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Abstract 

Cities are witnessing a rapid growth in population and vehicles, causing greater traffic 

congestion on roads. Therefore, a need for a better transportation system to avoid this 

swelling congestion. In this research, we examine an emerging technology in freight and 

package delivery systems that will help reduce reliance on traditional ground transportation 

systems called Underground Pallet Tube System. The goal is to allow the distribution 

center located outside of city limits, to deliver pallets and packages to retail stores located 

inside the cities through an underground network of pipelines or tubes. We introduce an 

Underground Pallet Tube System model that generates a network design solution which 

minimizes construction cost while connecting to many of its customers located in the center 

of the city.
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Chapter 1  Introduction 

Cities are large hubs of places where many number of people reside and work. They are 

also centers for government trade and commerce, businesses and transportation. Per United 

Nations (UN) in 2016, there were 512 cities with at least 1 million habitants and they are 

projected to grow to 662 cities by 2030. Cities with more than 10 million inhabitants are 

termed as “Megacities” with around 31 globally in 2016 and expected to grow to 41 by 

2030 (U.N., 2016) 

City Logistics is defined as “the process for totally optimizing the logistics and transport 

activities by private companies in urban areas while considering the traffic environment, 

the traffic congestion and energy consumption within the framework of a market economy” 

(Taniguchi et al., 1999). Freight transportation of goods play a key role in the urban areas. 

With the boom of e-commerce and home delivery market, the number of delivery trucks 

on road have increased causing major traffic congestion and pollution. Per U.S Energy 

Information Administration, of all the greenhouse gases emitted by US 84% were energy 

related and 92% of them were carbon dioxide emissions from combustion of fossil fuels 

(shown in Figure 1.1). Transportation sector is the largest sources of energy-related CO2 

emissions in the United States at 34% in 2014. Transportation comes second to the electric 

power generation that stands at 38% (Monthly Energy Review, U.S Energy Information 

Administration, 2014)  
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Figure 1.1 U.S energy-related CO2 emissions (in million metric tons) from 1990-2014 (U.S Energy 
Information Administration, 2015) 

 

Inventory levels in stores have shortened and businesses are increasingly moving towards 

a Just-in-Time paradigm. Hence the number of products sold are increasing considerably 

and inventories turn multiple times in a year. This rise in the service economy has boosted 

the demand for express transport and courier services. These factors also made urban 

economies dependent on transportation systems, with more recurrent and customized 

deliveries. This phenomenon increases the need for a higher intensity and regularity of 

freight distribution. Approximately 63 tons of goods per person in the U.S. are moved by 

trucks, railroad, water and air transportation methods each year. As the population and the 

economy grows, the demand for freight transportation is expected to grow therefore 

stretching the system (Foxx, 2015). 

The economy of U.S. is expected to double in size within the next 30 years, with truck and 

rail freight modes expected to increase approximately by 45%. Figure 1.2 shows the 
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different modes of freight transportation. Figure 1.3 shows the ton-miles quantity of freight 

transported in the US over a period of 30 years. 

 

Figure 1.2 Freight transportation distribution (Foxx, 2015) 

 

 

Figure 1.3 Ton-miles of freight moved in U.S. (in millions) (Foxx, 2015) 

 

This chapter has been further divided into three sections. First section explains the future 

advancements in transportation whereas the second gives a background into underground 
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freight transportation and lastly, the third section details the important development in 

freight transportation. 

1.1 Future technology in transportation 

Urban transport is considered one of the most substantial contributors to environmental 

and social unsustainability. The problem is not going away anytime soon, on the contrary 

the number of trucks on road are increasing significantly all over the world. Urban logistics 

is not only concerned with finding the best route, but the best vehicle. The advancements 

in technology act as a stepping stone towards a more sustainable and clean future. Three 

such technologies are discussed briefly, Alternative Fuel Vehicles (AFVs), Self-Driving 

Vehicles and Unmanned Aerial Vehicles (UAVs).  

Alternative Fuel Vehicles: AFVs are vehicles that run-on fuels other than petroleum such 

as rechargeable batteries, hydrogen, natural gas or other non-petroleum products. They 

constitute a small but increasingly important part of the transportation system. According 

to U.S Department of Energy, there are 27,344 alternative fuel stations across United States 

with 1,354 stations in Missouri. Leonardi et al., (2012) presented details of a trial conducted 

by a major stationery and office supplies company making deliveries from the urban 

consolidation center to customers in central London using electrically-assisted tricycles 

and electric vans. Jorgensen (2008) reported that the fuel efficiency of a traditional vehicle 

was about 10-15% whereas efficiency of an electric vehicle was found to be at 60-70%. 

Among AFVs, plug-in hybrid vehicles have accounted for a growing share in the market 

as they combine the benefits of both electric and traditional vehicles. Despite being 

environment friendly and low-energy vehicles, several obstacles block their widespread 

use including lack of infrastructure, high production cost, inadequate maintenance and 
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service system. Also, reducing gasoline consumption by replacing internal combustion 

vehicles with AFVs may result in a decrease in fuel tax revenues which can be utilized to 

fund transport projects (Hajiamiri & Wachs, 2010) 

Autonomous or Self-Driving Vehicles: Self-driving vehicles have been defined as “vehicles 

in which operation occurs without direct driver input to control the steering, acceleration, 

and braking”, according to the National Highway Traffic Safety Administration. They 

detect their surroundings using a variety of systems such as LIDAR (Light Detection and 

Ranging) units, cameras, radar sensors and computer vision (shown in Figure 1.4). These 

are then interpreted into sensory information to identify appropriate navigation routes. 

Tesla in October 2016 announced that all its cars will have hardware which will allow them 

to be fully autonomous in future. Ford also announced its intent to build a fully autonomous 

vehicle in commercial operation by 2021. In October 2016, Otto, a company owned by 

Uber Technologies Inc, successfully completed an autonomous of delivery of 51,744 

Budweiser cans from Fort Collins to Colorado Springs, a 120-mile long trip.  

 

Figure 1.4 Situational analysis using various sensors (DHL, 2014) 
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Based on the report Self-Driving vehicles in Logistics (DHL, 2014), the next evolutionary 

step is to start applying this technology on outside premises and on public streets. Beyond 

warehousing operations, analysts expect many applications in future along the entire 

supply chain, particularly in line haul transportation, outdoor operations and last-mile 

delivery.  

Unmanned Aerial Vehicles (UAVs): UAVs are remote controlled aircrafts that can fly fully 

autonomously or on a pre-programmed route. The drone’s ability to sense and avoid 

obstacles is one of the main research goals for the Federal Aviation Administration (FAA). 

The trials of UAVs is being conducted by FAA in six of their approved sites including 

University of Alaska, State of Nevada, New York’s Griffiss International Airport, North 

Dakota Department of Commerce, Texas A&M University – Corpus Christi and Virginia 

Polytechnic Institute and State University (FAA, 2013). To avoid navigating in forbidden 

regions, Mirzaee and Awwad (2017) developed a shortest path algorithm for flying UAVs 

used for delivery of goods, if the UAVs travel only in straight lines in the horizontal 

direction. These algorithms were studied under two scenarios, first is where the origin and 

destination regions are adjacent and the second where these regions are non-adjacent. The 

proposed algorithms are characterized by its simplicity and its ability to be executed in real 

time which allowed the UAVs to change its path or re-route to avoid an obstacle or a no-

fly zone. Murray and Chu (2015) provided with two mathematical programming models 

aimed at optimal routing and scheduling of unmanned aircraft, and delivery trucks, for last-

mile delivery in logistics operations.  

