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OPTIMAL PLANNING OF TRIP AND

ROUND TRIP CYCLE TIME ON AN
URBAN ROUTE

06’exmom 00CIONHEHHS € MAPUPYM MICHKO20 NACAHCUPCHKO20 MPAHCROPMY 342aNbH020 Kopucmysants. OOHum

3 HAUGIILW NPOGIEMHUX MICUD NPU Op2anizayii nepeeesens Ha (PIKCOBAHOMY MICOKOMY MAPUPYMI € 6CMAHOE-
JIeHMsL NAAN0BOT MPUBALOCTNE BUKOHANNS peticy ma (ab0) 360pomnozo peiicy. CKAa0HOw] SUHUKAIOMb uepe3 me,
wWo mpusanicms 8UKOHAHHS peﬁcy Ha MICOKOMY Mapupymi 3a36udail € 6una81<06010 BEIUYUHON0, U0 Heoéxiaﬁo
Ile, 3 001020 60KY, 0036015€ NOKPaALLUMU ed)exmuemcmb BUKOPUCTANH MAPUPYIMHUX MPAHCIOPMHUX 3AC0016 34
PAXYHOK SMEHULCHHSL iX HenpOOYKMUGHUX NPOCMOIE, a 3 THUl020 — NIOGUUMU AKICMD 00CAY208Y6aHsL NACANCUDIE
30 PAXYHOK 3MEHUWEHHA MPUBALOCT OUIKYBAHHA OCMAHHIMU MPAHCNOPMY HA 3YNUHKAX.

B x00i docnidancennst suxopucmano memod cmoxacmuunoi onmumisayii nianosoi mpusarocmi peticy. Lle dano
MONHCIUBICM® 3HAUMU KOMNPOMIC Y 8APMICHOMY BUPA3T MIJNC eheKMUBHICIIO BUKOPUCTAHHS MAPUPYMHUX MPAH-
cnopmuux 3acobie ma sxicmio obcayzosysanns nacaxcupis. OcobaUIcmMI0 3anpPONOHOBAN020 ONMUMIZAULHHOZ0
Memody € BPAXYBAHHS 8 Y3AZANLHEHUX BUMPAMAX HENPOOYKMUSHUX NPOCMOI8 MAPULPYMHUX MPAHCHOPIHUX
3ac06i8, HEAOOMPUMAN020 NPUOYMKY MPAHCTLOPIHOZ0 ONEPAOPA MA BAPMOCTE MPAHCNOPMHOZ0 YACY NACANCUPIE.

3acmocysanis pospobiaerozo memoody ois ymoe mponeiibycrozo mapwpymy Ne 14 micma 3anopixcwcs (Yi-
paina) 00360151€ Y NOPIBHAHHI 3 ICHYIOUUMU NIAHOBUMU NOKAZHUKAMU 3MEHWUMU Y3azaivHeni sumpamu Ha 12 %.

Hapasi 3nauno poswupuiucs mexuivii MOXCAUSOCMi 30Upanus, Haxonuuenms ma 00pooKu emnipuunoi in-
Gopmayii npo Yymosu UKOHAHHS NEPEBE3EHL HA MICOKUX MAPUPYMAX 3 BUKOPUCTNAHHAM CYNYMHUKOBUX CUCTEM
2no06anviozo nosuyionysanns GPS. Y maxux ymosax 3 suxopucmanuam pospobienozo memody 3a6e3newycmvcs
MOJNCIUBICMY ONEPAMUBHOZ0 BPAXYBAHN S NPU NIAHYBAHHT NACANCUPCOKUX NEPEBE3eHb K eKCNAYAMAYIUHUX, MaK
1 COUIaNbHO-EKOHOMIUHUX YUHHUKIG, Y AKUX Ul Nepese3eHHs BUKOHYIOMbCA.

Kmouosi cnoBa: MicoKuil 2pomMadcokuil mpancnopm, mpueairicms OUiKyeanHs, MpUSaiicms peicy, Y3azaibHeni
sumpamu.

— design features of entrance and exit devices;
— the number of doors of the vehicle and the distri-

1. Introduction

The length of the round trip cycle time on the city
public transport route is one of its most important technical
and operational indicators. This value is used to determine
the required number of route vehicles (RV), frequency
and headway, the distribution of transit vehicles between
routes, scheduling and timetabling, and the organization
of combined modes of communication on routes [1].

The difficulty of rationing the duration of the round
trip cycle time on the route is that it is a random variable,
depending on which varies under the influence of a number
of both controlled and uncontrolled factors. So, the dura-
tion of trip in real operating conditions is affected by [2]:

— traction-dynamic properties of the vehicles used on

the route;

bution of passengers between them;

— the intensity of passenger traffic;

— the intensity of the traffic flow on the route;

— road and climatic conditions (season of the year

and time of the day, condition of the road surface,

number of lanes, plan and longitudinal profile of the
road, availability and frequency of intersections, tech-
nical means for organizing traffic);

— experience and psychophysiological condition of the

driver.

