TRANSPORT PROBLEMS 2019 Volume 14 Issue 2
PROBLEMY TRANSPORTU DOI: 10.20858/tp.2019.14.2.11

Keywords: person with disability; mathematical model; optimization, passenger

Phridon GOGIASHVILI*, Jumber CHOGOVADZE, Gocha LEKVEISHVILI,
David KBILASHVILI, Besik SIRBILADZE, Vazha DOGRASHVILI

Akaki Tsereteli State University

59 Tamar Mepe, Kutaisi 4600, Georgia

*Corresponding author. E-mail: pridon.gogiashvili@atsu.edu.ge

OPTIMIZING THE TIME COSTS OF PASSENGER TRANSPORT OF
PEOPLE WITH DISABILITIES

Summary. The paper dwells on a mathematical model of the logistical system of
transport services for persons with disabilities, and there have been analyzed factors that
affect the time spent on their transportation. When developing methodology for
optimizing the time costs of passenger transport of persons with disabilities, the
following two basic transportation services have been taken into account: (a) "social
taxi", which will transport only people with special health; (b) a vehicle system in
combination with urban passenger transport, which will transport representatives of the
group of people with restricted mobility together with all other passengers. The study
found that in the case of insufficient accessibility to the required environment, by the
increase in the demand of disabled people for transportation by "social taxi", travelling
costs are increased that results in increasing total costs of the carrier. Based on a
comparative analysis of logistical costs, optimum relationship between the number of the
adapted buses and “social taxi” on the route under study has been established.

1. INTRODUCTION

While addressing the problem of increasing the level of integration of persons with disabilities into
normal social life, the improvement of transport services for them occupies a special place, which
recently has been the most important and priority of many social policies in many countries.

In recent years, special attention has been paid to solving the problem of increasing the level of
accessibility of transport services for disabled persons with public passenger transport. In this regard,
the project MAPLE has been implemented in Europe, which analyzes the current state of transport
service for disabled persons in a number of countries. The final conference held in London [1]
addressed the introduction of innovative technologies in public passenger transport, which should
ensure the high-standard services for all categories of consumers, including for disabled persons.

A study on the current situation in the field of transportation services for disabled persons in
developed countries [2] (United States of America, Great Britain, Germany, France, Italy, Japan,
Netherlands, Sweden, etc.) shows that public transport passenger services are adequately provided
with adapted vehicles and appropriate transport infrastructure, as well as with the systems of the
organization and management of transport services, which is not the case in developing countries,
including Georgia. Thus, by sharing the experience of developed countries [3, 4, 5], it is possible to
resolve the problem of the formation of satisfactory systems of transport services for disabled persons
and their continuous development.

Despite the important decisions taken recently in Georgia at the government level, the
improvement of public transport services sphere for disabled people is not proceeding rapidly enough,
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which requires the establishment of the systems of the organization and management of urban
passenger transport services based on the scientifically justified logistics approaches and principles [6,
7, 12], equipping them with appropriate technology and taking into account local-specific conditions,
which should contribute to increasing the level of mobility and accessibility of transport services for
disabled persons.

In order to deal with the above-mentioned problem, an important place in the process of the
organization and management of urban transport service for persons with disabilities is occupied by
the assessment of the level of logistical service that will enable us to optimize the main indicators of
regular passenger transportations [8, 9].

Vehicles intended for the transportation of disabled persons and their modification should meet the
requirements of the ecological, accessibility and safety standards [10, 11]; particularly, in the bus
passenger compartment, passengers should be able to get up or settle down without hindrance, and it is
necessary to ensure their safe transportation both independently and with accompanying persons.

The assessment indicators of transport services for disabled persons include reliability, availability,
accessibility, service complexity, well-timed service, minimal travelling time, travelling cost,
environmental safety of carriages, and safe-conduct for luggage.

In order to study these indicators, it is necessary to carry out a full analysis of the factors involved
and to identify and systematize the main factors. In this case, the use of this type of a systemic
approach will allow us resolving the problem of optimizing the time spent on transportation of
disabled passengers by city buses, taking into consideration the rational costs of transport services.

