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Profiting logistics businesses through optimised
light rail transit system: Application to the city of
Bangkok

Arthit Apichottanakul®, Nanpipat Thanawaritwatthana® and Sirawadee Arunyanart®*

Abstract: The objective of this study was to develop a new method for freight
movement in urban areas by combining a light rail transit system and a road
transport system to distribute and deliver parcels. Utilisation of light rail transpor-
tation systems for parcel delivery can help reduce traffic congestion and air pollu-
tion in cities. This paper presents a location-allocation model to determine the
optimum number and location of light rail stations suitable to establish rail dis-
tribution hubs, in a bid to minimise transportation costs. A case study is conducted
to assess this approach in the city of Bangkok. The results show that the cost, time,
and distance of transportation can be reduced by 10%, 16.67%, and 33.33%,
respectively.

Subjects: Applied Mathematics; Algorithms & Complexity; Computation; Computational
Numerical Analysis; Industrial Engineering & Manufacturing

Keywords: urban freight transport; light rail transit system; location-allocation model;
traffic congestion; parcel delivery

1. Introduction

Various modes of modern transportation have been developed, supporting the increasing popula-
tion growth and density. With the increase in demand for shipment of goods, logistics businesses
have grown rapidly. Therefore, various strategies to improve the effectiveness of transportation
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PUBLIC INTEREST STATEMENT

Distribution activities and freight transportation
are vital for society, but are also the cause of
negative impacts on the quality of living in urban
areas in terms of traffic congestion, noise and
pollution. A possible solution to these problems is
to combine existing light rail transit and road
transport for distributing and delivering parcel
within urban areas. The main idea is to use the
light rail to drive the parcel from the origin to
destination station closed to distribution centers
that spread throughout the city. This paper shows
the method and solution for determining the
optimal number and locations of light rail stations
to be established as distribution hubs in order to
minimize transportation cost in the city of
Bangkok.
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channels are crucial for improved cost efficiency. These strategies should support the future of
transportation and logistics, including transportation support for online businesses. The increased
freight movement has worsened traffic congestion and air pollution. According to marketing data
reports from Thailand, online commerce has increased by 14.03% in 2015-2016 compared to the
previous year, by 7.91% in 2016-2017, and by 14.04% in 2017-2018. In the online market, the
growth of enterprises with an annual turnover of more than 50 million baht is 8.70%, while small
businesses have grown by as much as 20.39% as a result of public and private sectors promoting
a cashless society (Thailand e-government, 2017). The data show that online commerce has grown
steadily, with parcels mainly transported via road. The higher the demand, the greater the freight
movement, which has worsened traffic congestion in the city of Bangkok. The problem is further
exacerbated by reduced road space because of the ongoing construction of roads, facilities, and
mass transit projects. The use of a rail transit system to deliver parcels in the city might relieve
traffic congestion and reduce air and noise pollution. Furthermore, it could improve the perfor-
mance of transport operations in terms of delivery time and cost, which can lead to improved
customer satisfaction. Therefore, this paper proposes a new method for parcel transportation via
a mass rapid transit in the city of Bangkok. The method uses the location-allocation technique to
determine the locations of transport stations along railway lines to minimise the transportation
cost. A mathematical model is proposed to solve the problem of location selection, and it yields
the proposed restrictions.

2. Relevant applications and literature review

Many countries have started using rail transportation systems for passenger and freight move-
ment within urban areas for three main reasons. The first is in response to predicted growth in
shipments. For example, product shipments in Belgium increased by more than 3% between 2013
and 2018. The second is in response to the increase in population and expansion of the city, which
is anticipated to increase the transfer rate of passengers and parcels within and between urban
areas. Merchandise transportation and movement of people are correlated (Trentini et al., 2013).
These activities increase the transport rates between and to the outskirts of urban areas. The third
is that rail transport helps mitigate environmental pollution. Behrends (2011) stated that the EU
should make more efforts in implementing policies for more efficient freight transportation within
cities and surrounding towns. Jena et al. (2016) introduced environmental-friendly modes of
transportation by conducting research and studying the possibility of rail transport in urban
areas. According to Ford et al. (1995), railways can reduce energy consumption (tonnes/km) by
up to 50% compared to road freight systems. They can also help increase the capacity for light-
weight products. However, the main drawbacks of distributing goods within cities using rail
systems are the poor door-to-door delivery service, lack of flexibility, need for railway infrastruc-
ture, and high cost of the systems involved (Robinson & Mortimer, 2004).