Under such conditions, the duration of the layover
time at the terminal stops of the route is established
for several reasons. This is provision, on the one hand,
a short-term rest of the driver, and on the other — the

34

TEXHOMOTTYHHIA AYAUT TA PESEPBH BHPOEHHLTBA — No 2/2(40), 2018, © Kuzkin 0.



I55N 2226-3780

INFORMATION AND CONTROL SYSTEMS:
INFORMATION TECHNOLOGIES )

reliability of the timetable due to random fluctuations
in the trip duration.

Reduction of the normative duration of a round trip
relative to what is actually needed is the reason for the
decline in the quality of passenger transportation, which,
in particular, is expressed in the following:

— the time spent by passengers on waiting for trans-

port at stops increases [3];

— there are refusals for passengers to board the RVs

for overcrowding;

— the unevenness of the utilization degree of the RV

passenger capacity is growing. Excessive increase in the

normative duration of the round trip leads to an increase
in the RV unproductive downtime and, as a result, an
increase in the costs of transport enterprises for the main-
tenance of routes and the cost of travel for passengers.

Thus, on the one hand, the sufficient carrying capa-
city of the route depends on correct determination of the
duration of the round trip, and on the other hand, the
efficiency of the RV use and the economic activity of
transport enterprises. Taking into account that this directly
affects the level of service of passenger transportation on
both sides, the problem of reliable planning of the dura-
tion of a round trip on the routes of public transport
is actual. The urgency of the solution of the problem is
increasing in modern conditions, the growth of the level
of motorization in the cities, since high-quality transport
services for residents by public transport make it possible
to attract car owners before using it. This, in turn, makes
it possible to reduce the severity of the problems asso-
ciated with its harmful consequences [4].

2. The ohject of research
and its technological audit

The object of research is a fixed route for public urban
passenger transport.

The most technology of transport services for passengers
on mass public transport in cities is the route techno-
logy, which is most effective at a settlement density of
3,750 people/km? [5]. The route technology provides for the
RV movement organization along permanent routes in the
form of a sequence of transportation cycles (¢rips). During
the trip a passenger (entrance and exit of passengers) is
carried out at specially equipped areas (stops) along the
route [6]. Stops divide the route into links. Under such
conditions, the operation of the transit vehicle is a sequence
of individual elements of the transport process cyclically
performed during a day (or working shift) (Fig. 1).

RV daily operation begins with its delivery from the
parking lot (depot) to one of the terminal stops of the
route. Such run is called a dead-head run, and its dura-
tion ¢y refers to the diurnal or variable operating cycle
of the route vehicles. Next, RVs performs one or several
cycles of transportation (round trips) on the route, each
of which consists of the following consecutive elements:

— movement along the route from the terminus A to the

terminus B (trip in the forward direction) duration ,z;

— layover (recovery) time at the terminus B duration ¢j;

— movement along the route from the terminus B to

the terminus A (trip in the backward direction) dura-

tion tgy;

— layover (recovery) time at the terminus A before

the next return trip .

: (forward) tag :

o A Romingime e
"_"

Dwell time

| (backward) tpa

) A ongime e
"

| Dwell time |

Fig. 1. Structure of the components of the transport process cycle on
public urban transport

Throughout each of the trips, RVs moves with the links
of the route, spending time directly on traffic (including
delays associated with traffic management) and on dwell
time at the stops for loading and/or unloading of the
passengers. After the last planned round trip (or part
of it), RVs returns from the final stop of the dead-head
run to the depot.

Thus, the duration of the round trip on the route T,, is
determined by the sum of the durations of its components:

T, =tig+tp+tg, +1). (1)

In practice, routes can exist, they have only one ter-
minus (circular route) [7], in which case ¢z, =0 and ¢} =0.

Two methods are used for scheduling the trip dura-
tion — timing and calculation [2].

The timing method is based on measuring the actual
time spent on trips and their individual elements directly
on the route with the fulfillment of certain requirements
and conditions. Based on the results of these measure-
ments, a statistical sample (usually a small volume) is
obtained, based on which the calculation time for the
trip is calculated by the formula:

3tmin + 2tmax
fo= @)

where ¢, £y — respectively, the minimum and maximum
value of the actual trip duration, determined from the
sampling of the timekeeping data, min.

The calculation method consists in dividing the route
into segments within which an approximate equality of
the RV traffic conditions is ensured. After that, for each
segment, the time spent on running and dwell RV are
calculated taking into account all the operating factors in
this section using analytical or graphical dependencies [8].