2. WAYS OF PROBLEM SOLVING

In the urban transport service logistics chain, the level of access of disabled people to transport
from the point of departure to the point of destination directly depends on traveler’s waiting time for
bus and the average time spent on the movement of vehicle. The values of these components are
mostly affected by the ratio of different forms of transport services for disabled people. Thus, to
determine the optimal time spent on the carriage of disabled persons, it is necessary to determine the
number of vehicles with specialized equipment for safe and comfortable transportation of persons with
disabilities.

To determine the optimal values of time spent on the transportation of disabled persons, at the
initial stage of the study, the main factors that affect the cumulative time of travel were systematized
and the structural relationships between them were established. Table 1 presents the list of factors
acting on time spent on transportation of disabled people [12].

In the logistical system of transport services for persons with disabilities, transportation of
passengers, from the customer’s point of view, will be optimal when the service will be provided
"dead on time" at minimal cost [13, 14]. The problem should be solved by meeting the customers'
needs and by taking into account the interests of persons providing transport services.

From the point of view of passengers, the optimal is travel executed in minimum time with
maximum comfort and acceptable tariff. Therefore, customer will choose one of the following types of
transport services:

1. Public passenger car — taxi;

2. “Social taxi” equipped with devices required for comfortable and safe transportation of disabled
persons;

3. Adapted buses running on the city routes.

Thus, based on the interests of operators and owners of transport services, the main reason of
studying the problem is the creation of a logistical service scheme for city buses, which will enable to
minimize the time spent on the transportation of persons.
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Table 1
Presents the list factors acting on time spent on transportation of disabled people
The time spent on mobility of Acting factors
disabled people
Time spent on walking to and | - the level of accessibility to urban facilities, public transport parking
from the stopping points and areas, and stopping points;
parking areas - the urban network density;
- walking speed of passengers with restricted mobility.
Time spent on waiting, - traffic interval;
boarding, alighting, and - failure probability on the route;
transfer - traffic control;

- average passenger carrying capacity of vehicle;

- number of vehicles;

- average operating speed of movement on the route;
- non-uniformity of passenger traffic flow;

- time and duration of the operation of motive power;
- average distance of movement during the transfer;

- coefficient of transferability.

Travel by vehicle - route length;

- movement at the specified condition and dead time on the line;
- average travelling length;

- average motion speed on the route;

- dead time of bus during boarding and alighting;

- bus arrival time on the rote.

3. SUBJECT AND METHODS OF RESEARCH

The objective of the research is to determine the time spent on comfortable and safe transportation
of persons with disabilities in the logistical system of passenger urban transportation service in the city
of Kutaisi.

When selecting methodology of optimizing time spent on the transportation of disabled persons, in
the first instance, two types of transport services most appropriate for Kutaisi City conditions were
studied, particularly (a) "social taxi", which is designed only for disabled people, and (b) the city bus
system, in which disabled people are regularly transported with other passengers by adapted buses.

For studying this type of service, there have been the schemes of the transportation of disabled
persons from the points of departure to their destination on one or several routes [15 - 17] (see Figs. 1a
and 1b).

When determining time spent on the transportation of persons with disabilities, the level of
accessibility to Kutaisi road infrastructure facilities was taken into consideration, particularly,
pedestrian crossings, city bus stations and stops, as well as the degree of adaptation of the points of
transfer between city bus routes to people with disabilities.

To study the regular passenger transportation directions according to the determination of number
and groups of disabled persons in Kutaisi City and their needs, questionnaire surveys were carried out
in 2017. According to the data received, the main directions of travel for persons with disabilities, the
number of the points of departure, and destination and their locations have been determined. The
following are the groups of persons with disabilities and number of person’s involved in them in
Kutaisi, by the degree of disability (Table 2):
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Table 2
The groups of persons with disabilities and number of persons involved in them in Kutaisi City,
by the degree of disability

Degree of disability Number of persons
Persons with a prominent degree of disability 1637
2. Persons with a considerable degree of disability | 2103
3. Persons with a moderate degree of disability 2427
4. Disabled persons aged 0—18 years 465
Total 6632

On working and non-working days in the months of April, August and October 2017, the studies
on passenger flows on the city bus routes, using the tabular method of field observations were carried
out.