The CarGo Tram Project implemented in Dresden, Germany, is a successful example of a city rail
transportation system. The project was funded by Volkswagen in collaboration with the Dresden
Digital Video Broadcasting Project (DVB); the traffic organisation of Dresden was established in
March 2001. Connecting Volkswagen’s factory and the logistics centre in Dresden, the CarGo Tram
is practical and straightforward. It has only one departure point, one target point, and operators
and customers in one location (Quak, 2008). The CarGo Tram uses a public rail network and creates
freight schedules as a loop transport system. Freight can be transported by a locomotive trailer
attachment, enabling the trams to carry the entire length of the locomotive. The CarGo Tram
reduces carbon dioxide emissions and traffic at the centre of Dresden. Marufuzzaman et al. (2016)
studied the “Grand Paris” project, which aimed to shift toward a resilient smart city through
innovation in services and infrastructure. The existing Parisian rail network is one of the largest
in Europe and aims to add another 200 km of rail lines with 68 stations.

Behiri et al. (2018) developed a model to investigate the feasibility and evaluate the potential
benefits and other impacts of alternatives using passenger rail infrastructure in the Parisian

metropolitan area. The model could provide better solutions to support decision makers to
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schedule customer demands. Hu et al. (2020) proposed a simulation model to evaluate the
operation performance of urban rail freight transportation in the city of Beijing. The results showed
that the urban rail freight transportation system could reduce traffic congestion, air pollution, and
accidents, along with improving logistics networks. Li et al. (2021) developed an optimisation
model for urban freight transportation to support the collaborative transportation of passengers
and freight. The solution provided the most profitable train service and freight allocation plans.
Motraghi and Marinov (2012) presented a simulation model to analyse the existing metro rail
system in Newcastle upon Tyne. The metro rail model was represented in the ARENA simulation
computer software. The analyses of both these scenarios showed that rail transportation used for
freight distribution in urban areas is beneficial to the existing system, through opportunities for
new businesses, increased profits, and optimised utilisation of resources. Moreover, the rail system
could accommodate 5% more goods.

Ishfaq and Sox (2011) developed a mathematical model using multiple allocation to design
a road-rail intermodal transportation network. Mufioz-Villamizar et al. (2018) used a biased ran-
domisation-based algorithm to solve problems with a multi-objective function and explore the
relationship between delivery and environmental costs in the implementation of an electric fleet of
vehicles in an urban goods distribution system for the city of Bogotd, Colombia. Hu et al. (2020)
established a bi-objective mixed-integer linear programming model for minimal costs and max-
imum system utilisation to formulate the location-allocation task for an underground logistics
system in Beijing. Ghodratnam et al. (2020) developed a new hub location-allocation model to
minimise the total costs and the sum of waiting times for processing goods in factories and
warehouses. In this study, small and medium-sized problems were solved and effective solutions
were obtained using the proposed model. Lin et al. (2012) used an optimisation model to solve
train connection services in China, which was a large-scale problem consisting of 5,544 stations
and over 520,000 shipments. The problem was highly complex and hard to solve using mathema-
tical models. A simulated annealing algorithm was, therefore, developed to find the solution.

3. Problem description and mathematical modelling

This study introduces a method for alternating the mode of transportation for goods and parcels.
In cities with traffic congestion, vehicles are associated with greenhouse gas emissions and other
types of pollution. Therefore, the transportation and distribution of goods should be realised by
a combination of public transport systems using light rail and road carriages. The problem of
effective transportation can be solved using both light rail trains and road vehicles, instead of the
current forms of transportation, to deliver products from the origin to the destination distribution
centre. Currently, parcels are delivered from distribution centres to other destination distribution
centres by road. Each distribution centre acts as an origin and destination distribution centre for
other distribution centres. In the proposed method of integrating a city’s existing light rail transit
system with road transportation, parcels will be picked up by a pickup truck or motorcycle and
transported by road from the origin distribution centres to the rail distribution hubs, which are
located at rail stations. The parcels will then be distributed using a light rail system to their
destination rail distribution hubs. Finally, road carriages will be used to carry the parcels from
the rail distribution hub to the destination distribution centres. Figure 1 shows a conceptual image
of the light rail transit system. Thus, the problem addressed in this study is the selection of light rail
stations, which serve as rail distribution hubs or service points to deliver parcels through the light
rail system. The objective of the model is to minimise the overall costs, including the cost of
establishing a rail distribution hub, transportation cost, and delivery cost. The notations used in the
proposed mathematical model are as follows:

Index

idistribution centres (i=1,2,3...,1)
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Flgf.lre 1. Schematic of the . y 9 Distribution centre
freight transport system using %

road and light rail transit.
sl

oo ens i /35%

II.IIII.IIIII.IIII.]:

Selected light rail Light rail station
station or rail

distribution hub -

=|

jlight rail stations (j=1,2,3...,J)
tplanning periods (t=1,2,3..,T)
Parameters
Inumber of distribution centres
Jnumber of light rail stations
Tnumber of planning quarters
F; fixed cost of establishing a rail distribution hub at station j
Cj transportation cost from distribution centre i to light rail station j (unit cost/km)
CTj; delivery cost from distribution centre i to light rail station j (unit cost/box)
D;; demand quantity to be delivered from distribution centre i of period t (box)
Cap; capacity of light rail station j (box)
Dist; distance from distribution centre i to light rail station j (km)
MDist; maximum allowance distance between distribution centre i and rail distribution hub j (km)
Malarge value equal to 10,000,000,000
Decision variables
Y;+ 1 if a rail distribution hub is opened at a light rail station j at period t, 0 otherwise

Xiit 1if the parcels are transported from distribution centre i to rail distribution hub j at period t, 0
otherwise

Qi transport quantity from distribution centre i to rail distribution hub j at period t

The problem is formulated as follows:
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T J T I J T I J
t=1j=1 t=1i=1j=1 t=1i=1j=1

Subject to

T 1 .

% X DieXi < CapyY;Vj 2)
t=1i=1

J
Y Xje = 1Vi t (3)
j=1
t=1j=1 )

ET: ;(Qijt — DieXjjt) = 0; Vi (4)
Dist;Xjr < MDist;  Yjt; Vi, j, t (5)
Dist;Xj: < MDist; x Yjt; Vi, j, t (6)

I .
> (Xje — Yir) <0V, t (7)
i=1

T ..
> Qjt > 0;Vij (8)
t=1
Y € {0,1}; Vi, t 9
Xje € {0,1}; Vi j,t (10)
Qjt € Integer; Vi, j, t (11)

The objective function (1) seeks to minimise the sum of the establishment cost, transportation
cost, and delivery cost. The establishment cost is the fixed cost of opening a rail distribution hub at
any light rail station. The transportation and delivery costs are the costs of transporting and
carrying parcels from the distribution centre to the rail distribution hub, respectively. Constraint
(2) ensures that the quantity of parcels delivered from the distribution centre i at period t does not
exceed the capacity of the rail distribution hub j. Constraint (3) assigns each distribution centre to
exactly one rail distribution hub. Constraint (4) deals with the quantity transported from the
distribution centre, which must be equal to the demand quantity to be delivered. Constraint (5)
ensures that the transport quantity must be less than or equal to the large value M defined above.
Constraint (6) states that the transport distance between the distribution centre and the rail
distribution hub should not be greater than the specified maximum allowance distance.
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Constraint (7) ensures that when a rail distribution hub is established, it is more than or equal to
the amount of transport. Constraint (8) requires that the quantity to be transported must be at
least zero. Constraints (9), (10), and (11) define variables.