One of the most problematic places in the transporta-
tion organization on the route is the establishment of the
planned trip and (or) the round trip duration. Difficulties
arise because the trip duration on a city route is usually
a random variable, which must be taken into account when
establishing its planned values, used later when scheduling.
This, on the one hand, makes it possible to increase the
RV efficiency use by reducing its unproductive idle time,
and on the other hand, to improve the quality of passenger
service by reducing the waiting time for the transport
at stops.
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3. The aim and ohjectives of research

The aim of research is development of a method for
optimizing the planned duration of a round trip on a city
bus route, which, unlike existing ones, takes into account
the perspectives of both transport operators and passengers.

To achieve this aim, it is necessary to solve the fol-
lowing tasks:

1. To develop and substantiate the economic-mathema-
tical model of optimal planning of the round trip duration
on a city route, taking into account the probabilistic nature
of the transport process of passenger transportation.

2. Based on the empirical data obtained directly on
the urban route network, to perform a factorial analysis
of the developed model and give recommendations on the
establishment of its parameters in practical terms planning
the transport process of passenger traffic.

4. Research of existing solutions
of the prohlem

The tasks of reliable determination of the round trip
duration and its components both in the whole on the
route and on its separate sections are given great attention
to scientists and specialists in the field of urban passenger
transportation. The main aim of research is mainly aimed
at ensuring the reliability of the established timetable on
the routes. It is clear that both the early arrival time at
the stops and the late arrival of buses from them rela-
tive to the established timetable significantly impair the
quality of transport services [9].

In [10], a calculation method for determining the trip
duration on a bus route is proposed, which consists of the
main and additional expenditures of time. In this case,
the main time consuming is the running time, dwell time
at the stops and the associated maneuvering. Additional
time costs include traffic conditions and traffic flow inten-
sity, delays at signalized and uncontrolled crossings. Each
component of time expenditure is calculated by analyti-
cal, empirical formulas or presented as tabulated values
and tables. The obtained value of the trip duration is
adjusted in accordance with the mode of movement on
the bus route and taking into account the probability of
queues of buses before stops and the associated additional
delays in traffic.

However, according to most researchers, the calculated
trip duration thus obtained appears to be overestimated in
most cases. Therefore, in order to improve the efficiency of
the transit fleet, transport operators use the planned trip
duration, somewhat less than or equal to the calculated
one, when designing the timetables [11].

In contrast to the calculated ones, probability-statistical
methods for rationing the trip duration and its individual
components, which use the historical time data as source
data, are much more widespread. The development of this
direction contributes to the wide distribution for the
control and dispatching of public transport of satellite
systems of global positioning (Global Positioning System,
GPS) and built on their basis automatic vehicle location
registration (AVL) systems. At the same time, technical
capabilities have significantly expanded as a collection
of empirical information on the duration and speed of
movement of vehicles, and its accumulation for subsequent
analysis and forecasting [12].

Within the framework of probability-statistical methods
for rationing the trip duration, two methodological approa-
ches are formed in scientific research. The first one involves
the construction of regression models (usually multifactorial
linear models) in which various factors affecting the trip
duration are included as independent variables [13-15].
Such factors are: route length, the number of stops, time
of the day and season of the year, location of the route
on the city’s plan, passenger turnover, degree of passenger
capacity utilization, road conditions, age and driver experien-
ce, RV specifications. The obtained regression curves have
a coefficient of multiple determination from R?=0.59 [13]
to R*=0.69 [14, 15], which indicates a satisfactory agree-
ment of the obtained regression models and the possibility
of obtaining a significant error in their practical application.

The second approach is normalization the trip duration
based on the establishment of patterns of its statistical
distribution as a random variable. Later, using the modeling
methods (statistical modeling [16], modeling by struc-
tural equations [17]), the planned trip duration and (or)
its components is determined.

The greatest distribution for describing the trip dura-
tion on a city route, due to their good correspondence
with empirical data and relative simplicity, was the laws of
normal and log-normal distribution [18]. However, in [19],
based on a statistical analysis of the length of traffic on
sections of six bus routes using GPS data, it is established
that the hypothesis of its log-normal distribution is not
confirmed in about 40 % of the observations. Proceeding
from this, it is proposed to describe the duration of the
motion with the help of a mixed probability distribution,
which is the sum of the random values of the bus traffic
duration on individual sections of the route, additionally
calculating the correlation moments between the standard
deviations of these durations. Based on the developed ap-
proach to establish the level of transport quality — the
mean of this distribution for the evaluation of the ef-
ficiency of transit vehicle use and its standard deviation
for assessing the reliability of passenger transport services.

