main statistical characteristics of the
waiting time distribution when the type of service is
timetable-based

Expec- | Mini- | Maxi- | Standard
Number of : .
. tation, | mum, | mum, | deviation,
observations . . . .
min min min min
300 4.76 0.50 8.00 1.53

Based on the received statistics, the size of
the repeated sample according to formula (17)
will be

2 2
N 21,96 -1,53

0,057 3614 passengers.

Thus, to analyze the waiting time variable for
the case when the type of service is timetable-
based, it is necessary to obtain a sample of more
than 3614 values. These data were collected dur-
ing the corresponding survey and then processed
using “Statistica”. Statistical processing allowed
confirming that the random waiting time values
can be well-described by the normal distribution
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[16], Fig. 3.

Chi-Square test = 746808, df = 7 (adjusted) . p = 0.38201
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Fig. 3. The result of the analysis performed in
module “Distribution Fitting”

The main distribution statistics calculated us-
ing “Statistica” are in Table 2.

Table 2 — The characteristics of the waiting time
distribution when the type of service is
timetable-based

Number | Expec-| Mini- | Maxi-| Standard | Stan-
of obser- | tation, | mum, | mum, | deviation, | dard
vations min min | min min error

4562 5.19 | 0.10 | 10.20 1.50 0.02

In general, the figure shows that the distribu-
tion of the analyzed variable corresponds to the
normal one. This conclusion based on visual
conformity has a more strict confirmation by the
results of the y-square test (see the top of the
graph). The y-square tests the null hypothesis
that the observed distribution does not differ
from the theoretical normal distribution. Since
the confidence level P appeared to be more than
0.05 (namely, P =0,38201) and the tabulated

value Xélos;g =15.51 (8 is the number of degrees

of freedom that equals to the difference between
the number of distribution bins and the number
of estimated statistical characteristics [17]) ap-
peared to be greater than calculated, the hypoth-
esis was considered confirmed.

To support this conclusion, the other tests
were applied [18]. The most preferable among
them is the Shapiro-Wilk W-test (Fig. 4) since it
has the greatest power compared to others (i.e. it
often reveals differences between distributions
when these differences really exist) [17, 18].

KolmogorowSmimowd=0.01118. p> 0.20; Lilizfors p= 0.20
Shapire-Wilk YW= 0.88831, p=0.07533
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Fig. 4. The result of checking the waiting times'
normality  performed  using  module
“Descriptive Statistics”

As in the previous case, the confidence level
P appeared to be more than 0.05, and it approves
that the analyzed distribution does not differ
significantly from the normal one. Thus, the re-
sults of experimental studies allowed defining
that when the type of service is timetable-based,
the average waiting time is 5.2 min. The use of
this value in formula (16) will result in

I = \jO.O8672 +0.0186 +0.0867=0.25 hour.

Conclusion
The result of the research allowed determin-
ing that the headway on the public transport
route at which it is advisable to organize the
provision of timetable-based service equals 0.25
hour or 15 minutes.
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OO0rpyHTyBaHHsi BUOOPY (pOpMHU HAJAHHSI MOCIYT
TPOMAJCHKOr0 TPAHCIIOPTY HA MAPIIPYTi

Anomauin. Ilpoénema. Ha cvocooni icuye 0ea
OCHOBHUX MUNU HAOAHHA NOCHYe NACANCUPAM HA
Mapupymax 2pomaocbko20 mpancnopmy — 3a inmep-
8AIOM pYXy ma 3a po3Knaoom pyxy. Bonu €iopizms-
I0MbCs 4ACNOmMOI0 00CHY208Y8aHH 3YNUHOK MA iH-
@opmayicio, docmynnow nacadxcupam. Heobxiona
yacmoma 00CnY208Y8AHHI 2POMAOCOKUM MPAHCHOD-
mom cymmeso 8nIUBAE Ha sumpamu
MPAHCNOPMHO20 NIONPUEMCINGA MA 4AC NEPeCy8aAHHSL
nacax)cupie, wjo Mae 6NaUE HA 6apPMICHY OYIHKY GUM-
pauernozo nacadxcupom uacy. Oowum i3 cnocobis
3MEHUIeHHS. eumpam 0asi 000X CMOPIH NepesizHO20
npoyecy €  obIpymmosanuii  eubip  Gopmu
00cye08y8anusn nacaxcupie abo ii 3mina npomseom
OHA  3ANeXHCHO  8I0 BeIUYUHU NACAHNCUPONOTNOKY .
Mema. Y cmammi 01 00Tpynmyganus eubopy misic
Gdopmamu  Hadamua nocaye nAcaxiCupam  8pazo-