4. Application to the city of Bangkok

In Bangkok, the capital city of Thailand, three separate mass transit systems are currently in
operation to provide a long-term solution to traffic congestion on roads. The first one is the
Bangkok Mass Transit System (BTS), operated by the Bangkok Mass Transit System Public
Company (BTSC); the routes cover various stations in Bangkok and its surrounding areas.
The second system is the Metropolitan Rapid Transit (MRT) System, which is operated by the
Mass Rapid Transit Authority of Thailand (MRTA). The MRT is part of the rail transport network in
Bangkok and its surrounding provinces, along with BTS Skytrain in Bangkok and the Suburban
Railway System (Red Line) of the State Railway of Thailand (SRT). The third mass transit system is
the Suvarnabhumi Airport Rail Link (ARL), which is a special mass transportation system project. Its
service format is that of a heavy rail transit system with elevated runways at a height of 20 m
throughout the project, except at the entrance to Suvarnabhumi Airport. This sky train is lowered
to the ground level after crossing the Suvarnabhumi 2 Road and then to a subway station at
a depth of 12 m underground. The rail size is 1.435 m (European standard gauge). Figure 2 shows
the current routes and points of connection of the three mass transit systems.

This section presents the results of the computational experiments conducted to find the
optimum number and location of rail distribution hubs. A numerical study was conducted on
freight transport using the light rail transit system in Bangkok. The company associated with our
case study currently has 15 distribution centres for pick-up and drop-off, located in the Bangkok
metropolitan area. Sixty vehicles in two sizes (20 pickup trucks and 40 motorcycles) were used to

Figure 2. Map of the existing
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deliver parcels from the origin to the destination distribution centre. Each pickup truck can carry an
average of 500 boxes, whereas the motorcycles can carry 50 boxes. The transportation cost of
a four-wheel pickup truck was 7.45 baht per kilometre whereas it was 4.9 baht per kilometre for
a two-wheel motorcycle. Currently, there are 97 light rail stations in total, with each supporting
a maximum of 1,500 boxes of parcels. The establishment cost of one rail distribution hub was
100,000 baht. The maximum acceptable distance between a distribution centre and a rail distribu-
tion hub was 50 km. The actual shipping distances were obtained from Google Maps. Table 1 lists
the transport demand quantity of each distribution centre in 12 periods. The hub location-alloca-
tion problem to determine the locations of transport stations along railway lines in this case study
can be categorised as a small and medium-sized problem. Therefore, the proposed mathematical
model can be used to solve the problem. The computer software Lingo version 13.0 was used to
solve the numerical model, which is a mixed-integer linear programming (MILP) problem.

The result showed that the optimum number of rail distribution hubs is 13 for the 97 light rail
stations (station nos. 1-97). Figure 3 shows the selected light rail stations corresponding to the
locations of the rail distribution hubs. As shown in the figure, the 13 selected stations cover
the area for parcel transport and distribution based on customer demand. Table 2 presents the
selected station at which to establish the rail distribution hub and quantity to be transported for
each distribution centre through a rail distribution hub during the planning horizon. Table 3 shows
the comparisons of the average transport cost, time, and distance between the current and the
proposed freight transportation method. The cost of transportation decreased by 10%, the average
transport time by 16.67%, and the transport distance by 33.33%. The decrease in the cost and time
due to the decrease in transport distance was attributed to the positioning of the distribution hubs
along the rail stations of the mass rapid transit system. Therefore, the efficiency of the light rail
transit system is higher than that of the current system; this is because the light rail transit system
has a shorter distance and less interruption.

The additional cases for solving a large number of problems were established by increasing the
number of distribution centres to 19, 23, 27, and 31. Table 4 lists the results of the rail distribution
hub for all the five cases. The optimum number of rail distribution hubs increases with the increase

Table 1. Transport demand quantity to be delivered from each distribution centre

DC Transport quantity at the planning horizon (box)