Amazon Prime Air (as shown in Figure 1.5) made headlines when they successfully 

delivered a package on a drone in 13 minutes near Cambridge, UK. Amazon in April 2016, 
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patented an “Airborne Fulfilment Center” which will act as a launch-pad for the UAVs to 

deliver packages in minutes. 

 

Figure 1.5 Delivery using Amazon Prime Air (Amazon Technologies Inc., 2015) 

 

Based on a survey conducted by Eye for Transport (eft), 39% of the responses indicated a 

move towards drone delivery in the future whereas only 22% declined the use of drones. 

The rest 39% were depended on the regulations for drone usage, which might shift on either 

side. But because the UAVs market is estimated to grow from $151 million in 2014 to $1.2 

billion by 2020, logistics providers see a huge potential and thereby increasing the number 

of trial deliveries performed. 

Last mile delivery is the final leg of the supply chain network, where the package is 

delivered to the customer. It is regarded as one of the most important leg and hence must 

be accounted for. E-commerce giant Amazon has built its customer base by understanding 

their needs and wants but has not yet completely solved the last mile problem – same day 

delivery. In a survey conducted by (Joerss et al., 2016) (shown in Figure 1.6) most of the 

consumers prefer to choose the cheapest form of delivery option. 
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Figure 1.6 Share of consumers choosing delivery options (Joerss et al., 2016) 

 

The use of drones will change the way last mile deliveries are carried out in the future. It 

is extremely expensive to transport goods to rural areas; this problem can be solved by 

using drones to deliver the products. Drones are suitable for smaller parcels (right now the 

limit is ~5kg) but for larger packages a full-service operator would be required to deliver 

the items. Also, the drones traveling longer distances would require a landing base of at 

least 2 𝑚2 (Joerss et al., 2016). Similarly, landing sites will also be required for smaller 

sized drones in urban areas.  

1.2 Underground freight transportation (UFT) 

One of the means to address the traffic congestion on highways and urban roads was the 

establishment of underground transport where tunnels were constructed beneath the roads 

for quicker movement of passengers. The very first underground rapid transit was 

constructed in London in 1863 but did not attract much attention due to the amount of 

smoke it released causing discomfort. Between 1863 and 1890, numerous proposals were 

put forward to build pneumatic and cable hauled railways but none of them were successful 

(Badsey-Ellis, 2005). In 1890, the smoke problem was overcome with the introduction of 
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electric railways and by the time of first World War many underground electric railways 

were developed in Boston, Athens, Buenos Aires, Berlin, Budapest, Philadelphia, 

Glasgow, Paris, New York city, Hamburg and Liverpool. In 21st century, China became 

the world leader by number and the fastest growing rapid transit network systems. 

UFT includes all methods of automated movement of cargo by vehicles through a network 

of underground tunnels (Roop et al., 2002). UFT has been around for more than 150 years 

and can be categorized into capsule pipeline and automated vehicle systems (shown in 

Figure 1.7). 

 

Figure 1.7 Types of underground freight transportation systems 

 

In a capsule pipeline system, cargo is transported in a capsule system through underground 

pipeline network. Freight pipelines can be classified into four types explained as follows, 

Slurry Pipelines: These are also referred to as coal pipelines as they were used to transport 

coal in a more pulverized form in water (1:1 ratio by weight). Once coal arrives at its 

destination, the water is removed, and the coal is ready to use. These were mainly used to 

transport coal to utility companies to generate electricity (Roop et al., 2002). 
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Pneumatic Capsule Pipelines (PCP): PCP is the advanced version of “pneumatic tubes” 

used over half a century ago for underground transportation of mail, parcels and other 

goods. Two types of PCPs were developed in Japan, one being round with a 1-meter 

diameter and the other being rectangular with cross section of 1x1 meter or larger (as shown 

in Figure 1.8). Further discussion on the implementation of these systems in Japan has been 

explained in Liu (2004). These PCP systems used blowers to blow air through pipes which 

in turn propels the capsules. This had caused problems with the movement of the capsules 

as the flow was not continuous and this would block the passage of capsules.  

 

Figure 1.8 PCP systems a) Round (left) b) Rectangular (right) (Liu, 2004) 

 

Linear Induction Motors (LIM): LIM in PCPs are used as electromagnetic capsule pumps 

(Liu, 2004). Use of LIM reduces system costs and makes the movement of capsules more 

flexible. The LIMs not required for the entire length of the PCP tube, instead, they are 

mounted in strategic locations along the PCP (such as at the inlet and branching points). In 

long distance PCP system, each LIM stator is a slab-like structure of 10 to 50 meters long 

containing copper wires connected to a power grid or a generator as shown in Figure 1.9. 

The capsules are propelled directly by LIM, there is no restriction imposed by the airlocks 
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and valves for stopping the capsules, allowing the system to be operated continuously 

without any interruptions or limitation in distances. The advancement of LIM based PCP 

system plays a key role in implementing and assessing the practicality of considering an 

underground transportation of freight. 

 

Figure 1.9 LIM capsule pump in PCP (Liu, 2004) 

 

Hydraulic Capsule Pipelines (HCP): HCP was first introduced during World War II to 

transport war materials but due to technological constraints the concept was never 

implemented. HCP uses water as a transporting fluid as it is much denser than air at 

standard atmospheric pressure, larger buoyancy and lift forces are generated on hydraulic 

capsules, this making it possible to lift the capsules at lower velocities thus eliminating the 

need for wheels (Roop et al., 2002).  

Automated vehicles operate underground without any disturbance on the surface 

improving the reliability and its efficiency. Automated vehicles are broadly classified into 

trucks and rail bound systems. 
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Based on a report prepared by U.S. Department of Transportation, major international ports 

and hubs such as New York, Los Angeles, Chicago are some of the areas with worst truck 

delays. Figure 1.10 shows the cost that will be spent on traffic congestion in 2040. 

 

Figure 1.10 Cost of Congestion (Foxx, 2015) 

 

UFT is expected to be used in the next few decades to address the freight transportation 

needs. It has not yet been completely utilized to its potential. Some of the few benefits 

outlined by researchers are, 

i. Reduction of traffic on roads due to lesser delivery trucks on city streets. 

ii. Reduced pollution of air and noise making the environment safer. 

iii. Greater reliability of network as it will be unaffected by weather and rapid delivery 

of items to destination. 

iv. Conservation of natural resources and decreased reliance on foreign nationals for 

fossil fuels. 

v. Greater security as underground networks are less susceptible to terrorist attacks. 
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1.3 Development in UFT system 

Egbunike and Potter (2011) examined the development and innovations of freight 

pipelines, mainly from a European and UK perspective. The latest technological 

developments are identified and the policy landscape towards freight pipelines is also 

outlined. During the most recent decade, some the technologies have developed further. 

Cargo Cap: Cargo Cap is an underground transportation project initiated in Ruhr 

University, Bochum. The aim was to develop an underground transportation system to 

connect urban areas, industrial estates, airports etc. in Ruhr areas. The cargo cap capsule 

had an inner diameter of 63 inches which can carry two Euro sized pallets. These vehicles 

traveled at 20 miles/hour on rails with a minimum spacing of 6.6 ft. between each capsule. 

Figure 1.11 shows a cargo cap capsule with two euro-size pallets. 