L& - Point of departure
-] - Point of destination
-Stopping point of the adapted buses for disabled persons
-Stopping point of the non-adapted buses for disabled persons
-Travel on the route by public transport
----- - -Walking
- == -Travel by “social taxi”
Fig. 1. Transportation scemes of disabled persons using adapted bus on the urban transport routes: a) when using
one route and b) when using several routes (including transfer)
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The study results revealed that the actual value of the population’s transport mobility is p=250,
which, based on the number of residents of the city (150 thousand people), is on the low side, which is
explained by the fact that due to the ageing bus fleet and poor service standard, most of the population
is travelling by a private car. According to the survey results, the priority routes have been established
for disabled persons, services of which are highly in demand among disabled persons. These routes
include circular routes No. 1 and No. 2 of the city class buses. As the Kutaisi transport network
scheme is radial circular, the above-mentioned routes cover a large area of major settlements of the
city and provide services to almost 15—18% of the population. In total, 10 midi-buses run on the No. 1
route, the length of the route is L = 10 and 8 km, the bus travelling time is t = 36 min, and traffic
interval is T=3,6—4 min. In total, 8 midi-buses run on the No. 2 route, the length of the route is L =9
and 6 km, the bus travelling time is t = 32 min, and traffic interval is T = 3,54 min.

According to the results of the studies on passenger flows, it has been established that the average
number of passengers travelled by one bus during the working days on the No. 1 route amounted to
954-982 passengers and on an average of 47-49 passengers per travel. The average number of
passengers travelled by a bus on the No. 2 route during the working day was 895-920 passengers, with
average of 44 passengers per travel. On weekends, decline of 15-18% in these indicators was
observed. The analysis of the indicators of the transportation of disabled people revealed that only 6—
9% of the total number of transported passengers were people with disabilities. On the No 1 route,
during the working day, 25—40 persons with disabilities were transported by one bus. According to the
study results, it is almost impossible to transport wheelchair users by buses, which is due to a low level
of accessibility of travel to them, particularly, only 2 low-floor buses ran on the No 1 route, and the
other buses were not equipped with the adapted devices. From above-mentioned groups of disabled
persons, only the third group members are more likely to rely on public transport.

In order to resolve the existing problem, the main objective of the present study is to develop the
acceptable forms of logistical service for determining the optimal number of the adapted buses on the
city routes and for providing minimum travelling time for disabled persons, as well as to determine
transport costs required for its implementation.

4. BASIC PART OF RESEARCH

Using a mathematical model of the logistics system used for the transportation of disabled persons
by city buses from the point of departure to destination with a minimum amount of time, the optimal
number of adapted buses on the routes under study was determined, and to assess the additional
expenses incurred on their service, a comparative analysis of the expected costs of “social taxi” service
(which is carried out by minibuses) and the adapted bus service was conducted.

Taking the example of Kutaisi City, an analysis was conducted of the transport logistics chain of
transportation of disabled persons on the main directions from the points of departure to destinations
for selecting the economic-mathematical model of the logistics system of city bus services for disabled
persons.

The effectiveness function composed to justify the effectiveness of the economic-mathematical
model of the transport logistics system for providing high-quality services for disabled persons can be
presented as follows:

h i lav.i imp1 .
Myim = Xiz1 Xz [tf] + til;-np + <(0,5 + Praivij)lineij + %) Kiransy +t;; ] - min (D
where [ = 1,...,n is the type of the disabled persons groups; j = 1,...,m the option of transport
service for disabled persons; ticjh the waiting time for choosing the type of transportation, order, and
accomplishment of transportation, in sec; til;-np, til;npl

from the point of departure and arrival to the point of destination and on choosing the distance

the time spent on the travel of jth motive power
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(the road should follow the specially equipped route for disabled persons, if any, in sec); lin;;; the
traffic interval of motive power, which depends on the number of adapted buses on the route, in min;
Prqirij the probability of failure of passenger boarding due to lack of vacant seats; l,,,; the average
travelling distance, in m; and V;; the travelling speed of jth motive power, in m/sec; Kirqnss the
coefficient of transfer.
With a view to the requirements of owner of transport services, the effectiveness function can be
presented as follows:
t .
Mowner = Xk=1- ;'nzl' 5—1' [I/chjol;q ] - min, (2)
where k = 1, ...z are the types vehicles allocated for services for disabled persons; j = 1,...,m the

transport service option; b = 1 the transport service routes for disabled people; and W,fj‘-’b“ the costs

incurred for the transportation of disabled persons by different vehicles according to service option.