An analysis of the statistical data of the TransLink
Transit Autority transport company in Queensland, Aus-
tralia, is carried out in [20]. On its basis, it is proposed
to use the normal distribution law to describe the random
value of the actual duration of the actual bus traffic. To
describe the duration of the bus idle time at stops, it is
proposed to use a discrete distribution, presented in the
form of a systematized table. As a result, it is established
that the random value of the trip duration, obtained as
the sum of the durations of its individual components,
is well described by the Gaussian mixed model, the use
of which allows the reliability of the bus schedule to be
fulfilled by 15 %. Similar studies in Brisbane, Australia,
show that, compared to a series of continuous distributions
of a random variable, the mixed Gaussian distribution model
is better in terms of the accuracy of fit and the stability
of the obtained results. In the study for comparison, the
normal, log-normal, Weibull, logistic distribution laws and
the law of gamma distribution are used.

The paper [16] is devoted to optimization of the trip
duration, taking into account its scholasticity by the crite-
rion of minimizing the weighted total expected time of
deviations of the actual moments of arrival of buses to
stops from the planned and the time of excessive work
of the transit vehicles. Using the Monte Carlo method,
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the optimization model is transformed and presented as
a linear programming problem with constraints in the form
of inequalities. Based on the optimization results, the sen-
sitivity analysis of the model is performed with the change
of the initial data.

Recommended duration of layover (recovery) time at
the terminus, according to most studies, is assumed to
be 10..15 % of the trip duration [21], which in natural
terms is 5..15 min. [22].

Summarizing the analysis of previous studies, it should
be noted that they are considering the task of planning
the trip duration on the route or only from the perspec-
tive of users of transport services (passengers) or only
from the perspective of transport operators. It should also
pay attention to the fact that an excessive increase in the
reliability of the timetable makes, as a rule, an increase in
the operating costs of transport operators. This, in turn,
increases the cost of transportation services, which negatively
affects the attitude of passengers to public transport. Thus,
there is reason to state that the problem of determining
the optimal planning of the trip duration on a bus route,
taking into account the interests of both passengers and
transport operators, remains unresolved.

5. Methods of research

As was shown above (Fig. 1), the RV round trip du-
ration on the city route generally consists of the trip
duration in each direction and the layover time at each of
the two terminuses. Next, let’s consider, as an optimized
parameter, the trip duration in one of the directions with
the addition of the layover time at the terminus at the
end of this trip. It is clear that the remainder of the
round trip duration (in the opposite direction) can be
considered in a similar way.

In practical conditions, as a rule, the trip duration
using probability-statistical methods is determined from
a statistical sample of a limited volume. Let as a result
of N observations on the city route a statistical sample
of the actual trip duration ¢, t,, .., ty be obtained. Let
the planned duration of the voyage be £, (fuin <t <foas
where #,;, and ¢,,, — respectively, the minimum and maxi-
mum value of the trip duration from the set of observa-
tions). Then a certain part of the trips is carried out with
a duration that is shorter than planned (¢; €[tyn,t;)), and
a part — with the planned duration, or more (¢; €[t;,tn.x])-

If the actual trip duration is less than the planned
one, an excessive idle time at the terminus occurs. The
total value of this time, accumulated over the entire ob-
servation period, is

> (t,-t.).

M<

I = 3)

/\H

et

Such cases are undesirable for the transport opera-
tor perspective, since they lead to the loss of available
transport resources. These losses are manifested in two
aspects. First, an unproductive idle time of vehicle and
driver lead to additional operational losses C;, which in
the cost amount are:

Ci=c¢-T, (4)

where ¢; — the cost of the RV idle time per unit time.

Secondly, for lost time could perform an additional
number of trips 7;/t, and, accordingly, give the transport
operator the lost additional profit in the amount of:

7,-Q-5

CQ = [‘S

()

where Q — the average number of passengers on the route
for the trip, pas.; 8 — profit that the transport operator
receives from transportation of one passenger.

Thus, the total costs of the transport operator con-
sist of the sum of expenses from unproductive idle time
of vehicles and the spent profit, on the average for one
performed trip are equal:

Q-B]:

N N9

Q'5
A
Similarly, if the actual trip duration exceeds the planned
one, there is a delay in the RV departure on a return

trip, the total amount accumulated over the entire ob-
servation period is:

) @)

i=1
it

_c1+cz_Ti[

1 N
=y 26 (6)

<ty
Li<i

X

The delay in the RV departure on a return trip is
undesirable for passengers, as it leads to additional time
spent by them in waiting for the RV arrival at the stops.
Based on the assumption that the total value of this ad-
ditional waiting time is equal to the total delays in the
RV departure to the trip in the opposite direction, let’s
obtain an expression for calculating losses reflecting the
passenger point of view in the form:

C3=Cpas’Q'Tdv (8)
where ¢,,s — the cost of passengers waiting for the RVs
at the stops per unit time in value terms.