1 2 3 4 5 6 7 8 9 10 11 12
1 6450 | 3750 12,870 | 4530 | 8760 8340 9180 | 3870 | 3510 | 2370 4020 13,350
2 11,580 9990 6270 6780 4290 10,050 | 1920 | 3270 |10,650 6360 12,360 | 7710
3 11,760 8520 |10,170 | 8820 11,610 4950 | 6330 | 7650 | 2490 2310 | 1680 10,050
4 13,440 13,140 |10,500 13,320 | 4650 11,700 10,200 | 11,490 10,770 = 2040 7440 7530
5 9840 12,120 | 11,970 112,540 | 3300 = 7020 11,490 12,450 | 9900 | 5910 6180 13,140
6 3360 110,440 12,630 1980 | 2040 3000 11,040 | 3870 5100 4110 6960 8520
7 11,520 8160 11,130 | 4410 6450 10,320 11,340 |13,260 | 4740 10,800 3660 = 8280
8 13,200 12,660 3450 2190 10,020 | 3390 | 4530 11,430 |11,250 = 2790 13,440 | 8070
9 11,490 3120 | 6300 7350 9990 8910 9930 | 3780 | 3780 8070 | 5760 12,120
10 3480 | 9510 3240 7380 | 8130 2790 11,670 6360 | 6660 11,670 3630 3630
11 8910 | 3120 13,320 12,780 | 11,460 = 7680 12,870 10,110 | 2580 12,150 2310 11,010
12 1680 1950 3270 3450 6150 5100 | 3240 | 5790 | 2430 10,470 6150 @ 5820
13 7500 7140 1530 8430 10,470 11,700 | 6360 | 6960 3360 | 9810 9330 11,460
14 5940 1830 6750 3810 11,220 6240 | 1980 | 6960 4710 | 3630 7110 6510
15 13,200 6090 5430 6840 7200 13,500 11,970 | 3900 2280 | 8400 7410 12,030
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in the number of distribution centres. Different rail stations will be selected for a rail distribution
hub because of the difference in the transport demand quantity and the distance from the
distribution centre to the raqil distribution hub. Some stations have been selected frequently;
these are station nos. 97 and 5. In addition, station no. 97, which is Phaya Thai station, is the
interchange station in the inner city. This implies that these stations are potential locations for
fulfilling customer demand while minimising the total logistics cost.

5. Additional experiments

In this section, the sensitivity of the solutions based on variations of the transport demand were
analysed. The problems with increasing the number of distribution centers (i.e., 15, 19, 23, 27, 31)
were solved by proposed mathematical model. The sensitivities of the solutions in terms of the
total cost and the selected stations for the rail distribution hubs when the transport demand level
for each period varying by +20%, +15%, +10%, and *5% from its primal transportation demand
were reported.

Table 5 lists the results of all 45 example scenarios and Figure 4 shows the trends of the
total cost. Transport demand 0% is the primal transport quantity. The sensitivity result
suggests that when the transport demands are increased or decreased, the stations estab-
lished as the rail distribution hubs are to be changed slightly, resulting in minor changes in
the total costs. The model tries to respond to customer requirements while minimising the
total costs of transportation and distribution services. The marginal change in the number of
rail distribution hubs and their locations is due to constraint (6), which limits the transport
distance between the distribution centre and the rail distribution hub, and the available
capacity of the rail distribution hubs is sufficient to support the demand. Figure 5 represents
the counted quantity of each mostly selected station to establish the rail distribution hub
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Table 3. Comparison of conventional and proposed transport methods

Transport methods

Average transport

Average transport

Average transport

cost (baht/trip) time (min) distance (km)
Convention 1,491.00 120 30
Proposed 1,341.90 100 20

Table 4. Computation results for the optimum number of rail distribution hubs with increasing

number of distribution centres

The number of DCs The optimum number of rail Selected station no.
distribution hub

15 13 5,10, 12, 29, 32, 54, 68, 72, 77, 88,
91, 96, 97

19 16 1,5, 7, 14,17, 32, 35, 39, 41, 56,
62, 63, 70, 79, 80, 85

23 17 1,6,9, 13, 21, 28, 32, 35, 58, 64,
75,79, 81, 83, 87, 94, 97

27 24 5,6, 814,16, 22, 24, 25, 31, 39, 40,
50, 53, 59, 60, 64, 74, 75, 76, 79,
80, 84, 87, 97

31 25 10, 18, 22, 23, 24, 25, 26, 27, 28,
35, 46, 53, 56, 61, 63, 68, 69, 74,
77, 88, 91, 92, 94, 96, 97

from all 45 scenarios. Station number 97, Phaya Thai station, is the most selected from all
scenarios. The station is located in central Bangkok and is surrounded by several government
buildings and office towers. The population along with condominiums is more concentrated in
the area. Moreover, the station is the origin of the Airport Rail Link Line that connects
Bangkok city centre to Suvarnabhumi International Airport. There is a direct interchange to
the BTS Sukhumvit Line that connects the station to the rest of Bangkok.