In the designing process of a new route or modifying the existing ones, special consideration
should be given to safe and comfortable transportation of disabled people; therefore, while composing
the transport logistics scheme, the specific conditions for persons with disabilities should be
established.

The cumulative time spent on the transportation of disabled person is determined by the formula:

T =2 tyar+ (Ziv twi + Z{V ttri) ' Ktransf ’ 3)
where t,,4; 1S the time spent by a disabled person on walking (on foot or wheelchair) to and from the
point of stopping, in sec; t,,; bus waiting time, in min; t;;the time spent on travel by bus, in sec; Nis
the number of transfers; and Kyqns5 is the coefficient of transferability.

The time spent on the arrival of disabled person at the bus stop, with account for the level of
accessibility, for a disabled person's bus averages:

60
twaik = d Z Lyaik 4)
where v, is the walking speed of disable person, in m/sec; d the accessibility ratio of disabled person

to a special stand arranged near the city bus stop; and l,,4;; 1S the distance to the bus stop, in m.
The average distance to the bus stop equals:

1 lgsi
lwalk;?’g'i_%a (5 )

where & is the transport network average density, in m? and l,; the average space interval on the
route, in km.

The average space interval on the route is determined by the formula:
Ly

—— (6)

byaik = Tep
where 1), is the number of stopping points on the rote in both directions and L, the route length, in m.
The waiting time for the bus depends on the precise timing of operation by driver, the bus traffic
interval, and capacity of bus and its actual occupancy, as when the bus is fully occupied, it may be
impossible to board disabled persons in the bus, and in this case, the waiting time is increased by the
value of time required for the arrival of the next bus at the stopping point.
The time spent by a disabled person on waiting for boarding is calculated by the formula:
tw =1 (05 + Pfail) 5 (7
where I;; is the bus traffic interval on the route, in sec and Py the failure probability of passenger
boarding owing to the limited passenger carrying capacity of vehicle.

The time spent by a disabled person on travel by bus is
60lgy

tr , ®)

Vmot

where [, is the average travelling distance of disabled person, in m and v,,,; the bus motion speed on
the route, in m/sec.

The travelling speed of bus on the route is calculated in accordance with formula:
60L,

ti—ty

€))

Umot =



Optimizing the time costs of passenger transport of people with disabilities 129

where t; is the time of the movement of bus in both directions, which involves dead time caused by
time required for boarding or alighting of disabled person (the average time required for boarding or
alighting of disabled person is 100 sec and t, the dead time on the terminal stopping point, in sec.

When calculating the time spent on the transportation of disabled persons, it is necessary to take
into consideration the level of accessibility of transport facilities, particularly, the points of bus
station—stop and transfer of passengers. The study conducted in Kutaisi found that transport
infrastructure adapted to disabled persons is still at the organization stage, and therefore, to conduct
the calculating studies by the above-mentioned model, the city bus routes, placement of seats on the
points of bus station—stop and transfer of passengers existing there have been chosen, including the
distances between them.

The calculating formulas for determining the number of urban transport vehicles for the
transportation of disabled people and consistency in the calculation (block design) comprise several
phases listed below:

i =1, ...,n are the groups of disabled people.
j =1, ...,m are transport service options for disabled people.
l =1, ..., u are links in the logistic chain of the displacements of disabled people.
k =1, ...,z are the types of vehicles used in urban passenger transport.
b =1, ...,p are the transport service routes for disabled people.
1. The number of disabled people transported per day; Q1xp = Q%p + Qipp-
Q! is the number of disabled people transported per day by social taxi.
Q1 is the number of disabled people transported per day by a low-floor bus.
2. The minimum A,,inkp = 0 and maximum A, qxkp = Ay number of low-floor vehicles, where the
total number of vehicles on the A,,-route is

W

S = Aminkp-

4. Depending on the obtained ratio of vehicles, the maximum Q% .k, =Q1kp and minimum
Q% inkp = Qkp * k number of disabled people transported by “social taxi” per day, where k-
coefficient of transferability.