The total cost of passengers on average for one trip
performed is:

C_&_ Cpa.\"Q'Td
N N N

Cpaa Q u

t —t )

i=
ti2i

Thus, the problem of optimal planning of the trip dura-
tion on the route consists in determining the #; value that
minimizes the total costs of the transport operator and pas-
sengers (generalized costs) per one performed trip, that is:

Ci=C'+C"=—

(10)

It is clear that the values of T; (3) and T, (7) in
the general case depend on the law of distribution of the
random value of the trip duration ¢, therefore let’s give
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the formulation of the problem of optimal planning of
the trip duration in a generalized form.

Let’s suppose that the random value of the trip du-
ration is given by the probability density function f(¢)
defined on the interval [fuin, fmel-

Then the mean of the trip duration from those trips
which magnitude does not exceed the scheduled one ¢,
by the mean value theorem [23] is equal to:

j t-f(t)de
M[t], ="—

. (11)
| f@de

Then the average deviation of the trip duration to
the lower side for all trips, the duration of which does
not exceed the scheduled one, is:

[ e paode
ti—M[t]o, =t,—"——

. (12)
j [(t)dt

Since the proportion of trips which duration does not
¢

exceed the planned value, in their total amount J f(t)dt,
Lmin

let’s finally obtain:

Lj tfode |,

=t __ Imin
s t

=)~

=t, j J(@®)de - f t-f(t)de. (13)

Liin

For similar reasons, for a set of trips which duration
is greater than or equal to the scheduled one, let’s obtain:

Lmax

. j tfode |,

.....

:'T\t~f(t)dt-a'ij(t)dz. (14)

Given the duration of layover time at the final stop ¢’,
let’s obtain the expression for the objective function:

Cy; =C’"+C” = min, (15)
I ts Q8

Cs = [t_‘.,J' f(t)dt—tJ. t-f(t)dtHci +ts+t’}+

+%WQ{Ttﬂ0&—QTﬂO&}jmm (16)

Let’s consider, for example, the most particular case,
when the random value of the trip duration is distributed
according to the uniform distribution law. The density
function of the uniform distribution has the form [23]:

1

f(t) - tmn - mm
07 lf le [tmin ’ tlnax ] .

_ lfle[ mmvlmax]; (17)

Then, substituting (17) into (16) and performing ele-
mentary transformations, let’s obtain:

C _ (ts _tmin )2 Q6
s 2(tmax - tmin) 197 ts +t "
(tmax - ts )2 1
2(tmax - tmin ) - Z(tmax - tmin )

X

+CWS-Q-|:

-0
X |:(tx —tuin)’ -[c,- +tQ+t,J+(tmax —4.)*Cpus Q}z min. (18)

Differentiating expression (18) for ¢,:

e, 1
TA_Z(tlxlaX_tn\in)X
Q-3
2(t.y_tmin)'(ci+ts+t/ -
X Nt (19)
9 ¢ ¢ Q : 8 (ts _tmin )Z
- 'Q'Cpas'( max S)_W

Equating the resulting expression to zero, let’s obtain
a fraction, in the numerator of which there is a cubic
equation of the form:
D=0,

Ax®+Bx?+Cx — (20)

where
A= 2(Ci + Q Cpas);

B=0Q-8+2:¢;-(2t" —tin)+2-QCpus (2" = L1 );

C= t,[t’(ci + Q *Cpas ) + Q(8 -2 Cpas * tmax ) -2 Ci+ tmin ]7

D= Q(6 tmm +2- Cpas . ’2 'tmﬂx + 26 -t L’miﬂ ))

and in the denominator the expression (¢, +t”)? never turns
to zero with positive values of ¢, and ¢’. Solving the cubic
equation (20), one can find the optimal value of the trip
duration ¢;, as one of its real roots.

If ¢"<t,, then the calculations can be simplified by
putting in (18) ¢,+t"=t,. Then, as a result of differentia-
tion and further equating the resulting derivative to zero,
let’s obtain a cubic equation for finding the quantity ¢,
of the form:

Ax® +Bx? —C =0, (21)

where
A= 2(Ci + Q Cpas);
B:Q'(S_Z'Cpus 'tmax)_2‘ci 'tmin;

C Q 8 tmln
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If also assume that additional trips do not bring pro-
fit (8=0), which can take place, for example, on an isolated
route, the optimal trip time from (21) is determined by
a simple formula:

* Q : Cpas : tmax +C- tmiu _

s =

Q ) Cpas +;
Q : Cpas‘ Ci
- . . 22
e Q : Cpas +¢ m Q : Cpas +C; ( )

In the case of a normal distribution of the trip dura-
tion with the probability density function:

-y
207 , (23)

f(t)Zm@

where ¢ — the mean of the trip duration, min.; 6, — stan-
dard deviation of the trip duration, min.