6. Conclusions

This study developed a location-allocation model to determine appropriate rail distribution hubs in
a light rail transit system to deliver parcels in urban areas more efficiently. This method is applied
to the light rail transit network in Bangkok, Thailand. The result illustrates that the proposed model
is able to produce practical solutions. The stations to establish an optimal rail distribution hub
cover the area for parcel transport and distribution based on customer demand. The light rail
transit system can also improve the efficiency of the transportation process and reduce the
transportation cost by 10%. Moreover, the transportation time can be reduced. In addition, the
light rail transit system could alleviate the problems of traffic congestion and pollution, which are
the main contributors to the greenhouse effect. Therefore, the proposed method can improve the
performance of transport operations and reduce impact on the environment, making it a suitable
plan for parcel distribution in urban areas. Furthermore, the proposed concept and model can be
applied to a city like Bangkok which has high demand for freight movement and a problem of
traffic congestion. A heuristics approach can be developed further for more complex problems,
especially when the numbers of train stations and distribution centres increase. This study can also
be extended by considering a light rail timetable for collaborative planning and scheduling of
passenger and freight transportation.
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Table 5. Computation results of each scenario
Transport Selected station no. [The minimum cost (unit cost)]

demand
I=15 I=19 I=23 I1=27 I=31
+20% 5,10,12,29,32, | 1,5, 7, 14,17, 1,2,6,9,12,13, | 5, 6, 8,14, 16, 10, 20, 21, 22,
54, 64, 68, 72, 32, 35, 39, 41, 21, 28, 32, 35, 22, 24, 25, 31, 23, 24, 25, 26,
77, 88, 87, 91, 56, 62, 63, 70, 58, 64, 75, 79, 39, 40, 47, 50, 27, 28, 35, 46,
96, 97 79, 80, 85, 88 81, 83, 87, 94, 53, 59, 60, 64, 50, 53, 56, 61,
[10,687,369] [15,891,117] 97[16,086,314] | 74,75, 76, 79, 63, 68, 69, 74,
80, 84, 87, 96, 77, 82, 88, 91,
97[17,778,558] | 92, 94, 96, 97
[21,280,922]
+15 5,10,12,29,32, | 1,5, 7, 14,17, | 1,2,6,9,12,13, | 5, 6, 814, 16, 10, 18, 20, 21,
54,68, 72,77, 32, 35, 39, 41, 21, 28, 32, 35, 22, 24, 25, 31, 22, 23, 24, 25,
88,91,96,97 | 56,62,63,70, | 58, 64 7579, | 39,40, 47,50, | 26,27, 28,35,
[10,306,718] 79, 80, 85, 88 81, 83, 87, 94, 53, 59, 60, 64, 46, 53, 56, 61,
[15,303,404] 97[15,522,091] | 74,75, 76, 79, 63, 68, 69, 74,
80, 84, 87, 97 77, 88,91, 92,
[17,163,456] 94, 96, 97
[20,485,725]
+10% 5,10,12,29,32, 1,5,7, 14,17, 1,6,9,6 12,13, 5, 6, 8,14, 16, 10, 18, 20, 21,
54,68, 72,77, 32, 35, 39, 41, 21, 28, 32, 35, 22, 24, 25, 31, 22, 23, 24, 25,
88, 91, 96, 97 56, 62, 63, 70, 58, 64, 75, 79, 39, 40, 50, 53, 26, 27, 28, 35,
[9,855,509] 79, 80, 85 81, 83, 87, 94, 59, 60, 64, 74, 46, 53, 56, 61,