5. Depending on the obtained ratio of vehicles, the maximum Q% xes = Qikp — Qminkp and

minimum Q%,,;,,, = 0 number of disabled people transported by low-floor bus per day.

t
6. The maximum M, =Qlkb/WM and minimum  M,,inkp =szi”kb/WM throughput

performance of “social taxi”, where W), is the throughput performance of vehicle adapted to
disabled people with a very low carrying capacity, the so-called social taxi, disabled person per
route.

7. The number of low-flor vehicles, Ayps = S.

8. Depending on the obtained ratio of vehicles, the number of disabled people transported by low-
floor bus Q%yps = Arps * Wy, where W, is the throughput performance of vehicle adapted to
disabled people, disabled person per route.

9. Depending on the obtained ratio of vehicles, the number of disabled people transported by “social

taxi” Q5xps = Qzmaxis — Qps-
10.M is the number of vehicles adapted to disabled people with a very low carrying capacity, the so-

t
called social taxi, My, = sza"kb/ ”
11. When ngbs = ngaxkb there iS taken QZakbs = ngaxkb'
t . t _ t
12. When Q3 ps = Qzminkp there is taken Qzkbs = Qzminkp-

13. Calculation of expenditure of carriers
Pipsi=Q%bs * Saxp + Qsips * Stin» Where Sqip, and Sy, are, respectively, the cost price of one
passenger transported by low-floor vehicle and “social taxi”, GEL/passenger.
14 Calculation of expenditure of passengers.
14.1. The average total time expenditure of one passenger when using low-floor vehicle, in hr:
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N N

Takps = 2 twaik.akps + Z tw.akbsh Z tr.akbsh
h=1 h=1
where tyqikarps 1S the time required for reaching the bus stop for person with restricted
mobility, in sec; t,, g kpsn the waiting time for the bus for person with restricted mobility, in sec;
and ¢, gkpsp the travelling time by bus for person with restricted mobility, in sec.
14.2. The average total time expenditure of one passenger when using “social taxi”, in hr:

N N
Trips = 2 " twaik.t.kbs + Z twikbsh T Z Lyt kbsh
h=1 h=1

where ty,q1k.¢xps 18 the time required for reaching the “social taxi” stop for person with restricted
mobility, in sec; t,,; kpsn the waiting time for “social taxi” for person with restricted mobility, in
sec; ty ¢ kpsh i the travelling time by “social taxi” for person with restricted mobility, in sec.
14.3. Total expenditure
Tibs = Q3ibs * Q3kbs T Qaibs * Tricbs

Pips2 = Trrps * C, , where Cp, is the cost price of one passenger, GEL/passenger, hr;
15. s = Amaxkn

Ag i Mgq; where s = Apin.ooos Amax;  S1 = Mpin..-.» Mimax — the appropriate s-th design ratio of
the number of low-floor vehicles to the number of the so-called social taxi;

The use of the proposed block-design allows for determining:
- expenditure of carriers and passengers As:Ms, at different ratios;
- an optimal ratio As:Ms, based on minimum logistics costs for the transportation of disabled people.

According to the proposed model, the calculations were made, using the example of the city route
of Kutaisi.

In the urban passenger transport logistics system, the problem of determining the optimal number
of the adapted buses for the transportation of disabled persons was based on a comparison of the
results of the cumulative costs of “social taxi” services on the city bus routes with the expected
cumulated costs in conditions of the adapted city bus services.

According to the study results (Fig. 2a, b), it has been established that due to insufficient
accessibility of urban transport in Kutaisi, the demand for "social taxi" from disabled persons is
increasing and costs of transportation services are increasing correspondingly.

From the figures (Fig. 2a), it is gathered that in the case of a fixed request, 5 low-floor buses are
required from 10 buses running on the city route, as well as 5 "social taxi". For the same route
equipped with the well-adapted devices (Fig. 2b), 3 mini buses (“social taxi”) are required, which
allows for reducing total logistics costs for the transportation of passengers. In the first option, total
cost at the crossing point of expenditure of carrier and passenger is GEL 1850 (Fig. 2a), whereas in the
second option, total cost is GEL 1450 (Fig. 2b). Therefore, total logistics cost of passenger transport is
reduced by (1450/1875) X100 = 23%. At the same time, by increasing the number of low-floor buses
from 5 to 7, it is possible to improve the quality of transportations.