The objective function for determining the optimal
trip duration (16) will look like:

@-1)*

ty 1 _
t————e 2 dt
Cy= t—J’- O, V2n -c-+Q'6
= s 4 1 _(l,g)z i ts+t,
e 0 dt
'(’,.Gt\/27't
oo _(f*li)2
t e o dt
;[ o,\21 .
+ Cpas- Q- = T —t, |= min. (24)

e 2 dt

,J o,V2m
Passing to the standardized normal distribution by re-
placing the variable in the integrands:
-t

G,

z= it=z-0,+t; dt=0,dz,

after integrating by parts, elementary transformations and
substitution of integration boundaries, the objective func-
tion (24) will have the form:

()

_  o,e % Q-8

C);: tx—t+ 7 z -C’.+t+t’ +
\/%(D( s ) s
G,
(1)

_ G,-e )

+Cpa.\"Q' t _tx+ ; ; — Inin, (25)
\/E{O,S-d{ J]
G,
here ®(2) 1]% integral Laplace functi
where Z)=——|¢€ Z — 1ntegra aplace runction.
Nt g p

Since the derivative of the function (25) with respect
to the independent variable ¢; contains in its expression
the non-elementary Laplace function, the search for its
minimum can be performed only by numerical methods.
Expression (25) can also be used to find the optimal value
for the trip duration, if the latter has a log-normal distri-

bution, for which it is sufficient to apply the logarithm
operation to the initial statistical sample of the time length
of the trips.

6. Research resulis

Let’s consider a practical example of the application of
the optimization model for the trip duration and turnover
of the rolling stock on the city trolleybus route No. 14
«Simferopol Highway — Waterfront» in the city of Zapo-
rizhzhia (Ukraine) with a pendulum traffic scheme. Based
on the results of a comprehensive survey of passenger
flows conducted in April 2017, the sample data is obtained
on the duration of N=20 trips in each of the directions
of the route (Table 1), the main statistics of which are
given in Table 2.

Tahle 1

Observation data on the trip duration on the city trolleybus route No. 14
of the city of Zaporizhzhia (Ukraine)

60 | 64 | 62 | 62 | 67 | 62 | 63 | B5 | 65 | 65
55 | 72 | 60 | 68 | 63 | 68 | 60 | B3 | 62 | 65
60 | 64 | 62 | 66 | 62 | 64 | 55 | 54 | B7 | B3
61 | 56 | 58 | 60 | 63 | 64 | 68 | 62 | 64 | 54

tap, min.

tgp, min.

Tahle 2

The basic statistics of the trip duration on the city trolleybus route No. 14
of the city of Zaporizhzhia (Ukraine)

The meaning of statistics in the direction
Statistics of movement
Forward Backward
1. Minimal value f,,,, min. 55 54
2. Maximal value f,,, min. 72 68
3. Sample mean , min. B3.55 61.35
4. Standard deviation G;, min. 3.65 4.13

First, let’s establish the character of the distribution of
the random variable in each sample. Since we are dealing
with small samples, let’s apply nonparametric methods. Note
that in the case of large (N >30) samples, for this it is
possible to apply, for example, the Pearson criterion 2.

First, let’s test the hypothesis of the normal distribution
of the trip duration by the criterion of the mean absolute
deviation [24], for which let’s calculate the statistics of
this criterion using the formula:

1 X
dzN-th

ti—t| (26)
Let for the trip duration in the forward direction

N

>

i=1

t;—t]=54.1, d\y=0.741,

for the trip duration in the opposite direction

N

>

i=1

t;—1]=65.6, dy,=0.794.

The hypothesis of the distribution normality is not
ruled out if the condition is satisfied d,<d <d,, where
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d, ta d, — the critical values of the criterion, which are
equal d,=0.7304 and d,=0.8768 at the significance level
of 0.05 and at the sample size N =20 [24]. Obviously,
the value d,; and dj, fall into the area of hypothesis
acceptance, therefore the hypothesis of the normal distri-
bution of the trip duration in the forward and opposite
directions of the route isn’t rejected.

In the future, let’s calculate by the expression of the
objective function (25) with the argument ¢, which changes
with the step A=1 min., and the values of the constant
parameters: ¢;=0.1 USD/min.; ¢y4s=0.002 USD/min;
Q=158 pas.; §=0.021 USD/pas.; t’=10 min.

The results of the calculation in the form of graphs
of changes in generalized costs, depending on the change
in the planned trip duration, are shown in Fig. 2. It also
provides, for comparison, the graphs of the change in gene-
ralized costs for the distribution of the trip duration ac-
cording to a uniform law.