 

Figure 1.11 Cargo Cap capsule loading (CargoCap, 2007) 

 

Pipenet: Pipenet was developed in University of Perugia in Italy with its first prototype 

built in 2006. The system aimed at transporting small volumes of freight through pipelines 
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at high speeds and low friction. The capsules in this system could carry one euro-sized 

pallet. The mode of propulsion was linear electric synchronous motor which can recover 

some of its kinetic energy during deceleration. To reduce friction in long distance 

transportation magnetic levitation was used. Cotana et al., (2008) rates this at an advanced 

concept stage with number of research works and feasibility studies having been 

successfully carried out. Figure 1.12 shows the prototype model of pipe net in Terni, Italy. 

             

Figure 1.12 Two station prototype of Pipenet (Pipenet, 2009) 

 

Interdepartementale Projectgroep Ondergonds Transport (IPOT): In 1997, an 

Interdepartmental Underground Transport task force (or IPOT in Dutch) consisting of 

several ministries from Netherlands was formed to discuss the feasibility of underground 

transportation projects. OLS-ASH which is the Dutch acronym for Underground Logistics 

System - Aalsmeer Schiphol Hoofddorp, is the base project for UFT in the Netherlands, 

creating an undisturbed link between the flower auction in Aalsmeer, Schiphol airport and 

an international railway station near Hoofddorp (Pielage, 2001). Figure 1.13 shows an 

overview of various underground projects in Netherlands. 
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Figure 1.13 Overview of OLS (UFT) systems in Netherlands (Pielage, 2001) 

 

Amazon’s Dedicated Delivery Network system: Amazon Technologies Inc., received a 

patent (November 29, 2016) for a dedicated delivery system that enables the delivery of an 

item from origin to destination using one or subterranean aboveground elements. The 

network may be specifically configured to deliver an object such as a single item or a 

container consisting of multiple items, either in horizontal or vertical direction. These 

elements are driven by or along conveyors or rails and may encompass one or more 

pressure-controlled carriers within a vacuum environment. Figure 1.14 shows the 

representation of the delivery system developed. 
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Figure 1.14 Pictorial representation of a delivery of an item from fulfilment center to customer 
using dedicated delivery system (Amazon Technologies Inc.,2016) 

 

Presently, much work has been done in the technological and component development of 

UFT but to the best of our knowledge little work has been done towards designing a logistic 

network for UFT systems. This research intends to build on the work of Luo (2014) and 

Liu (2004) and further its application by designing an underground network of pallet tubes 

which will be used to transfer pallets from warehouses to retail stores located inside 

congested cities. The amount of research focusing on city logistics of United States is small 

compared to the rest of the world (Behrends, 2016). The current systems have limited 

number of freight carrying capsules and stations. This has motivated us in addressing the 

problem of underground logistic network design for larger number of stations. 

This research has been divided into the following chapters. Chapter 2 presents a relevant 

background and literature review of underground rapid transit system and a review of 

underground freight transportation system, which forms the base for urban underground 

pallet tube system. Chapter 3 states the objective function, problem assumptions and 

presents a mathematical MILP model to solve the problem logistic network design. Chapter 

4 presents an analysis of the experimental results and chapter 5 summarizes the 

contributions of this research and proposes probable future extensions. 
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Chapter 2  Literature review 

A MILP mathematical model is presented in the next chapter which is based on freight 

pipeline network design. The network consists of multiple stations with cargo traveling 

from origin to destination in the pipeline. In this section, a literature review of underground 

network design consisting of both passenger and freight movement is presented. 

2.1 Rapid transit network design 

With the advancements in technology, the transportation sector grew with many major 

cities improving their existing transit networks or building newer ones. One important issue 

faced when designing a transit network is to determine the configuration of alignments and 

stations. Gendreau et al., (1995) examined 40 rapid transit network projects and indicated 

that the process of designing transit networks is complicated and requires multiple 

constraints and objectives, large capital investment, long term commitment and provided 

operational research tools to assist the design process.  

This section has been divided into two parts where first modeling issues for transit 

networks are explained and then second different model-solving technique are presented. 

2.1.1 Modeling Issues in Transit Network Design 

A good network design should be able to reduce travel time and provide a more directed 

travel service. Research on assessing the quality of upcoming or existing network was 

started by Musso and Vuchic (1988), which consisted a set of nodes N and a set of 

edges/arcs E. The topology of network was defined over 𝐺 = (𝑁, 𝐸), with multiple 

parameters including number of stations, length of the network, number of lines. 
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One of the main objective of rapid transit network is to improve population’s mobility and 

reach. A good transit network should be able to connect major dense areas which will have 

greater reach. One aspect of good transit network is the network design problem (Ahuja et 

al., 1995). Important considerations while designing the network is to minimize the 

construction cost and maximum coverage. Network design problems which include the 

objectives of maximizing coverage or minimizing construction cost are classified as Steiner 

Tree Problems with Profits (STPP). A few examples of STPP are Prize-collecting, 

Fractional, Quota etc. (Costa et al., 2006). STPP models can help locate a network but it is 

difficult to breakdown the network into a set of distinct transit lines. 

A game theory concept was applied by Laporte et al., (2010) for designing a uncapacitated 

transit network in the presence of link failures and competing mode. It was assumed that 

when a link fails, another path is provided to transport passengers between the endpoints 

of the affected link. The problem was a non-cooperative two player zero-sum game with 

perfect information. Robust network designs were yielded corresponding to the saddle 

points of the mixed enlarged game. 

STPP models can be used to locate a network but they cannot help decomposing the 

network into a set of distinct transit lines. Laporte et al., (2011) combined the Prize-

collecting STPP and a simpler version of model presented in Laporte et al. (2010), and 

introduced a new model which consisted a set of lines L covering a part of G with an 

objective to minimize the linear combination of construction cost and population mobility. 
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2.1.2 Alignment Models of Rapid Transit Network 

To locate single or multiple alignments in a network, mathematical models proves to be 

tedious. Therefore, various heuristics and algorithms were developed to solve the problem. 

A few relevant literatures are presented below. 

A tabu search heuristic was developed to solve the problem of locating a rapid transit line 

by Dufourd et al., (1996). The objective was to maximize the total population covered by 

the alignment. Several randomly generated instances of computational tests and sensitivity 

analysis was performed on different parameters.  

Bruno et al., (2002) proposed a heuristic for locating several alignments along a transit line. 

This method is viewed as a building block for multi-line network design problem. The 

heuristics is solved in two phases, (1) construction of single alignment, and (2) solution 

improvement. During test problems, the proposed method yields optimal or near-optimal 

solutions within a few seconds. The method presented can be easily adapted to construct a 

linear extension to an existing network or fine tune a solution. 

Several heuristics have been described for the construction of rapid transit alignment in 

Laporte et al., (2005). The objective function includes the maximization of the total origin-

destination demand covered by the alignment. Based on the scenario data from Sevilla 

where the upper bound for inter-station distance is greater than 1250m, a simple greedy 

extension heuristic provided the best solution. Otherwise, when those upper bounds are 

smaller (750 m and 1000 m), an insertion heuristic followed by a post-optimization phase 

yields the best results.  
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2.2 Underground freight network design 

Freight transportation will increase in the coming years which will significantly increase 

truck transportation causing more congestion and degrading the environment with its 

pollution. A freight pipeline structure was studied between Dallas and San Antonio 

(approximately 300 miles long, 6.6 m in diameter) with proposed terminals at Waco, 

Temple, Austin and San Marcos with addition to the end terminals (Goff et al., 2000). 

Linear Induction Motor (LIM) was the assumed as the means of propulsion with capsules 

traveling at 55 mph. The research presented the following conclusions,  

• The estimated mean years for the propulsion and control systems to fail is 80 years 

when compared to the average of 10 years estimated for truck engine failure.  