The studies carried out found that the actual number of persons with disabilities on one route
averaged 2-3 passengers, and, in this case, the traffic interval of buses did not exceed the upper limit
of 4 minutes. Of interest is the analysis of the process, when the optimal number of the selected
adapted buses is running to fully satisfy services for disabled persons, it will be possible to minimize
the level of discomfort of transportation of other passengers, in this case, the level of discomfort of
transportation of other passengers on the route, the indicators of increasing the actual values of the
travelling length and traffic interval per travel are taken. In the case of using such an approach, while
increasing the number of persons with disabilities to be transported per travel, it is necessary to assess
the indicators of increasing the travelling time and traffic interval caused by the costs of disabled
persons loading and unloading and time spent on traveling by bus per travel. In order to resolve this
problem, on a single route, in the case of the same number of motive power, it is possible to carry out
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studies for both cases when using the adapted buses and non-adapted buses, and by comparing the
obtained results, it is possible to assess the indicators to be found.

According to methodology used for the implementation of the above approach [13], the traffic on
the route should be organized in a way that provides the minimum of the amount of costs of carrier
Gcqr and time spent on transportation of passengers Gpqss. The use of this principle is based on the
optimization condition, in order to achieve the minimum value of traffic interval by determining the
required number of buses on the route:

f(I) = Gear + Gpass — min (10)
0<I< ‘;L: , (11)

where q is the capacity of bus; y the bus capacity utilization factor; n the passenger turnover factor
along the route; k the passenger turnover hourly change factor; and Q the number of passenger
turnover calculated for one hour period of running buses on the route.

The formula for calculating the minimal interval of bus traffic on the city bus route is as
follows:

ter (Sconst ler+Svar ter)
L, = 12
min 0,615QC ’ (12)

where t;, is the travelling time, with account of bus standing time at the route terminal point, in sec;
l;, the travelling length, in m; S,,,s: the permanent constituent of the cost of production of transport
service per hour; S, the variable constituent of of the cost of production of transport service per
hour; and C the cost of one passenger-hour.

Sconst» Svar and C parameters are calculated using a special methodology.
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Fig. 2. The ratio of the number of motive power depending on the costs of transportation of people with limited
mobility and costs of the carriers.
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Travelling time is largely dependent on loading t;,,4 and unloading t,,;04q Of persons with
disabilities, including the wheelchair users. In this context, taking into account the number of
transported disabled persons 7, the increase in time spent on travel can be calculated in accordance
with the formula Aty= n(tjpqa-t tunioad)- When determining the travelling time, the condition is
taken into account that extra time required for loading—unloading of disabled persons at the bus is 2-3,
5 minutes, on average. With account of these conditions, equally important is that the city bus
transport schemes should pass through the main points of departure of disabled persons, which will
allow for boarding of one or two disabled persons in the adapted bus for a small period of time.

Studies have shown that taking into account the particularities of the route transport scheme and the
places of residence of disabled persons oriented to this route transport services, of 20 stopping points,
there have been identified 4 main points. By using this scheme of services, time expenses are 30-40%
less than at the stopping points located along the route, in the case of redistribution of disabled
persons. In the case of using such a scheme, the calculation results indicate that the increase in the bus
traffic interval does not exceed 4 minutes, which may be practically acceptable for other passengers.

5. CONCLUSIONS

1. By using the economic—mathematical model and the calculation algorithm compiled on its basis,
the costs of city bus and “social taxi” logistic services for transportation of disabled persons have
been determined. The factors affecting the cost growth data have also been established.

2. Based on a comparative analysis of logistical costs, the optimum relationship between the number
of the adapted buses and “social taxi”” on the route under study has been established.

3. In case of using 7 adapted buses of 10 buses running on the city route and 3 units of “social taxi”,
total logistics costs of passenger transportation are reduced by 23%. At the same time, by
increasing the number of low-floor buses from 5 to 7, it is possible to improve the quality of
transportations.

4. Tt is established that if the transportation scheme of urban routes is on the main points of departure
of disabled people, the total time spent on travel is decreased by almost 30-40% because of the
reduced boarding times of these passengers. This is compared to the case of distributing stops for
disabled people on the entire length of the route.
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