287 I — >4 T [T ]
O .41\ |~ normal distribution a --normal distribution
% 7 - uniform distribution % 2.0 |~ uniform distribution
2.0 %

g 16

= 1.6 k=1

S ' 12

12 \\ v N \

Q 15}

= 1 \ = \

&os \N\H,ﬂ? o038 - yd

04° 04

55 60 65 70 54 58 62 66
Scheduled trip duration, min. Scheduled trip duration, min.
a b

Fig. 2. The dependence of generalized costs on the value of the planned
trip duration on trolleybus route No. 14 of the city of Zaporizhzhia:
a — in the forward direction; b — in the opposite direction

Thus, the minimum generalized costs are achieved in the
case of the planned trip duration: in the forward direction
ta5 =65 min. (C¥" =0.597 USD), in the opposite direction
tgy =63 min. (C" =0.678 USD). Taking into account the
duration of the inter-trip idle time at each of the final
stops ¢y =t;=10 min., the optimal planned duration of
the round trip on the route according to (1) will be:

=65+63+10+10=148 min.

In comparison with the existing planned indicators
t,p =64 min. and ¢z, =61 min., the total duration of the
trip duration after optimization is increased by 3 min.,
which gives a reduction in generalized costs per one round
trip from CPn=1.43 USD to C§"=1.28 USD that is, by
almost 12 %.

Let’s note that in the case of the distribution of ran-
dom values of the trip duration in each of the directions
of the route according to the uniform law, the optimal
planned duration of the round trip is T, =151 min.

As can be seen from the expression of the objective
function of generalized costs (16), the following parameters
affect the optimal trip duration on the city route ¢, :

— the nature of the distribution of the random value

of the trip duration and its numerical characteristics;

— cost of unproductive RV idle time per unit of

time ¢;, USD;

— average number of passengers on the route for the

trip Q, pas,;

— profit that the transport operator receives from

transportation of one passenger 8, USD;

— the passenger’s expenses for waiting at a stop in

a unit of time ¢y, USD;

— duration of layover time at the terminus of the

route ¢/, min.

Let’s analyze the nature and degree of influence of
the model parameters on the resultant indicator ¢, by
studying the dependence of the change in its value on
the change in each of these parameters.

Fig. 3 shows the characteristic graph of the change in
the optimum trip duration, depending on the change in
the model parameters for the forward direction of traffic
on the investigated route. The upper limits of the range
of variation of parameters are chosen in such way as to
illustrate their effect on the effective indicator within the
limits of its actual values obtained as a result of the timing.

74 }
/o——nJ)————’_—’_
g" Vel
£
Boohf T
= ——]
B | E—
= 62
£ —1
5
58
54
0 50 100 150 200 250 300 350
Q, pas. 00—
0 0.08 0.16 0.24 0.32 0.40
¢;, USD —o—
0 0.16 0.32 0.48 0.64 0.80
3, USD ——

t', min., —&—

0.000 0.016 0.032 0.048

USD —o—

0.064 0.080

Cpas>

Fig. 3. Characteristic graph of the dependence of the optimum
trip duration of the model parameters

The impact of the cost of RV unproductive idle time
per unit of time. C; expresses the so-called fixed costs
of the transport operator, which is a component of the
transportation cost [2]. These costs, which are attributed
to one hour of operation, include driver’s wages with ac-
cruals, depreciation of transport fleet and general production
costs. When it increases ¢;, the value of the optimum trip
duration on the route decreases nonlinearly in a limited
range of 63..68 minutes, which is approximately 30 % of
the span of the random value of the duration of the trip.

Influence of the average number of passengers on the
route for per one trip. The optimal trip time along the
route #; increases nonlinearly with increasing Q, while it
is limited by the above value, in the example given it is
approximately 65 % of the span of the random value of
the trip duration. The value of Q is a characteristic of
a particular route and reflects the ratio of demand for
transport and passenger capacity of the transit vehicles
used on this route. According to the comprehensive survey
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of passenger traffic in the city of Zaporizhzhia in 2017,
the actual values of this parameter are in the range:

— for the bus Q,=3.6...113.8 pas. (an average value is

Q,=30.05 pas. and a coefficient of variation v, =0.48);

— for the trolleybus Q, =46.9...210.0 (Q,, =127.3 pas.,

v, =0.52); B B

— for the tram Q, =59.3...104.7 pas. (Q, =76.7 pas.,

v, =0.57).

Influence of profit that the transport operator receives
Jfrom transportation of one passenger. The profit received
by the transport operator from the carriage of one pas-
senger is the ratio of the difference between the income
from the providing of passenger transportation services
and the operating costs to the volume of transport of
passengers on the route. As the value of § increases, the
optimal trip time along the route decreases nonlinearly.
In practical terms, the value of & can be estimated using
the known values of the tariff for transportation T and
the planned profitability of transport R by the formula:

T-R

Szm.

(27)

If, for example, the size of the tariff (fare) is 7=0.16 USD,
and the planned profitability of traffic R=0.15 (15 %),
then 8=(0.16-0.15)/(1+0.15)=0.021 USD.