• The total lifetime of tube system was estimated at 60 years until failure which is 

approximately three times greater than highways. 

• The track for the underground systems would last for approximately 55 years until 

failure. 

Underground transportation network need not be a new but can also be an existing network 

as explained by He et al., (2008). A conceptual system of Rail Transit Urban Logistics 

framework (as shown in Figure 2.1) consisting of management information center, cargo 

center, rail transit and delivery workers was developed. All the information regarding the 

freight is already stored in management information system. At the destination, the delivery 

workers pick up the goods. The interesting concept is the use of transport containers which 

can be easily jointed or disjointed from the metro system. They are two types of containers, 

one is transport carriage and other is transport box. In the first type, if there are enough 

goods going to the same destination they can be loaded into the container and transported. 
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In the second type, a standard carriage is utilized to carry standard boxes where each box 

has a Radio Frequency Identification (RFID) label which has all kinds of information such 

as the destination, sender, receiver and an automated controller acts based on that 

information. This control system adjusts the position of the boxes in the carriage and 

unloads automatically at their destination. 

 

Figure 2.1 Framework of Rail Transit Based Urban Logistics System (He et al., 2008) 

 

The cost of the rail transit based urban logistics included transportation, ground delivery, 

infrastructure, warehousing and delay costs. The most important factors which affect node 

planning are cost and delivery efficiency. Therefore, a curve was plotted as shown in Figure 

2.2, showing the relationship between the number of nodes and cost. 
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Figure 2.2 Relationship of Costs and Amount of Logistics Nodes (He et al., 2008) 

 

The authors concluded by saying that the route with the minimum cost is the optimization 

route but since this is a conceptual design further research would be needed for effective 

application. 

Co-modality involves a combination of services offered by various transportation modes 

for transporting goods as well as passengers. Public transport vehicles have always been 

underutilized during off peak periods. In the Japanese city of Sapporo (1.9m population) 

where the city subway system was examined to transport goods between the suburbs and 

the city center due to the harsh weather conditions which increases traffic congestion and 

impacts delivery times (Kikuta et al., 2012). In this system, a regular hand cart was 

modified for the project and was loaded on to the metro system to be transported to the 

recipient which could be further transported by usual road delivery vehicle. The pilot 

project demonstrated all kinds of responses showing benefits for residents, senders, 

recipients and carriers (as shown in Figure 2.3 and Figure 2.4). 
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Figure 2.3 Survey results of the pilot project (Kikuta et al., 2012) 

 

 

Figure 2.4 Results of the public questionnaire survey (Kikuta et al., 2012) 

 

The Yamato Transport company has been delivering goods to Arashiyama in Kyoto, Japan 

using a tram system (JFS, 2011). The system has two carriages, one for passenger and the 
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other for transporting goods. This method seemed to reduce CO2 emissions by half when 

compared to truck delivery systems. 

Henry Liu (2004) prepared a feasibility report on using underground freight systems in 

New York. He explains the various potential applications of UFP systems and gives insight 

on the current technology and research being carried out in underground transport systems. 

He utilized the STEAM software to assess the external benefits of constructing these 

underground systems among which the major benefits were the drastic reduction in the 

need for trucks and truck delivery systems which directly relate to congestion inside city 

and pollution. Other benefits included greater reliability, conservation of energy, reduced 

reliance on foreign oil, increased security and economic development and creation of jobs. 

Based on the report and the findings, he justified the use of PCP systems in New York as 

they proved to be economically feasible. If all the six applications evaluated are 

implemented then the use of trucks in New York city would reduce by 70%, which would 

bring enormous benefits environmentally and socially.  

Luo (2014) utilized the findings of Liu and extended the ideology. He presented two 

mathematical models for the UFT scheduling problem and the associated heuristics 

solutions were developed to handle larger problems. The first model had no empty capsule 

routing whereas the second model considered an empty capsule route, both with an 

objective to minimize the total tardiness square. The developed heuristic solutions are 

compared with solutions from other widely applied simple scheduling heuristics including 

Earliest Release Time (ERT), Earliest Due Date (Ahuja et al.) and Shortest Processing 

Time (SPT). The paper also explains Underground Freight Pipeline (UFP) network design 

problem for several stations and developed three different network design models. The 
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comprehensive UFP network design model considered all aspects of the problem but was 

limited to a small number of stations. The second, Intuitive Two-Step Model is better 

computationally, but doesn’t consider the contribution of station construction cost to the 

overall network configuration. Finally, the Enhanced Two-Step Model can solve problem 

with much less computational time but still generate good network design solutions.  

2.3 Summary 

To summarize this chapter, first the literature on rapid transit network design was reviewed. 

The mathematical model presented for the rapid transit network considered three important 

factors, (1) total cost of construction, (2) total coverage of the network and (3) total 

population mobility. The problem was either modeled as a multi-objective optimization 

problem or modeled as a maximization of network coverage with budget constraint 

problem or with the objective of minimizing cost with network coverage constraint. 

However, these models are presented for passenger movement and changes to objective 

function will need to be made for effective freight movement.  

The second section reviewed the design of underground freight transportation, where the 

overall construction cost seemed to be an important issue with various models designed 

with the objective function of minimizing the cost and not considering the population 

coverage but instead the operational cost comes into play. Operational cost is calculated 

based on the total travel distance of the cargo, therefore the network is designed in a way 

that cargo takes the shortest path. The mathematical model presented in chapter 3 is an 

extension of the current UFT network design and rapid transit network design with 

modified objective function and constraints.  
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Chapter 3  Urban underground pallet tube system design 

This chapter presents a Mixed Integer Linear Programming (MILP) model for the 

underground freight transportation problem with the objective of minimizing the overall 

cost. 

One of the most important issues that needs to be addressed while designing an 

underground transportation network is the capital investment. Construction of such vast 

network will require long term planning. These types of projects have several uncertainties, 

schedule problems and budget constraints. The decision-making process involves many 

personnel including politicians, engineers, consultant groups and citizens, making it 

difficult to have a direct approach. Despite the multi-objective, multi-player problem, we 

still see a clear potential for the use of optimization techniques and operation research 

methods towards the application of underground freight transportation. 

The chapter has been subdivided into two sections, (1) problem statement and model 

assumptions, (2) MILP model with parameters and indices. 

3.1  Problem statement 

The objective of this research is to design and present solutions to the problems associated 

with the implementation of underground pallet tube systems in urban areas. This 

underground network of pallet tubes will be used to transport goods directly from 

distribution center to retailers, stores located inside congested cities. This system addresses 

the unreliability associated with traditional trucks for transportation. The research utilizes 

mathematical models in the form of integer programming and optimization techniques 

including branch and cut algorithm and shortest path problem, to design a network of 
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underground pallet tube systems. The objective function of the network is to minimize the 

overall cost of construction while also connecting as many suppliers as possible to retail 

stores. 

Liu (2004) presented a feasibility report towards the use of pneumatic capsule pipeline 

systems for UFT in New York city. A detailed economic assessment was also provided to 

justify the use of this vast technology for several applications including pallet tube 

transportation. The difference to be noted between the study and this research is that Liu 

analyzed a single unit (cell) of network consisting of an inlet/outlet station that served an 

area of 1000x1000 ft. though in reality the network would be spread across a much larger 

area. 