[14,764,223] 97[14,928,391] | 75, 76, 79, 80, 63, 68, 69, 74,
84, 87, 97 77, 88, 91, 92,
[16,465,227] 94, 96, 97
[19,592,353]
+5% 5,10,12,29,32, 1,5,7, 14,17, 1,6,9, 13, 21, 5, 6, 8,14, 16, 10, 18, 21, 22,
54,68, 72,77, 32, 35, 39, 41, 28, 32, 35, 58, 22, 24, 25, 31, 23, 24, 25, 26,
88, 91, 96, 97 56, 62, 63, 70, 64, 75, 79, 81, 39, 40, 50, 53, 27, 28, 35, 46,
[9,512,592] 79, 80, 85 83, 87, 94, 97 59, 60, 64, 74, 53, 56, 61, 63,
[14,158,078] [14,262,144] 75, 76, 79, 80, 68, 69, 74, 77,
84, 87,97 88, 91, 92, 94,
[15,863,923] 96, 97
[18,829,065]
0% 5,10,12,29,32, 1,5,7, 14,17, 1,6,9, 13, 21, 5, 6, 8,14, 16, 10, 18, 22, 23,
54,68, 72,77, | 32,3539, 41, |28, 32,35 58 | 22 24 25 31, |24 25 26, 27,
88, 91, 96, 97 56, 62, 63, 70, 64, 75, 79, 81, 39, 40, 50, 53, 28, 35, 46, 53,
[9,163,651] 79, 80, 85 83, 87, 94, 97 59, 60, 64, 74, 56, 61, 63, 68,
[13,557,356] [13,715,829] 75, 76, 79, 80, 69, 74, 77, 88,
84, 87,97 91, 92, 94, 96,
[15,289,270] 97[18,028,822]
5% 5,10,12,29,32, 1,5,7, 14,17, 1,6,9, 13, 21, 5,6, 8, 14, 16, 10, 18, 22, 23,
54,68, 72, 77, 32, 35, 39, 41, 28, 32, 35, 58, 22, 24, 25, 31, 24, 25, 26, 27,
88, 91, 96, 97 56, 62, 63, 70, 64,75, 79, 81, 39, 40, 47, 50, 28, 35, 53, 56,
[8,806,983] 79, 80, 85 83, 87, 94, 97 53, 59, 60, 64, 61, 63, 68, 69,
[12,948,171] [13,157,986] 74,75, 76,79, 74,77, 88, 91,
80, 84, 97 92, 94, 96, 97
[14,710,766] [17,265,515]
-10% 5,10,12,29,32, | 1,5, 7, 14,17, 1, 6,13,21,28, | 56,8, 14, 16, 10, 18, 22, 23,
54,68, 72,77, 32, 35, 39, 41, 32, 35, 58, 64, 22, 24, 25, 31, 24, 25, 26, 27,
88, 91, 96, 97 56, 62, 63, 70, 75, 79, 81, 83, 39, 40, 47, 50, 28, 35, 53, 56,
[8,435,383] 79, 80, 85 87, 94, 97 59, 60, 64, 74, 61, 63, 68, 69,
[12,415,191] [12,601,341] 75, 76, 79, 80, 74,77, 88, 91,
84,97 92, 94, 96, 97
[14,091,373] [16,522,844]
-15% 5,10,12,29,32, 1,5,7, 14,17, 1, 6,13, 21,28, | 5,6, 8, 14, 16, 10, 18, 22, 23,
54,68, 72,77, 32, 35, 39, 41, 32, 35, 58, 64, 24,25, 31, 39, 24, 25, 26, 27,
88, 91, 96, 97 56, 62, 63, 70, 75, 79, 81, 83, 40, 47, 50, 59, 28, 35, 53, 56,
[8,091,656] 79, 80, 85 94, 97 60, 64, 74, 75, 61, 63, 68, 69,
[11,877,163] [12,057,765] 76, 79, 80, 84, 74,77, 88, 91,
97[13,516,762] | 92, 94, 96, 97
[15,781,969]

(Continued)
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Table5. (Continued)

Transport Selected station no. [The minimum cost (unit cost)]
demand
I=15 I=19 I=23 I=27 I=31
-20% 5,10,12,29,32, | 1,5, 7, 14,17, 1,6, 13,21, 28, | 5,6, 8, 14, 16, 10, 18, 22, 23,
54, 68, 72,77, 32, 35, 39, 41, 32, 35, 58, 64, 24, 25, 31, 39, 24, 25, 26, 28,
88, 91, 96, 97 56, 62, 63, 70, 75,79, 81, 83, 40, 47, 59, 60, 35, 53, 56, 61,
[7,744,772] 79, 80, 85 94[11,464,482] | 64, 74,75, 76, 63, 68, 69, 74,
[11,338,503] 79, 80, 84, 97 77, 88, 91, 92,
[12,929,347] 94, 96, 97
[15,069,477]
Figure 4. The total cost of the 2,20,00,000
example scenarios under trans-
port demand variation. 2,00,00,000
1,80,00,000
<
S 1,60,00,000
M
g
= 1,40,00,000
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