Influence of the passenger’s expenses on the RV waiting
time at a stop in a unit of time. This parameter is deter-
mined by the cost of the so-called one passenger-hour or
more general concept of the cost of transport time (VTTI,
Value of Travel Time Savings) and is rather subjective.
It is an indicator characterizing the passenger’s potential
expenses due to passive waiting for transport at a stop. In
this case, the c,, magnitude can be estimated both from
the point of view of the passenger, and from the point of
view of the transport operator or the state as a whole [25].
On urban passenger transport it is recommended to take
within 35..60 % of per capita income of a citizen per
unit of time [26].

According to the main department of statistics in the
Zaporizhzhia region [27], the average per capita income
in the region in 2016 was 1 thousand 686 USD, which is
0.842 USD/hour with an annual fund of working hours of
2003 hours. Thus, the range of the change in the ¢,4 value
saved can be estimated in the range of 0.29...0.50 USD/h
or 0.005...0.008 USD/min. As the value ¢, increases, the
optimal trip duration increases nonlinearly (Fig. 3), propa-
gating practically over the entire range of its timing, with
the largest growth rates falling precisely on the interval
C,us €[0;0.008]. Therefore, the responsible choice of the
¢pas Value in the proposed optimization model is decisive.

Influence of the duration of the layover time at the route
terminus. As can be seen from Fig. 3, the duration of the
layover time ¢’ has almost no effect on the optimal trip
length on the route, so in practical calculations it can
be neglected.

7. SWOT analysis of research results

Strengths. Among the strengths of research, it should
be noted the universality of the developed method in
relation to the characteristics of the random magnitude
of the trip duration on the route. This makes it possible
to determine the optimal trip duration for an arbitrary

law of distribution of its random variable, presented in
analytical or tabular form, or directly from the data of
a sample of actual timekeeping observations.

Weaknesses. To the weak sides of the conducted re-
search it is necessary to carry the assumption that the
average waiting time of the passenger at the stop when
the delay in the RV departure on the trip is delayed by
the amount of this delay. Thus, the additional time costs
associated with the irregularity of the RV movement are
taken into account. In addition, as shown in [28], the
appointment of the planned trip duration is less than its
mathematical expectation, leads in the limiting case to
the actual failure of the timetable for the route. Given
this, the obtained value of the optimal trip duration on
the route may be subject to adjustment.

Opportunities. Additional opportunities that arise when
applying the developed method consist in the possibility
of promptly adjusting the planned trip duration. This is
made possible by automated collection of time-related data
on the duration of elements of the transport process of
passenger traffic in cities through the use of GPS moni-
toring systems for the RV movement. In this case, the
accumulated statistical data can be used both for analysis
of the implementation of the established schedule and
regularity of traffic, and for forecasting changes in planned
targets under the influence of external factors. Among
such factors, in particular, include: changes in the level of
loading of city highways by traffic, traffic signal regulation
at intersections, the type of transit vehicles on routes, the
opening of new or closing existing routes, and the like.

Threats. Threats in using the developed method in prac-
tical conditions consist in the subjectivity of the approach
to determining the cost of waiting time for a passenger,
which, however, significantly affects the calculation results.
The value of transport time is determined by the general
state of the country’s economy and today it is much smaller
in Ukraine than in the economically developed countries
of the world. As the decrease in this value reduces the
planned trip duration and, thus, the reliability of the time-
table along the route, the use of the developed method for
routes with a relatively low frequency of movement (with
intervals of more than 10 minutes) is limited.

1. An optimization model has been developed for plan-
ning the trip duration and the round trip on the city public
transport route, which takes into account the probabilistic
nature of the transport process of passenger transportation,
the perspectives of the transport operator and passengers.
The analytical dependencies for determination of the op-
timal value of the trip duration for cases of its normal
and uniform distribution are obtained.

On the example of the city trolleybus route No. 14 of
the city of Zaporizhzhia, the optimal trip duration in each
direction is determined, are random variables distributed
according to the normal distribution law. Compared with
the existing planned indicators on the route, the total trip
duration in the directions after optimization is increased
by 3 minutes. That gives a reduction in the generalized
costs per one performed a return trip from Cf" =1.43 USD
to C¥»=1.28 USD, which is almost 12 %.

2. Based on the empirical data obtained during the
comprehensive survey of passenger flows in the city of
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Zaporizhzhia (Ukraine) in 2017, a factorial study of the
developed model is carried out. This makes it possible to
obtain the character and degree of influence of its para-
meters on the value of the optimum trip duration on the
route. It has been established that the layover duration
in the range of ¢"=0...20 min. practically does not affect
the amount of planned trip duration. Recommendations
are given on establishing the values of model parameters
in practical calculations.
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