8YIOMbCSL 6APMICMb  eKCHLYamayii mpancnopmHux
3acobi6 2poMAdCLKO20 MPAHCROPMY MAd GMpPAMuU
yacy nacadicupie Ha nepecyeanus. Memoodonozis.
Pospobrenuii cnocib subopy gopmu naoanus nociye
003601€  nioBUWUMU  eeKMUBHICMb  MICbKO20
2POMAOCHLKO20 MPAHCHOPMY 30 PAXYHOK CKOPOUEHHs.
4acy OYIKY8aAMHS NACANCUPIE WLISAXOM NePeKIoUeHHs
3 00CIY208Y6aHHSL 3a THMEPEALOM 8 200UHU RIK HA
00Cny208y8aHHA 3a PO3KIAOOM 6 nepioou cnaoy
nacascuponomoxy.  Pesynemamu.  Po3pobiena
3aNEAHCHICMb, WO 0036051€ NPUUMAMU DIULEHHS. NPO
Gopmy HadauHa NOCIye HA MAPUPYMI 2POMAOICLKO20
mpancnopmy. Lle 00360/€ 00IpyHMOBAHO 3aNpPo6aod-
arcyeamu opmy 0bCry208ysants, wo 3abesneyums
bananc mixc eumpamamu MmpaHcnopmHo20 nepesis-
HUKa ma nacasicupis. Opuczinansuicme.
Po3spobaenuii nioxio ona npuinamms piuleHHs uooo
Gopmu 0bcnyeo8ysants 0036015€ CKOPOMUMU HAC
OUIKYBAHHSL NACANCUPIE WISIXOM NEPEeKTIOUeHHs 3
00CY208y8aHHs 3a THMEPBAIOM Y 200UHU NIK HA
00C1y208Y8aHHs 34 POSKNAOOM Y Nepioou 3MEeHUeHHs
BEIUNUHU  NACAJICUPONOMOKY — RPOMSI2OM — 000U.
Ilpakmuune 3nauennsn. Pesyiomamu 00CHIONCEHHS,
OCHOBAHI HaA OaHUX 0OCMedCeHHs, 00360UNU
OYIHUMU — HUCeTbHe 3HAYEHHS  IHMep8any  pyxy
MPAHCNOPMHUX 3AC00I8 2POMAOCLKO20 MPAHCIOPTY,

KOnu  OOYintbHO  nepetimu Ha  00CNY208Y8AHHS
nacax)cupie 3a po3KIa0oM pyxy.
Kniouosi  cnosa:  nacadicupcoki  nepesesemis,

2POMAOCLKULL mpancnopm, opma 00Ciy208y8anHsi,
IHmMepeas pyxy, 4ac OYiKy8aHHs.
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1Bin0pyc51<m71 JIEpXKaBHUN YHIBEPCHTET TPAHCIIOPTY,
246022, PecnyOmika binopycs, M. ['omens, By
Kipona, 34

’Binopychkuil HAIIOHATLHMI TEXHIUHHMHA yHiBep-
curetr, 220013, Pecmy6Oinika Binmopyck, M. MIiHCBK,
np. Hesanexxnocri, 65

X apKiBChKMI HAIIOHATLHHUH ABTOMOOLITHHO-I0POK-
Hill yHiBepcuter, 61002, VYkpainma, M. Xapkis,
By SIpocnaBa Mynaporo, 25.