The difference between this research and the problem discussed in Luo (2014) is the size 

of the UFT problem. The MILP model presented in this research studies up to 60 station 

nodes, whereas the latter was limited to 24 stations. Luo also considered the pipeline 

systems for dispatching containers whereas in this research the underground network will 

be utilized to transport pallets, boxes or crates which are comparatively smaller in size. 

Other differences include, but are not limited to, the use of capsule control scheduling 

models to reduce the tardiness of transportation tasks and setting up central inspection 

stations, thereby integrating system’s operational performance into strategic structural 

planning. Yet there are similarities between this research and Luo (2014) such as the use 

of MILP modeling to design and optimize the network, the consideration of multiple 

stations spanned across a place and the use of similar technological base as provided by 

Liu (2004).  

 



 

 

28 

 

3.1.1 Model Assumptions 

The network design model has two decisions to make: edge selection and cargo route 

selection. All these decisions are based on minimizing the total cost which includes edge 

construction cost and station construction cost. 

The following assumptions are made while solving the model, 

1. The cost components which includes station construction cost and edge 

construction cost are fixed. 

2. All station nodes are independent with constant flow of cargo volume. 

3.2 Mathematical model 

The network design problem is to construct a set of interconnected transit lines within an 

undirected network 𝐺 = (𝑁,  𝐸) where 𝑁 = {1, . . ,  𝑛} is the node set and 𝐸 = {(𝑖,  𝑗): 𝑖,  𝑗 ∈

𝑁,  𝑖 < 𝑗} is the edge set. The MILP model presented here extends the work of Luo (2014) 

in formulating the network design model with the objective of minimizing total cost.  

Parameters and indices used in the model are summarized in Table 3-1 and Table 3-2 

respectively. 

Table 3-1 Parameters used in MILP model 

Parameters Description 

𝑐𝑖𝑗 Construction cost of edge (𝑖, 𝑗) 

𝑐𝑖 Construction cost of station 𝑖 
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Table 3-2 Indices used in MILP model 

Index Description 

𝑖, 𝑗 Station nodes forming the edge set 

𝑢, 𝑣 Origin and Destination station node 

 

The variables used in the MILP model are as follows, 

i. 𝑥𝑖𝑗 takes a value of 1 if the edge (𝑖,  𝑗) belongs to the network and 0 otherwise 

ii. 𝑦𝑖  takes a value of 1 if a station is built at node 𝑖 and 0 otherwise 

iii. 𝑧𝑢𝑣𝑖𝑗 equals 1 if cargo from station u to v use edge (𝑖,  𝑗) and 0 otherwise 

 

The objective function of minimizing total costs is shown in Equation (1) 

Minimize ∑ 𝑐𝑖𝑗𝑥𝑖𝑗(𝑖,𝑗)𝜖 𝐸 + ∑ 𝑐𝑖𝑦𝑖𝑖𝜖𝑁  (1) 

Subject to: 

𝑥𝑖𝑗 ≤ 𝑦𝑖  ∀ (𝑖, 𝑗) ∈ 𝐸 (2) 

𝑥𝑖𝑗 ≤ 𝑦𝑗  ∀ (𝑖, 𝑗) ∈ 𝐸 (3) 

𝑥𝑖𝑗 =  𝑥𝑗𝑖  (4) 

𝑥𝑖𝑗 ≥ 𝑧𝑢𝑣𝑖𝑗 ∀ (𝑖, 𝑗) ∈ 𝐸,  𝑢 𝜖 𝑁,  𝑣 𝜖 𝑁,  𝑢 ≠ 𝑣 (5) 

∑ 𝑧𝑢𝑣𝑖𝑗 −  ∑ 𝑧𝑢𝑣𝑗𝑖 = {
1 𝑖𝑓 𝑖 = 𝑢

−1 𝑖𝑓 𝑖 = 𝑣
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑗𝑗   
(6) 
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The objective function has two parts, ∑ 𝑐𝑖𝑗𝑥𝑖𝑗(𝑖,𝑗)𝜖 𝐸  denotes total tunnel construction for 

all edges included in the final network configuration and ∑ 𝑐𝑖𝑦𝑖𝑖𝜖𝑁  is the station 

construction cost.  

Constraints (2) and (3) ensures that the edge (𝑖, 𝑗) cannot be a part of the network if no 

station is built at node 𝑖 and node 𝑗.  

Constraint (4) is to check that the tunnel constructed is bidirectional.  

Constraint (5) makes sure that cargo can be transported through edge (𝑖, 𝑗) only if edge 

(𝑖, 𝑗) is constructed.  

Constraint (6) is the shortest path problem which ensures that all cargo takes the shortest 

path from origin to destination node. The three parts are explained below, 

• The difference in the number of edges leaving u and entering u is 1 for the origin 

node u. 

• The difference in the number of edges entering v and leaving v is 1 for the 

destination node v. 

• For all other nodes, the number of edges of outgoing and incoming are equal.  

MILP is a variant of integer programming which involves either a few or all variables 

constrained to be integers. The variables 𝑥𝑖𝑗,  𝑦𝑖,  𝑧𝑢𝑣𝑖𝑗 in our model represents decisions 

and takes the value of either 0 or 1, representing a NP-hard problem.  
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Chapter 4  Underground freight network design and analysis 

4.1 Experimental results 

To attain an optimal solution for the MILP model, it was programmed in GAMS (General 

Algebraic Modeling Software) v24.8.5, a commercial mathematical programming software 

and solved using a server with 64 GB RAM supported by an Dual Intel Xeon Processor 

E5-2620 v3 with a processor speed of 2.4GHz Turbo and a 15MB Cache size 

For problems with integer variables, GAMS used CPLEX solver which utilizes branch and 

cut algorithm to solves a series of LP and subproblems. Because a single mixed integer 

problem generates many subproblems, even small mixed integer problems can be very 

compute intensive and require significant amounts of physical memory. 

Initially the optimality of the model was tested using a 5-station network with all possible 

edges connected to any pair of station nodes (shown in Figure 4.1). The construction cost 

of each station was fixed at $100,000 whereas the cost of edge construction depended on 

the length of the edge. The construction cost per mile was assumed to be $100,000. 

 

Figure 4.1 5-station network 
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With all the cost components fixed, we assumed two lines were to be built for the above 5-

station network. An optimal solution was obtained with nodes B and D being directly 

connected to provide the shortest path for a dominant cargo flow (shown in Figure 4.2). 

Since the cargo flow between A-D and C-D were relatively low, they were assigned in 

different lines. 

 

Figure 4.2  5-station network – optimal solution 

 

To summarize, the initial analysis of the 5-station problem showed that the MILP model 

could generate optimal network whilst providing shipping directed towards the dominant 

cargo flow. 

Additionally, the model was tested for larger sized problems with increasing number of 

station nodes. Figure 4.3 shows a 10-station network design generated using the MILP 

model. Based on the network, node J represents the dominant node having connections on 

either side.  
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Figure 4.3 10-station network 

 

Figure 4.4 outlines the 12-station network design with node G being dominant and 

consisting of three transit lines, first starting from K-E-L-G-D-B-A, second line starting 

from G-H-J-F-C and the final line between L-I. 

Figure 4.5 shows the optimal 15-station network design generated using GAMS with a 

computational time of 4.21 seconds.  

 

Figure 4.4 12-station network 
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Figure 4.5 15-station network 

 

Table 4-1 and Figure 4.6 shows the overall costs and the computational times for different 

number of station nodes. 

Table 4-1 Computational time 

Station nodes n Total costs (in Dollars) Computational time (seconds) 

5 1,700,000 0.17 

10 4,000,000 0.52 

12 4,800,000 1.02 

15 7,000,000 4.21 

20 8,300,000 17.26 

30 12,600,000 165.70 

40 17,500,000 767.75 

50 20,000,000 2321.36 

60 23,000,000 5959.57 
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Figure 4.6 Computational Time 
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4.2 Analysis of network design 

The parameter values and assumptions in any model are subject to change and error. In 

most practical applications, problem data are not exactly known and are often estimated as 

best as possible. It is therefore important to study the effect on optimal solutions without 

having to resolve the problem from start for each run. Sensitivity analysis was carried out 

to examine these potential changes and errors and their impacts on conclusions. 

4.1.1 Change in the construction cost of edge 

The objective function is to minimize the overall cost of designing the network. Originally, 

construction cost of each edge was dependent on the length of each network edge. If this 

cost was assumed to be fixed at $1,000,000 or $5,000,000, the objective function value 

increases with the number of station nodes. Table 4-2 compares the objective function 

values between the base mixed integer model and different scenarios. Note that the station 

construction cost remained the same for all scenarios at $100,000. For the base scenario, 

the edge construction cost depended on the length of the network. The cost per mile was 

assumed to be $100,000. Scenario 1 is where the construction cost per edge was restricted 

to $1,000,000 whereas in scenario 2 the construction cost per edge is restricted to 

$5,000,000.  

Based on the objective function values presented in Table 4-2, it is seen that the total cost 

tends to increase as cost per edge is increased. In both the scenarios, the increased 

construction cost per edge enabled the network to be connect stations between longer 

distances which increased the reachability but also had an immense effect on total costs. 
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Table 4-2 Objective function values for different scenarios 

Total cost (Dollars) 

 Base MILP model Scenario 1 Scenario 2 

10 stations 4,000,000 9,000,000 40,000,000 

12 stations 4,800,000 12,200,000 61,200,000 

20 stations 8,300,000 20,000,000 80,000,000 

30 stations 12,600,000 28,000,000 120,000,000 

40 stations 17,500,000 35,000,000 160,000,000 

50 stations 20,000,000 44,000,000 200,000,000 

60 stations 23,000,000 50,000,000 250,000,000 

 

Figure 4.7 represents the 12-station network configuration of scenario 1 where the 

construction cost per edge was fixed at $1,000,000. When compared to the network design 

of the base model (Figure 4.4), newer connections are formed between B-H and A-C, 

optimizing the network flow based on the budget. 

 

Figure 4.7 Scenario 1: Analysis of edge construction cost 
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12-station network configuration of scenario 2 where the construction cost of edge was 

fixed at $5,000,000 is presented in Figure 4.8. The network configured to provide better 

flow between nodes A-G, B-C and D-I due to the increased budget which allowed to 

connect stations located at larger distances. 

 

Figure 4.8 Scenario 2: Analysis of edge construction cost 

 

In each of the scenarios discussed, the connections between the station nodes changes 

reflecting the modification on parametric constraints. Thus, the MILP model configures 

the network design to accommodate the changing budgets.  

4.1.2 Addition of operational costs 

The MILP model considers only the constructional cost components such as the station and 

edge construction cost whereas the operational costs such as transportation costs are not 

included. In this section, the objective function of the model is modified to include 

transportation costs for cargo flow from origin to destination. The rest of the parameters 

and constraints remain unchanged. 
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The modified objective function is shown in Equation (7). 

Minimize ∑ 𝑐𝑖𝑗𝑥𝑖𝑗(𝑖,𝑗)𝜖 𝐸 + ∑ 𝑐𝑖𝑦𝑖𝑖𝜖𝑁 + ∑ ∑ ∑ 𝑐𝑖𝑗
𝑇

(𝑖,𝑗) 𝑛𝑢𝑣𝑧𝑢𝑣𝑖𝑗𝑣𝑢  (7) 

𝑐𝑖𝑗
𝑇  is unit transportation cost on edge (𝑖, 𝑗) and 𝑛𝑢𝑣 is the number of cargo from station u 

to v. 

∑ ∑ ∑ 𝑐𝑖𝑗
𝑇

(𝑖,𝑗) 𝑛𝑢𝑣𝑧𝑢𝑣𝑖𝑗𝑣𝑢  represents the overall transportation cost. 

Table 4-3 summarizes the total costs of the network. Base scenario represents the total 

costs without transportation costs whereas the modified scenario represents the total costs 

while also considering the costs for transporting cargo from origin to destination. From the 

table, the inclusion of transportation costs increases the total costs of the network 

significantly. 

Table 4-3 Analysis of computational times by adding new parameters 

Total costs (Dollars) 

 Base scenario w/o 

transportation costs  

Modified scenario 

w/transportation costs 

10 stations 4,000,000 5,000,000 

12 stations 4,800,000 6,500,000 

20 stations 8,300,000 10,000,000 

30 stations 12,600,000 13,500,000 

40 stations 17,500,000 19,000,000 

50 stations 20,000,000 22,000,000 

60 stations 23,000,000 26,000,000 
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From Figure 4.9 it is noticed that the addition of operational costs does influence the 

network design when compared to base scenario (as seen in Figure 4.4).  

 

Figure 4.9 Analysis of 12-station network with transportation costs 

 

4.1.3 Changing the cargo flow profile 

Cargo flow volume is one of the important factors to be considered while designing a 

logistic network. In this section, an analysis of how different cargo flow profiles affects the 

optimal network design is presented. From Equation (7), the variable 𝑛𝑢𝑣 which represents 

the amount of cargo flow from origin to destination, is subjected to three different sets of 

cargo profiles. The analysis is carried out on a 12-station network. Note that the rest of the 

parameters were the same as the modified scenario discussed in section 4.1.2. Table 4-4 

summarizes the total costs for each of the different cargo profiles. 
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Table 4-4 Scenarios of analysis based on cargo flow profiles 

 Base 

scenario 

Scenario 1: 

50% increase 

in cargo 

volume 

Scenario 2: 

100% increase 

in cargo 

volume 

Scenario 3: 

50% decrease 

in cargo 

volume 

Total costs 

(Dollars) 

6,500,000 8,000,000 9,500,000 6,000,000 

 

The base scenario discussed in Table 4-4 is similar to the previous section. Shown in Figure 

4.10 is the result network design of scenario 1 where the cargo volume was increased by 

50%. The result network configuration of scenario 2 where the cargo volume is increased 

to 100% is presented in Figure 4.11 and Figure 4.12 shows the network design for the 12-

station when the cargo volume is reduced by 50%. The basis for these different network 

designs is that the model tries to find the best optimal tradeoff between all cost components. 

The increasing overall costs between each scenario is the reflection on the amount of cargo 

flowing between these stations and the justification of the model trying to find the shortest 

route possible from origin to destination. 

 

Figure 4.10 Scenario 1: Analysis of cargo profile 
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Figure 4.11 Scenario 2: Analysis of cargo profile 

 

 

Figure 4.12 Scenario 3: Analysis of cargo profile 

 

To summarize, as the amount of cargo flow between each station nodes changes, the 

optimal network configuration develops to find the shortest route possible, however these 
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changes directly affect the total cost. Overall, an optimal MILP model will always have 

tradeoffs between all cost components. 

 

4.3 Summary 

In this chapter, a mathematical model was presented for the urban underground pallet tube 

system design. The network design model considers the minimization of cost components 

such as station construction cost and edge construction cost.  

The mathematical model discussed was of mixed integer linear type which was able to 

solve the underground network design problem optimally and able to generate quality 

network design solutions for up to 60 station nodes in reasonable amount of time. A series 

of experiments were then conducted and analyzed to provide more insights into how 

different parameters and variables affect the feasibility of the model. This included an 

analysis of edge construction cost, inclusion of operational costs and analysis of the model 

by changing the cargo flow profile.  

  



 

 

44 

 

Chapter 5  Summary, contribution and future extension 

5.1 Summary and conclusions 

The research into the development of underground transportation has mainly focused on 

the technological aspects since the late 1960s. The early development of UFT systems used 

an air blowing mechanism to propel the capsules, but the development of linear induction 

systems came as a breakthrough as it avoided the restrictions of air locks and valves 

providing the system to operate without any interruptions or distance limitations. 

Liu (2004) investigated the use of PCP in New York city and provided the economic 

benefits and assessment in its report to justify the use of this technology for various 

underground applications. Liu and Lenau (2009) further developed the LIM-PCP system 

providing designs for various underground transportation components such as capsule and 

guide rails, station layouts, tunnel structure and various basic operations. 

Luo (2014) developed a two-step model network design which would connect the ocean 

ports of a coastal city with the nearby regions where major industrial districts and 

distribution centers are located. It also considers the operations of the UFT system by 

including capsule scheduling models for the freight pipeline systems. However, beyond all 

the effort given to technology, very little research has been done to improve or design a 

large underground network for freight movement and related logistic applications. 

The aim of this research is to design a network for the use of underground freight 

transportation system. There are several applications of underground freight systems such 

as solid waste transportation, mail and parcel delivery, dispatching standard containers and 

truck-ferry system. 
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This research studies an underground logistic network design using pallet tubes which 

would connect the distribution centers located outside of the city to retailers, stores located 

inside the heart of congested urban cities. The author presents a network design problem 

and the associated mathematical model. The model considers a network with a set of 

predefined station nodes and a set of all possible edges connecting any pair of station nodes. 

The mathematical model is of mixed integer linear problem and was programmed in the 

algebraic software called GAMS. With cargo volume known, the objective function of the 

model is to minimize the overall associated costs such as construction cost of stations and 

edges. In the end, the model was able to provide answers for, (1) Which edges need to be 

constructed and (2) Which of the edges form the shortest path for the cargo to be 

transported from origin to destination. The model was able to solve and provide optimal 

solution for up to 60 station nodes within a reasonable amount of time. To analyze the 

effect of parameters and constraints on the overall costs, three different types of sensitivity 

analysis were carried out. First, the construction cost of edge was changed, and two 

scenarios were tested, one with cost per edge limited to $1 million and second with cost 

per edge at $5 million. It was found that the overall costs increased for both scenarios as 

the connections between the station nodes changed and signified that the MILP model 

optimizes the network design to accommodate the changing budgets. The second analysis 

involved the addition of operational costs where the objective function of the MILP model 

was modified to include the transportation costs. The overall costs increased expectedly as 

the cost was added. In the third analysis, the cargo flow volume between the network edges 

was changed by increasing 50 %, 100% and then a decrease of 50%. It was observed that 

as the amount of cargo flow between each station nodes changed, the optimal network 
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configuration develops to find the shortest route possible, however these changes lead to 

an increase in total cost. 

Overall, in this research, the author develops a higher level of network design based on the 

current underground freight transportation system and designs a logistic system which is a 

key issue in the implementation of UFT system. 

 

5.2 Contributions 

The technology of underground transportation has been researched for a long period of 

time with applications ranging from mail and parcel delivery to transportation of raw 

materials for industries using variety of methods including pipelines and automation. In 

this research, the author develops a network design based on the current underground 

transportation system but envisions a different technological implementation in the form 

of pallet tubes. These tubes can be used for transporting objects in pallets, boxes or crates 

as opposed to the traditional transportation of containers. Pallet tube transportation is an 

emerging technology which can provide high speed transportation of freight in urban areas. 

A successful implementation of a logistic system not only relies on its design but also on 

the usage and implementation of the latest technology. 
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5.3 Future research application 

The author presents the following applications and extensions for future research. 

5.3.1 Improvement in network configuration 

The MILP model discussed in this research was able to produce results for up to 60 nodes 

but had complications going upward. Also, every time the number of nodes are increased, 

the computational time increases. Therefore, a better network configuration is needed to 

accommodate significantly larger number of stations and able to produce feasible results 

within a rational period. This can be achieved with the use of heuristics, an improved 

network design model or a completely different solution methodology which will be able 

to solve larger problems in a timely manner. Upon solving larger problems, this 

underground network can be adopted in urban cities and gives the ability to connect 

distribution centers to end customers such as the concept explained in the patent by 

Amazon technologies. For a parcel or any object to move from origin to destination it 

typically involves multiple transportation networks, along multiple modes of transit. For 

example, a parcel from a distribution center is delivered to a car or a truck, then to an 

airport, a seaport or a train station via a truck and then to a corresponding destination 

airport, seaport or train station from which the item is then typically delivered to the 

customer by another truck. This delay can be avoided if a better solution methodology for 

the underground transportation, covering many stations, is developed. This can help reduce 

delivery delays and improve the problem of traffic congestion on roads. 
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5.3.2 Scheduling of pallet tube system 

In this research, we presented a logistic system considering the network design aspect of 

the problem. However, for an ideal UFT system, the operational aspect of the design should 

also be considered. The scheduling of pallet tubes is an interesting future extension topic. 

In a pallet tube system, there will be many pallets being transported from origin to 

destination at any given instance. A pallet control scheduling system can be developed to 

avoid any delays where each pallet will have its own release time, processing time and due 

date. Parameters such as line-fill capacity and the number of pallets will be known which 

are critical to operational performance. When considering the operational aspect of 

scheduling, transfer station cost is also an important parameter as it determines the degree 

of each station node, possibly increasing the station construction cost. 

5.3.3 Other applications 

The network design model presented focuses on the system of freight pipeline, but it has 

the potential to be applied in various fields which require a networked connection. For 

example, to design passenger transit systems such as trains or buses in urban areas where 

the goal would be to accommodate passengers conveniently and travel to the destination in 

the shortest time possible. 
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Appendix 

1. Sample data set for original MILP model 

In what follows, a sample data set for 12-station network used to solve the original MILP 

model discussed in section 4.1 and the resultant network configuration shown in Figure 

4.4. 

Origin Destination Distance Edge construction cost (Dollars) 

A B 3 300,000 

A C 12 1,200,000 

A D 6 600,000 

A E 9 900,000 

A F 21 2,100,000 

A G 12 1,200,000 

A H 15 1,500,000 

A I 12 1,200,000 

A J 12 1,200,000 

A K 3 300,000 

A L 6 600,000 

B C 6 600,000 

B D 3 300,000 

B E 9 900,000 

B F 12 1,200,000 

B G 6 600,000 

B H 6 600,000 

B I 9 900,000 

B J 12 1,200,000 

B K 6 600,000 
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B L 6 600,000 

C D 6 600,000 

C E 15 1,500,000 

C F 3 300,000 

C G 3 300,000 

C H 3 300,000 

C I 12 1,200,000 

C J 12 1,200,000 

C K 21 2,100,000 

C L 15 1,500,000 

D E 6 600,000 

D F 9 900,000 

D G 3 300,000 

D H 3 300,000 

D I 15 1,500,000 

D J 6 600,000 

D K 12 1,200,000 

D L 6 600,000 

E F 9 900,000 

E G 6 600,000 

E H 9 900,000 

E I 6 600,000 

E J 15 1,500,000 

E K 3 300,000 

E L 3 300,000 

F G 6 600,000 

F H 6 600,000 

F I 21 2,100,000 

F J 3 300,000 
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F K 18 1,800,000 

F L 15 1,500,000 

G H 3 300,000 

G I 6 600,000 

G J 6 600,000 

G K 12 1,200,000 

G L 3 300,000 

H I 15 1,500,000 

H J 3 300,000 

H K 12 1,200,000 

H L 6 600,000 

I J 21 2,100,000 

I K 9 900,000 

I L 3 300,000 

J K 18 1,800,000 

J L 12 1,200,000 

K L 6 600,000 

 

2. Sample data set for edge construction cost 

In this section, a sample data set of 12-station network presented in section 4.1.10 and the 

resultant network in Figure 4.7. 

Origin Destination Distance Edge construction cost (Dollars) 

A B 3 1,000,000 

A C 12 1,000,000 

A D 6 1,000,000 

A E 9 1,000,000 

A F 21 1,000,000 

A G 12 1,000,000 

A H 15 1,000,000 
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A I 12 1,000,000 

A J 12 1,000,000 

A K 3 1,000,000 

A L 6 1,000,000 

B C 6 1,000,000 

B D 3 1,000,000 

B E 9 1,000,000 

B F 12 1,000,000 

B G 6 1,000,000 

B H 6 1,000,000 

B I 9 1,000,000 

B J 12 1,000,000 

B K 6 1,000,000 

B L 6 1,000,000 

C D 6 1,000,000 

C E 15 1,000,000 

C F 3 1,000,000 

C G 3 1,000,000 

C H 3 1,000,000 

C I 12 1,000,000 

C J 12 1,000,000 

C K 21 1,000,000 

C L 15 1,000,000 

D E 6 1,000,000 

D F 9 1,000,000 

D G 3 1,000,000 

D H 3 1,000,000 

D I 15 1,000,000 

D J 6 1,000,000 

D K 12 1,000,000 

D L 6 1,000,000 

E F 9 1,000,000 

E G 6 1,000,000 

E H 9 1,000,000 

E I 6 1,000,000 

E J 15 1,000,000 

E K 3 1,000,000 

E L 3 1,000,000 

F G 6 1,000,000 
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F H 6 1,000,000 

F I 21 1,000,000 

F J 3 1,000,000 

F K 18 1,000,000 

F L 15 1,000,000 

G H 3 1,000,000 

G I 6 1,000,000 

G J 6 1,000,000 

G K 12 1,000,000 

G L 3 1,000,000 

H I 15 1,000,000 

H J 3 1,000,000 

H K 12 1,000,000 

H L 6 1,000,000 

I J 21 1,000,000 

I K 9 1,000,000 

I L 3 1,000,000 

J K 18 1,000,000 

J L 12 1,000,000 

K L 6 1,000,000 

 

3. Sample data set for calculation of transportation costs 

In this section, a sample data set of 12-station network presented in section 4.1.2. 

Origin Destination Cargo Volume (tons) 

A B 400,000 

A C 400,000 

A D 2,500,000 

A E 200,000 

A F 205,000 

A G 215,000 

A H 230,000 

A I 220,000 

A J 230,000 



 

 

59 

 

A K 2,700,000 

A L 35,000 

B C 230,000 

B D 50,000 

B E 220,000 

B F 220,000 

B G 400,000 

B H 2,530,000 

B I 220,000 

B J 220,000 

B K 2,050,000 

B L 400,000 

C D 400,000 

C E 10,000 

C F 70,000 

C G 400,000 

C H 2,150,000 

C I 2,700,000 

C J 4,500,000 

C K 410,000 

C L 2,505,000 

D E 50,000 

D F 410,000 

D G 240,000 

D H 2,520,000 

D I 25,000 

D J 3,100,000 

D K 60,000 

D L 40,000 

E F 40,000 
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E G 400,000 

E H 230,000 

E I 220,000 

E J 25,200 

E K 40,000 

E L 40,000 

F G 2,005,000 

F H 2,700,000 

F I 400,000 

F J 410,000 

F K 2,505,000 

F L 205,000 

G H 410,000 

G I 240,000 

G J 252,000 

G K 25,000 

G L 410,000 

H I 60,000 

H J 40,000 

H K 40,000 

H L 400,000 

I J 230,000 

I K 220,000 

I L 2,520,000 

J K 400,000 

J L 3,000,000 

K L 205,000 
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4. Sample data set for cargo profiles 

In this section, a sample data set used to analyze 12-station network in section 4.1.3 is 

presented. 

Origin Destination 50% increase in 

Cargo Volume 

100% increase in 

cargo volume 

50% decrease in 

cargo volume 

A B 600,000 800,000 200,000 

A C 600,000 800,000 200,000 

A D 3,750,000 5,000,000 1,250,000 

A E 300,000 400,000 100,000 

A F 307,500 410,000 102,500 

A G 322,500 430,000 107,500 

A H 345,000 460,000 115,000 

A I 330,000 440,000 110,000 

A J 345,000 460,000 115,000 

A K 4,050,000 5,400,000 1,350,000 

A L 52,500 70,000 17,500 

B C 345,000 460,000 115,000 

B D 75,000 100,000 25,000 

B E 330,000 440,000 110,000 

B F 330,000 440,000 110,000 

B G 600,000 800,000 200,000 

B H 3,795,000 5,060,000 1,265,000 

B I 330,000 440,000 110,000 

B J 330,000 440,000 110,000 

B K 3,075,000 4,100,000 1,025,000 

B L 600,000 800,000 200,000 

C D 600,000 800,000 200,000 

C E 15,000 20,000 5,000 
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C F 105,000 140,000 35,000 

C G 600,000 800,000 200,000 

C H 3,225,000 4,300,000 1,075,000 

C I 4,050,000 5,400,000 1,350,000 

C J 6,750,000 9,000,000 2,250,000 

C K 615,000 820,000 205,000 

C L 3,757,500 5,010,000 1,252,500 

D E 75,000 100,000 25,000 

D F 615,000 820,000 205,000 

D G 360,000 480,000 120,000 

D H 3,780,000 5,040,000 1,260,000 

D I 37,500 50,000 12,500 

D J 4,650,000 6,200,000 1,550,000 

D K 90,000 120,000 30,000 

D L 60,000 80,000 20,000 

E F 60,000 80,000 20,000 

E G 600,000 800,000 200,000 

E H 345,000 460,000 115,000 

E I 330,000 440,000 110,000 

E J 37,800 50,400 12,600 

E K 60,000 80,000 20,000 

E L 60,000 80,000 20,000 

F G 3,007,500 4,010,000 1,002,500 

F H 4,050,000 5,400,000 1,350,000 

F I 600,000 800,000 200,000 

F J 615,000 820,000 205,000 

F K 3,757,500 5,010,000 1,252,500 

F L 307,500 410,000 102,500 

G H 615,000 820,000 205,000 

G I 360,000 480,000 120,000 
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G J 378,000 504,000 126,000 

G K 37,500 50,000 12,500 

G L 615,000 820,000 205,000 

H I 90,000 120,000 30,000 

H J 60,000 80,000 20,000 

H K 60,000 80,000 20,000 

H L 600,000 800,000 200,000 

I J 345,000 460,000 115,000 

I K 330,000 440,000 110,000 

I L 3,780,000 5,040,000 1,260,000 

J K 600,000 800,000 200,000 

J L 4,500,000 6,000,000 1,500,000 

K L 307,500 410,000 102,500 
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